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EXECUTIVE SUMMARY

A. OBJECTIVE

This purpose of this project was to examined the feasibility of a new separation
process, Micellar-Enhanced Ultrafiltration (MEUF), to remove 99+ percent of
trichloroethylene (TCE) from polluted groundwater.

B. BACKGROUND

Trichloroethylene (TCE) has been widely used in degreasing operations and as an
industrial solvent. As a result, groundwater and soil under major industrial sites are
frequently polluted with TCE. Air Force sites with depot level maintenance facilities
often have TCE pollution problems because of the extensive use of this compound as a
degreasing and paint stripping agent in airplane maintenance operations.

MEUF involves adding surfactant (detergent) to the polluted groundwater. The
surfactant forms aggregates called micelles which bind the TCE. The micelles
containing the TCE are removed by ultrfiltration (Figure 1). A wide range of organic
compounds have been very successfully removed from aqueous streams in a laboratory
setting (Table 1). By the use of several stages, 99+ percent of the TCE can be
removed from the water. The economics of the process require that the surfactant be
recovered. The TCE-rich surfactant solution is treated by vacuum stripping to separate
the TCE from the surfactant, so the latter can be reused. The only effluent from the
process is the purified water and a small volume of almost pure TCE (Figure 3 and 4).

C. SCOPE

This project involves the experimental investigation of the MEUF process and the
vacuum stripping operation for removing TCE from water. As a result of these
investigations for several surfactants, a surfactant of choice is selected and design
parameters generated for that system. Design calculations are then performed to
estimate the performance of the vacuum stripper and the MEUF units in a variable
number of stages in a commercial process. Finally, based on these feasibility studies,
preliminary economic estimates of the cost of applying this technology are made.

D. METHODOLOGY

The equilibrium distribution (Ks) of TCE between the micellar and water phases

was studied by equilibrated liquid-vapor samples to determine the maximum TCE
rejection for a given surfactant for the MEUF process. A spiral-wound ultrafi,'Z, tion
system (Figure 2) was used to evaluate the separation of TCE from water by using the
MEUF process. A TCE-surfactant solution was sprayed into an evacuated vessel to
study the volatilization of TCE from a surfactant solution.
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E. TEST DESCRIPTION

The liquid-vapor equilibrium Ks studies were accomplished by allowing known
solution concentrations of TCE and surfactant in water to isothermally equilibrate with
the vapor headspace in the sample vial. The TCE concentration in the vapor headspace
was evaluated by gas chromatography with flame ionization detector. The ultrafiltration
system was operated with all process streams recycled to a temperature controlled feed
tank. A purge-and-trap method in conjunction with gas chromatography and a Hall
detector was used to evaluate TCE concentrations from MEUF studies and vacuum
stripping experiments. The the vacuum stripping of TCE from a surfactant solution was
accomplished by spraying the solution into a 20-liter evacuated glass vessel repeatedly.

F. RESULTS

The solubilization of TCE in four different surfactants was studied by the liquid-
vapor equilibrium method (Figures 7-9). Separation of TCE from water using the
MEUF process with DOWFAX 8390 has TCE rejections very similar to predicted
rejections calculated from liquid-vapor studies (Table 3). TCE rejections of 85 to 88
percent were observed for a single pass operation and decreases in feed stream
temperature reduces permeate flux. TCE was found to be easily volatilized from a
surfactant solution (Table 4). The relative permeate flux of four different surfactants
using 10,000 MWCO ultrafiltration membranes was studied (Figure 5). Permeate
surfactant cost and recovery studies using 500 MWCO were accomplished (Figure 10-
12). Of the four surfactants evaluated DOWFAX 8390 has the best overall
performance when considering TCE solubility, permeate flux, and surfactant recovery.

The experimental results were used to make engineering calculations and cost
estimates to determine cost-effectiveness of this novel separation technology relative to
fully developed technologies. The MEUF process in conjunction with vacuum stripping
can remove 99+ percent of the TCE from groundwater at $6.66 per 1000 gallons
compared to $4 to $6/1000 gallons for fully developed technologies for a 100,000
gallon/day facility.

G. CONCLUSIONS

The MEUF and vacuum stripping operations were shown to be feasible in
laboratory experiments. The MEUF process is an, extremely young concept and has
substantial potential for improvement and optimization. Studies need to continue with
developments to: (1) extend the operating range of concentrations on the retentate side
of the membrane, (2) enhance TCE solubility in the micelle, (3) improve permeate
flux, and (4) decrease permeate surfactant concentrations. Reduction in the cost/unit of
one-half to one-fourth is anticipated. This feasibility study of MEUF shows enough
promise to justify further work to improve its performance.
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H. RECOMMENDATIONS

The process needs to be demonstrated with a pilot unit on a site with TCE
contaminated water to establish the significance of this novel separation technique.
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SECTION I

INTRODUCTION

A. OBJECTIVE

The purpose of this project is to examine the feasibility of a new separation
process, micellar enhanced ultrafiltration, to remove 99+ percent of trichloroethylene
from polluted water.

B. BACKGROUND

Micellar-enhanced ultrafiltration (MEUF) is a novel separation technique which
provides the opportunity to remove dissolved organics from wastewater in a process
which is potentially much more efficient than alternative methods such as activated
carbon adsorption.

In addition to -',llution control, there are critical needs for concentration and
purification of solut:. i water in the production of important industrial materials. A
prime example is the concentration of valuable biochemicals from fermentation broth.

1. Basic Principles

A schematic of MEUF illustrating the removal of an organic compound dissolved
in water is shown in Figure 1. A surfactant is added to the water at concentrations well
above the critical micelle concentration (CMC). Under this condition, most of tile
surfactant is present as micelles. Micelles are surfactant aggregates containing 50 to 100
molecules for the surfaconts to be studied here. The interior of the micelle is ;
hydrocarbon-like environment. Dissolved organic solutes originally in the water tend to
dissolve or "solubilize" in the interior of the micelles.

The solution is then treated by ultrafiltration. The filter membrane pore sizes are
small enough to block the micelles and the organic solute associated with these micelles.
The concentrations of the organic and surfactant in the permeate (solution passing
through the membrane) correspond to their unassociated concentrations in the solution
which does not pass through the membrane (the retentate). For a properly designed
system, the permeate concentrations of the targeted organics can be very low. The
permeate can be discharged to the environment or reused in the plant. The retentate
contains almost all of the original solutes in high concentration and is much smaller in
voltime than the original stream treated. Therefore. MEUF -can achieve waste
minimization or preconcentrtion of the targeted organic compounds by
concentrating pollutants or products Into a stream of relatively small volume in
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on-.. 1• MEUF may be staged to achieve even purer permeate and/or smaller
retern'att volumes. The surfactant can be recovered from this retentate solution for
reuse

2. Prior Work

The use of micellar-enhanced ultrafiltration for removal of organics from water
was first proposed by Leung (2). All subsequent published work on the use of this
techaique for organic pollutant removal has been published by the senior scientists'
research group at the University of Oklahoma (3-13), except for one paper (14).

We have studied the removal of a wide range of organics from water using MEUF.
The estimated permeate concentration and rejection of some of these pollutants for a
feed strmam uf arbitrary composition is shown in Table 1.

Table 1: REMOVAL OF VARIOUS POLLUTANTS FROM WATER USING
MEUF.

FOLLUTArT POLLUTANT CONCENTRATION REJECTION
IN THE PERMEATE

Phenol 1.42 mM 94.3 percent

m-Cresol 0.526 mM 97.9 percent

4-Tert-Butylpnenol 0.G767 mM 99.7 percent

Toluene 0.80 m&I 96.8 percent

Chlorobenzene 0.49 mM 98.0 percent

u-Octaroi 0.141 mM 99.4 percent

Conditions: Reentate [Pollutatut] = 25 ml1; Retentate [Surfactant] = 250 mM;
Pressure = 414 kPa; Membrawe - 1K to 20K M-lecular Weight Cutoff; Temperature
=300C

For a target solute, such as t-butylphenol, the concentration of solute in the
pemieate is less than that in the feed by approximat%,iy two orders of magnit-ide. In
general, the less water-soluble the organic so3lute, the more effectively it is removed.
Surfactant Associates Inc. investigators are deve!oping theoretica, models to predict the
removal efficiency for solutes of arbitrary structure (10,1 3).
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One of the most important characteristics of MEUF is that the percentage of
removal of a solute does not decline as the solute becomes more dilute. Since many
contaminants are toxic at extremely low concentrations, there is an increasing need for
pollution control methods that can cost-effectively reduce pollutant concentrations to ppb
levels. MEUF may become a key factor.

Experiments investigating MEUF have used both stirred cell and spiral wound
ultrafiltration units. Stirred cells are more convenient in laboratory tests, because they
require less solution and less time for a run. Spiral-wound or hollow-fiber units are
used in actual industrial practice . A schematic of a spiral-wound ultrafiltration device is
shown in Figure 2. The performance of MEUF in removing organic pollutants from
water is almost identical (on a unit area of membrane basis) for stirred cell and spiral
wound membrane units (15); hence, scale-up of MEUF is straightforward.

3. Process Flow Diagram to Remove TCE from Water

The use of MEUF to remove 99+ percent of TCE from contaminated groundwater
is anticipated to require multiple stages as will be shown. In each MEUF stage, the
retentate will be vacuum-stripped to separate the TCE (as overheads from the stripping
column) from the surfactant (removed as bottoms from the stripping column in a
concentrated solution). Therefore each stage consists of a MEUF unit and a vacuum
stripping column. A four-stage process flow diagram is shown in Figure 3. An
alternative configuration is shown in Figure 4, where all the retentates from each of the
four MEUF stages are fed to a central vacuum stripper. The concentrated surfactant
solution from the stripper is recycled back to each MEUF stage. Either configuration is
technically feasible - more detailed studies and economic calculations are necessary to
determine the most economical system.

The TCE and water from the stripper overheads are condensed after leaving the
vacuum pump discharge. The resultant waste stream will ordinarily be a TCE phase
and a water phase saturated with TCE. However, for a very dilute groundwater source
stream, the TCE concentration may not be great enough to form a separate phase. In
either case, the water phase can be treated by traditional methods such as biological
degradation techniques or recycled from the first stage to a stripper. In this latter
case, the only effluent will be a very small volume of almost pure TCE. For example,
in treating 100,000 gallons of a I ppm TCE, the resulting TCE stream would be
approximately I pound.

Although the surfactant concentration in the ultimate permeate stream from Stage 4is very low, the cost of the operation can be reduced by treating the permeate to
recover the surfactant. We will show data for one method of treating this stream (use
of a low MWCO ultrafiltration membrane). Other possible solutions will be studied in
a Phase II project, if funded. A small make-up surfactant stream is added to the feed
entering Stage I to replace the surfactant lost in the permeate from Stage 4. This make-

4
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up stream could be recovered surfactant from the final permeate, fresh surfactant, or a
combination of the two.

The effluent from this process is (1) a water stream containing almost all of the
fresh feed water and less than 1 percent of the TCE in the fresh feed, (2) a liquid TCE
stream for reuse or disposal - this stream will have a very small volume for the TCE
concentrations in the feed of interest here, and (3) potentially E water stream containing
a high concentration of TCE, perhaps at saturation. If the stream is recycled to the
Stage 1 stripper, this will not be a process effluent; in any case, it will be substantially
less than 1 percent of the volume of the fresh feed groundwater.

C. SCOPE

This project involves the experimental investigation of the MEUF process and the
vacuum stripping operation for removing TCE from water. As a result of these
investigations for several surfactants, a surfactant of choice is selected and design
parameters generated for that system. Design calculations are then performed to
estimate the performance of the vacuum stripper and the MEUF units in a variable
number of stages in a commercial process. Finally, based on these feasibility studies,
preliminairy economic estimates of the cost of applying this technology are made.

8



SECTION H

RESULTS AND DISCUSSION OF PHASE I WORK

The results of the Phase I project will be discussed as follows: (1) nleýsurelent of
the separation efficiency and flux of the MEUF step for each stage; ti.s also includes
surfactant recovery from the final permeate stream and selection of the optimum
surfactant in this system, (2) measurement and modeling of the stripping step for each
stage, (3) process design calculations to optimize the number of stages of the process,
the stripping column operation, and to obtain a cost estimate for the process, and (4) L
description of the experimental apparatus and techniques used here.

A. SEPARATION OF TCE FROM WATER IN MEUF UNITS

1. General Considerations

There are two primary parameters of interest in designing the ultrafiltration units:
separation factor (TCE concentration ratio in retentate/permeate), and flux. The
number of stages required to attain a separation increases as the separation factor
decreases, and the membrane area needed and resulting capital ceit increase as the flux
decreases. A great deal of work involved selection of a surfactant with acceptable
properties.

It has been shown that flux behavior in MEUF follows classical concentration
polarization behavior: the flux vs. log (retentate concentration) is linear over a wide
range of flux values (4,15,17). For comparison, relative flux is often considered,
where relative flux is flux/flux in pure solvent. The pure solvent for this project is
water. The ultrafiltration can be performed in a given stage until an unacceptably small
flux (generally around a relative flux of 0.1 or 0.2) is attained. This is critical because
it dictates the permeate/feed ratio in a given stage. If a substantial increase in the
concentration of surfactant and TCE in the retentate cannot be attained in a MEUF
stage, the retentate volume which must be stripped becomes quite large and ultimately
as much retentate could be stripped as the volume of the original feed stream. One
should simply vacuum strip the entire feed streawi -nd not use MEUF. The whole
advantage of using MEUF units is to reduce the volume of the streams which must be
vacuum stripped to a level well below that of the fresh-feed groundwater stream.

The higher the concentration of surfactant in the feed or the better a surfactant can
"solubilize the TCE per mole of surfactant, the more solubilizatior, occurs and the lower
the TCE concentration in the permeate from that stage - hence, the fewer the number of
stages to attain the 99 percent removal of TCE from the water. However, the higher
the surfactant concentration to a MEUF stage, the less permeate volume can be
produced before the retentate surfactant concentration attains a value too high for
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acceptable flux and the higher volume of retentate which must be stripped. Everything
else being equal, the more stages in a system, the lower the total retentate stream
volume which must be stripped (summed over all stages) since each stage does not have
to attain such a high degree of separation for the overall system to attain a 99 percent
removal. Hence, we can summarize in Table 2 the effects of some variables on the
key variable - the sum of the volumes of the retentate streams which must be vac,,m-
stripped divided by the volume of the fresh feed. Selection of an appropriate surfactant
can cause an increase in the ultimate retentate surfactant concentration (before
unacceptably low flux is attained) and can cause an increase in TCE solubilization.
Increasing the number of stages adds expense to the process.

TABLE 2: THE EFFECTS OF SOME VARIABLES ON THE VOLUME OF
THE RETENTATE STREAM WHICH MUST BE VACUUM-
STRIPPED.

VARIABLE RETENTATE VOLUME
FRESH FEED VOLUME

INCREASING MEUF RECENTATE DECREASES
EFFLUENT SURFACTANT

CONCENTRATION

INCREASING SOLUBILIZATION DECREASES
OF TCE IN SURFACTANT

INCREASING NUMBER OF DECREASES
STAGES

2. Flux

In the original proposal, we anticipated using large molecular weight nonionic
surfactants since they have extremely low CMC values so that very low surfactant
concentration levels in the permeate would be expected (eliminating the necessity of a
surfactant recovery from the. permeate from the last MEUF stage). Nonionic
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surfactants also have the advantage of not precipitating from solution at low
temperatures. Figure 5 shows relative fux for DNP-18 (structure given in Figure 6) as
a function of retentate surfactant concentration in a spiral wound ultrafiltration unit. At
a retentate concentration of about 0.1 M, the relative flux is approximately 0. 1. As we
will show in staging calculations, this an unacceptably low flux, so we searched for a
different surfactant.

In considering ionic surfactants, we defined several necessary properties: (1) a
reasonable flux at high retentate concentrations; (2) a high degree of solubilization of
TCE; (3) a low surfactant concentration in the permeate and/or properties which
simplify recovery from die permeate from the last stage; and (4) a low Krafft
temperature (temperature below which the surfactant precipitates). We selected
DOWFAX 8390 (structure shown in Figure 6). The relative flux is shown in Figure 5
for both spiral wound and stirred cell ultrafiltration devices. In a spiral wound device
(the type anticipated for commercial use), a retentate concentration of 0.25 M could be
attained before the relative flux dropped to 0. 1. The DOWFAX 8390 has excellent
resistance to precipitation with a Krafft temperature below 0oC. It has a molecular
weight of 642 and can be ultrafiltered from the ultimate permeate from the process with
a very low MWCO membrane. The solubilization of TCE was also shown to be
excellent. Therefore, we have identified DOWFAX 8390 as our surfactant of choice.
A Phase II project would involve more effort to improve the surfactant selection and
the use of surfactant mixtures, but the performance of DOWFAX 8390 is quite
acceptable. Figure 5 also shows the relative flux of DOWFAX 3B2 (structure shown
in Figure 6), which is a lower molecular weight version of DOWFAX 8390. This
showed a lower flux than the DOWFAX 8390 and was not considered further. A
cationic surfactant, stearyl dimethyl benzyl ammonium chloride, was added to
DOWFAX 8390 to test the anionic/cationic surfactant mixture. Ns shown in Figure 5,
this system showed a better flux than the anionic surfactant alone, but it was not
investigated further because there was concern about the tendency to precipitate at low
temperatures. For example, the 10/90 cationic/anionic mole ratio mixture did not
appear to precipitate at 300C, while a 20/80 mixture did precipitate. The limited time
available did not allow a complete determination of the precipitation phase boundaries
fo- this system, as would have been necessary. The excellent flux observed in this
system makes it a good candidate for study in a Phase II project, because the
anionic/cationic surfactant mixture may allow much higher retentate concentrations
under certain conditions.

In designing a unit based on the flux data shown in Figure 5, the membrane area
per unit flow rate is found by integrating from the inlet feed composition to the effluent
retentate composition and finding the total area required - the flux at the beginning of
the stage is greater than near the outlet where the retentate concentration is higher.
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Figure 6: Structures of Surfactants
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3. Separation Efficiency

In many studies, we havc found that the concentration of the organic solute in the
permeate is the same as the unsolubilized selute concentration in the retentate (3,4,17).
Therefore, equilibrium solubilization data can be used to predict the separation factor
or Dermeate solute concentration in MEUF. Since equilibrium solubilization data are
much easier and faster to obtain than actual ultrafiltration data, this fact provides a way
to screen surfactants and obtain trends rapidly. Ultrafiltration runs are necessary to
confirm this condition for the actual system used and to obtain flux data.

The solubilization equilibrium constant in the limit as [TCE] < < [micellar
surfactant] is defined as follows:

KC = fsolubilizd TCEI
-[unsolubilized TCE][micellar surfactant]

where the brackets denote concentrations. Since the unsolubilized TCE concentration is
the permeate TCE concentration and the micellar surfactant concentration is the total
surfactant concentration in the retentate minus the CMC of the surfactant (which we
measure or obtain from the literature), knowledge of Ks allows prediction of permeate
TCE concentration. Th~e value of Ks for TCE is obtained from head-space

chromatograpny measurements, a traditional technique for measuring solubilization of
volatile solutes. (18,19). The higher the value of K,, the greater the extent of
solubilization and the lower the TCE concentration in the permeate. Later in this
report, we will examine the effect of Ks on the design in a sensitivity analysis in
material balance calculations. We will show date confirming that the permeate TCE
concentration is equal to the unsolubilized concentration in the retentate for the
optimum surfactant found in this study.

As a part of the search for a good surfactant candidate, undertaken because the
flux of the DNP-18 system was found to be unacceptable, we measured Ks for TCE in
a number of surfactant systems as seen in Figures 7-9. The value of Ks was obtained
as a function of mole fraction of TCE in the micelles (XTCE).

XTCE = [TCEIMICELLE / ( [TCE]MICELLE + [SURFACTANT]MICELLE)

At the very low TCE concentrations in the feed groundwater (< 10 ppm), the Ks of
interest will be essentially at infinite dilution or near XTCE = 0 on the graphs. The

data at higher values of XTCE allow accurate extrapolation to the infinite dilution

case.
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The three surfacU.nt systems for which solubilization data are shown in Figures 7-9
are (1) DOWFAX 8390 at 200C, (2) the cationic surfactant/DOWFAX 3B2 mixture
(10/90 mole ratio) at 10oC, 200C, and 300 C. and (3) cetylpyridinium chloride (CPC)
at 20 0 C and 300C. All surfactant concentrations are constant at 0.05 M - the value of
Ks is generally independent of surfactant concentration (3,4). The value of Ks at
XTCE = 0 is similar for all these surfactant systems. This is consistent with the

solubilization locus being in the interior of the micelle or in the palisade layer (16), so
the nature of the hydrophilic group does not have a large effect on solubilization.
Also, temperature does not have a significant effect on the solubilization constant, a
commonly encountered result in these types of systems (20). These results are
significant because they indicate that the separation efficiency is not significantly
temperature-dependent. Since groundwater at varying temperatures could be
encountered at different times of year or different locales, this makes the system robust
with respect to that important variable.

As an example of the significance of the measured value of Ks at infinite dilution

of about 120 M- 1, consider a retentate with a concentration of 0.25 M DOWFAX
8390. In such a system, the ratio of solubilized to unsolubilized TCE will be 30 or the
ratio of TCE in the permeate to that in the retentate will be 1/31. If the retentate-to-
feed volume ratio is 1/5, the percentage of TCE removed in this one stage would be
88.6 percent. Of course the material balances in a real system with vacuum strippers
and recycle streams are more complex, but this simple calculation indicates the type of
separation attainable in one stage. We estimate the optimum number of stages to attain
a 99 percent removal of TCE from the feed to be four.

The reluctance to use the cationic/anionic surfactant mixtures because of potential
precipitation problems has already been mentioned. The leakage of surfactant into the
ultimate permeate stream must be minimal or a downstream surfactant recovery step
will be necessary. The permeate concentration of CPC is about 0.8 mM (12,15). The
permeate concentration of DOWFAX 8390 was measured durning this project to be
0.3 mM. Shown in Figure 10 is the cost per 1000 gallons of treated groundwater for
DOWFAX 8390 lost in the final permeate from leakage. The cost of surfactant leakage
for CPC is of the same magnitude. Both values are too large to avoid downstream
treatment, but the molecular weight of the CPC is 340 while that of the DOWFAX
8390 is 642. AE Sbnwn ;n Pigures 10 and 11 DOWFAX 8390 could be removed from
the permeate from the last stage by ultrafiltration with 500 MWCO membranes (the
smallest commercially available), although this would be ineffective for CPC. Figure
11 shows at the anticipated feed concentrations the relative permeate flux is above 0.90
whit.h iaiiCteý. minimal negative effects on flux due to concentration polarization.
Figure 12 shows that 95 percent of the surfactant is rejected (recovered) based on the
surfactant feed concentration. The DOWFAX 3B2 for which flux data are shown in
Figure 5, also has a molecular weight too low for downstream recovery by
ultrafiltration. Therefore, considering flux behavior, solubilization
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constant, and downstream permeate concentrations and recovery potential, DOWFAX
8390 qualifies as the best surfactant investigated thus far and all further calculations,
designs, and economic estimates in this report will assume use of this surfactant.

4. Spiral-Wound Ultrafiltration Unit Results

Table 3 shows data from one spiral wound MEUF unit in which flux and TCE
rejection were measured at two temperatures (150C and 300C) and with added salts
expected to be present in the groundwaters encountered (33 percent ferric sulfate, 33
percent ferrous sulfate, and 34 percent calcium sulfate by weight). The retentate flow
rate was set at 1.6-liters per minute. The retentate TCE concentration was calculated
by using the measured feed TCE concentration, measured permeate TCE concentration,
the measured retentate flow rate, and the measured permeate flux and performing a
mass balance around the membrane module. There is a TCE concentration gradient on
the retentate side of the membrane with the minimum concentration occurring at the
inlet of the membrane module and a maximum concentration at the outlet of the
module. The average retentate concentration ( feed concentration + retentate
concentration /2) is a more informative value than either the feed or retentate
concentration. There is no significance attached to the difference between the average
retentate TCE concentrations in Table 3 since the feed concentratio,.3s varied and
permeate fluxes varied from one experiment to the next thus changing the average
retentate TCE concentrations. The reason for using percent rejectictn values is to make
valid comparisons between experiments having different: (1) feed concentrations, (2)
permeate fluxes, (3) feed temperatures, etc., as well as comparisons between totally
different experimental methods. The flux values measured are consistent with those
shown in Figure 5. The temperature does not affect the rejection significantly, as
predicted by the equilibrium Ks data, but increased temperature does cause an increase
in flux. The predicted permeate TCE rejections from the measured Ks data are also

shown in Table 3. The predictions agree with the measurements well, confirming that
the system is nearly at equilibrium as expected from previous systems studied in our
laboratory. The presence of the added salts did not affect the ultrafiltration, as
expected, since ultrafiltration is not sensitive to such additives as would be reverse
osmosis as an example. The flux data in Figure 5 and Table 3, along with the
solubilization constant in Figure 6 (confirmed in Table 3) permit a design of the MEUF
stages including the vacuum stripping operation.

B. VACUUM STRIPPING

A major goal of research performed during the Phase I project has been to obtain
fundamental data that can be used to determine parameters needed in operating both the
MEUF stages and the vacuum stripper used to remove TCE from the concentrated
retentate solution. Both the equilibrium solubilization results and initial studies of the
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removal of TCE in a vacuum column provide the physical data required to define the
operating conditions for the vacuum-stripping and the UF separation processes.

For purposes of estimating the performance of the vacuum stripper, we assume
that the surfactant concentration in the retentate solution from each of the MEUF stages
will be approximately 0.25 M (ca. 160,000 ppm or 1.3 pound per gallon). From
Figure 5, for DOWFAX 8390, the surfactant upon which our design calculations are
based, this is the concentration where the flux becomes unacceptably low, so it
represents the MEUF retentate product/stripper feed surfactant concentration. Based on
an assumed feed groundwater TCE concentration of 1 ppm, material balance
calculations show that the concentration of TCE in the retentate solutions will vary
from about 5 ppm in the first UF stage to approximately 50 ppb in the final stage.
However, most of the TCE in the retentate will be bound to the surfactant under these
circumstances, and in fact the apparent volatility of TCE from the aqueous solution
(determined by the Henry's law constant) will be only approximately 3 percent as great
as if the surfactant were aot present. This change in apparent volatility or Henry's law
constant can be calculated directly from the value of the solubilization equilibrium
constant for a given surfactant and the known Henry's law constant for the
chlorocarbon in pure water. Thus if the concentration of TCE bound to surfactant
micelles is 30 times that of the monomeric TCE, the volatility of TCE from the
surfactant solution will be only 1/31 as great as if no surfactant were present.

In designing the vacuum-stripper, the value of the stripping factor (S) will
determine how many stages will be required to attain a given percentage removal of
TCE. This factor will indirectly dictate the size and number of transfer units needed.
The stripping factor is defined by:

S = (V/L)y/x

where y and x are the respective vapor phase and liquid phase mole fractions of TCE
and where V and L are the molar flow rates of vapor and liquid through the stripping
column. Under the dilute solution conditions prevailing for the TCE, it can be shown
that the percentage reduction in concentration of TCE from each liquid-phase transfer
unit to the next is practically constant when multiple transfer units are used. This
implies that the required number of overall transfer units (Ntr), the total fractional
reduction in TCE concentration (the reduction factor, RF), and the fractional decrease
in TCE concentra,.-on from one transfer unit to the next (fR) are simply interelated by:

fR = I/S = RF/Ntr

Urnier the operating conditions of the vacuum-stripper, S can be chosen to have a
value of 4 if the V/L ratio is maintained at approximately 1/150, so that each transfer
unit will reduce the concentration of TCE by a factor of four (that is, fR = 0.25); and
the use of three stripping stages (Ntr = 3) will lead to an overall reduction in TCE
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concentration of 1/64 (i.e., RF = .0156). The ratio V/L will vary inversely with the
value of S. For example, if S = 2, V/L = 1/75; if S = 4, V/L = 1/150; and if S =

6, V/L = 1/225 for the conditions assumed in operating the vacuum stripper.

The major factor determining the efficiency of stripping is the value of the
dimensionless parameter m = y/x, which is determined by the Henry's law constant for
TCE dissolved in pure water and the value of Ks. At temperatures around 200C, y/x

is approximately 1.8 x 104 and the solubilization equilibrium constant is Ks = 120 M-
I, so that the y/x value is reduced to approximately 600 at a surfactant concentration of
0.25 M. Consequently, S can be held at the reasonable value of 4 by using a vapor to
liquid molar ratio of V/L = 1/150. The value of y/x does not vary by more than 10
percent in the temperature range 15 to 250C.

Figure 13 shows the relation between RF (the factor by which the TCE
concentration is reduced in the stripper) and S, for an assumed number of transfer units
(Ntr) equal to two or three) in the stripper. Optimization calculations, have shown that
a value of RF less than 0.10 will be desirable to prevent an excessive amount of TCE
from being returned to the process stream in the - 0.25 M surfactant solution.

Experiments were performed to test the vacuum stripping of TCE from a
concentrated DOWFAX 8390 solution. Thc results are shown in Table 4 for a single-
stage vacuum stripper. The sample was sequentially stripped in this unit and an
average of 28 percent removal of TCE was observed.

C. PROCESS DESIGN CALCULATIONS AN)D ECONOMICS

1. Material Balance Calculations

Material balance calculations were performed on systems of the type shown in
Figu're 3 (this figure is for four stages) to investigate the perfor.-7ance of this process,
but the number of stages was not limited to four. It is assumed that 99 percent of the
TCE in the feed is removed. Since the TCE in this stream is so dilute as to be in the
Henry's law region, the actual concentration of the TCE is not important: i.e., removal
of 99 percent of a I ppm feed requires the same design parameters as removal of 99
percent of a 100 ppb stream. One key parameter indicates the success of the separation:
the volume of the retentate streams (sum of retentate streams from each stage) which
must )e vacuum-stripped. If the volume of this combined retentate stream is equal to
that of the feed stream, then the feed stream should be directly vacuum- stripped and
MEUF is not worthwhile. On the other hand, if the size of the reteantate streams to be
stripped is one-third of the size of the feed stream, this can reduce the load on the
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stripper enough to more than justify the expense of the MEUF units and result in a
more economical overall process.

Table 5 shows the results of the material balance calculations. The following
variabies were investigated: number of stages, surfactant concentration in the retentate,
percentage of TCE in the retentate removed per pass in each stage's vacuum stripper
(assumed to be the same for each stage), and solubilization constant. In addition to
indicating the potential effectiveness of this process, these calculations indicate
parameters whose improvement could most enhance the process performance. This
provides an indication of the direction future research should take for process
optimization.

The base case involves four stages, a retentate surfactant concentration of 0.25, a
Ks of 120 M-1 , and an assumed 90 percent TCE removed from each retentate stream in
the vacuum stripper. The retentate streams from the four stages totaled 30.9 percent of
the volume of the feed groundwater. If two stages are used, the volume percent is 64 6
percent; if three stages are used, it is 39.2 percent; if five stages are used, it is 27.2
percent. Hence the number of stages is important, but the advantages of adding stages
beyond four diminish rapidly. Hence, four stages are chosen as a base case.

If the retertate surfactant concentration is increased to 0.3 M by selection of a
superior surfactant or surfactant mixture, this volume percent decreases from 30.9
percent to 26.0 percent. This potential improvement is one of the reasons for the
emphasis on surfactant selection investigation of a Phase II project.

If the value of Ks increases to 150 M-1 from 120-1, the volume percent or
retentate compared to feed decreases from 30.9 percent to 25 percent, indicating the
promise of increasing solubilization capacity for process improvement.

If the percentage of TCE assumed to be removed from each retentate stream in the
vacuum stripper is increased from 90 percent to 99 percent, the volume percent of
retentate compared to feed decreases from 30.9 percent to 28.2 percent, indicating the
relative modest improvements to be gained by stripping the retentate harder.

Finally, if the retentate surfactant concentration is increased to 0.3 M and the value

of Ks increases to 150 M- 1 and if the percentage of TCE assumed to be removed from

each retentate stream in the vacuum stripper is increased to 99 percent, the volume
percent of retentate compared to the feed decreases from 30.9 percent to 19.0 percent,
indicating the substantial improvements possible by reasonable possible improvements
in the process.
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2. Economic Evaluation of Process

The economics presented in this section are based on processing 100,000 gallons
per day of TCE contaminated ground water. Capital and operating Costs are based on
vendor quotes and general cost correlations from standard sources such as Counce et al
(21) and Peters and Timmerhaus (22). The equipment cost was divided into five major
categories:

1. MEUF Ultrafiltration Units (operated at 50OF)

14 units at $35,474 $ 496,640
191 membranes @ $1100 $ 210,470

2. Vacuum Stripper Colur in
Stage 1 $25,000
Stage 2 $25,000
Stage 3 $25,000
Stage 4 $25,000

3. Vacuum Pump
Stage 1 $7,000
Stage 2 $ 7,000
Stage 3 $ 7,000
Stage 4 $7,000

4. Condense
Stage 1 $ 5,000
Stage 2 $5,000
Stage 3 $55,000
Stage 4 $5,000

5. Refrigeration $15,000

6. Miscellaneous Tanks, Pumps, and Prefiltration S 50,000
Total Purchased equipment: $971,110

Total Fixed-Capital Investment was calculated by:

Direct Costs
Purchased Equipment 59 Percent
Purchased-Equipment Installation 6
Instrumentation and Controls (installed) 2
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Piping (installed) 3
Electrical (installed) 2
Buildings (including services) 3
Yard Improvements 2
Service Facilities (installed) 8

Indirect Costs
Engineering and Supervision 4
Construction Expense 4
Contractors Fees 2
Contingency 5 Percent

Total Fixed Capital Investment $1,645,900

Operating Expenses:
Major Energy Costs:

MEUF
14 units @ 4.2 hp per unit 44 kwh

Vacuum Pump
1 unit @ 10 hp per unit 7.4 kwh
Refrigeration
I unit @ 7.3 x10 4 BTU/h 21.4 kwh

Total 72.55 kwh

Assuming $0.07 per kwh the annual cost of electricity is: $ 43,827

Other Operating Expenses:

Annual cost of membrane replacement: $ 60,134
(assumes 3.5 year membrane
life ($ 210,470/3.5))

Annual cost of lost surfactant: $ 2,000
(assumes permeate concentration
of 5 micromoles per liter)

Depreciation of Capital Investment: $ 82,295
(based on 20 year plant life)

Annual Personnel costs: $ 50,000

Miscellaneous: S5
(valves, pressure gauges,etc)

31



Total Expenses $ 243,260

The above values are for a plant processing 36,500,000 gallons annually, at a cost
of $6.66 per 1000 gallons of processed groundwater (in 1992 dollars). At the flow rate
of 100,000 gallon/day, the economies of scale are not fully realized. Using air
stripping with appropriate pollution control devices results in approximately $4 to
$6/1000 gallons (21). Therefore, this preliminary economic estimate for this process
based on only a feasibility study shows that it can result in approximately the same cost
for treatment of groundwater as this established technique.

In order to understand how costs may be reduced significantly some kaowledge of
the membrane configuration is necessary. There are four different membranes used in
the TCE recovery system:

a. 50,000 MWCO membrane (Stage !)
b. 50,000 MWCO high flux membrane (Stages 2 & 3)
c. 10,000 MWCO membrane (Stage 4)
d. 500 MWCO membrane (surfactant recovery)

The first three stages use 50,000 MWCO membranes but the high fikjx 50,000 MWCO
membranes used in Stage 2 and Stage 3 have twice the flux per unit area compared to
the 50,000 MWCO membranes used in Stage 1. The high flux membranes are very
susceptible to fouling by particles and are therefore used after the Stage 1 standard
50,000 MWCO membranes which are not as susceptible to fouling and provide
permeate, free of harmful fouling particulates, to the follow-on stages. Stage 4 uses
10,000 MWCO membranes which are capable of significantly reducing the surfactant
concentration in the permeate stream when compared to a 50,000 MWCO membrane.
However, the flux for a 10,000 MWCO membrane is one-half that of a 50,000 MWCO
membrane in Stage 1. There is one more stage of membranes not associated with the
MEUF process but used for the recovery of surfactant from the Stage 4 permeate
steam. The surfactant recovery step uses 500 MWCO membranes with a relative flux
approaching that of the 10,000 MWCO membrane mainly because the 500 MWCO
membranes are operated within a surfactant retentate concentration range below where
concentration polarization unfavorably impacts the permeate flux. The majority of the
membranes, almost 70 percent, are located in Stage 4 and the surfactant recovery stage.
The minimization of the permeate surfactant concentration is the principal rezson for
such a high percentage of membranes used in Stage 4 and the surfactant recovery stage.
A more effective colloid system may negate the requirement of smaller MWCO
membranes thus reducing the cost of the MEUF portion of the plant by almost 63
percent.

The choice of a colloid system that extends the operating range to higher retentate
surfactant concentrations may significantly reduce the size of the retentate stream
requiring stripping thus reducing the -vacuum stripping portion of the plant. A retentate
surfactant concentration increase from 0.25 M to 0.50 M will decrease the total
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retentate volume requiring stripping by 50 percent and thus reduce the cost of the
stripping portion of the plant.

The selection of a colloid system that solubilizes TCE to a greater extent would
have the effect of extending the operating range of the surfactant feed concentration to
lower concentrations. Lowering the surfactant feed concentration from 0.010 M to
0.005M will decrease the retentate volume by 50 percent. A higher Ks would also
decrease the number of MEUF stages required thus reducing costs associated with both
the MEUF and stripper portions of the plant.

This is the first major attempt to evaluate a very young technology for application
to concentrate a specific compound on a commercial/industrial scale. The process has
tremendous potential if developments are made in the following areas:

a. The operating range of the surfactant retentate concentration needs to be
broadened to reduce the size of the retentate volume requiring
regeneration.

b. Reduce the permeate surfactant concentration or improve the recovery of
the surfactant in the final permeate stream on a more cost-effective basis.

c. A significant increase of solubility of the target organic in the micelle, an
increase in the distribution constant (Ks), will reduce the number of
MEUF stages and reduce the retentate volume requiring stripping.

The MEUF process has substantial potential for improvement and optimization
(reasonably, a factor of 2 to 4 improvement in the cost/unit volume might be expected).
Therefore, MEUF shows considerable promise as an improved technology for this
application.
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SECTION III

EXPERIMENTAL TECHNIQUES AND APPARATUS

A. MICELLAR-ENHANCED ULTRAFILTRATION

A flow diagram of the ultrafiltration apparatus used for this study is shown in

Figure 2. The membrane was a 5-Ft2 square foot cellulose acetate spiral wound
membrane manufactured by Spectrum Medical Products. The pump was a Burks
stainless steel booster pump, powered by a 1/4 horsepower Firanklin 120-volt motor.
The temperature of the feed tank was held constant at !.oC or 300 C by pumping
refrigerated coolant through a heat exchanger in the feed tanr,, A temperatare probe and
controller were used to control the coolant pump to provide the desired temperature in
the feed tank. The feed pressure to the membrane was ield constant at 60 psi. The
retentate flow rate was held constant at 400 milliliters per minute. The apparatus start-up
was done with the coarse adjustment pressure control valve (a ball valve) completely
open. The feed pressure to the membrane was then set to 60 psi. The retentate and
permeate flowrate were measured by actuating two electromagnetic three way valves
that diverted the retentate and permeate streams into collection beakers. The beakers,
with their solutions, were weighed on a Ohaus triple beam balance and the weight of the
empty beakers were subtracted to arrive at mass flow rates for the two streams. The
electromagnetic sampling valves were controlled by a microprocessor controller that
energize the valves for 15 seconds. Using an iterative process of adjusting the retentate
flow rate valve and the fine adjustment prssure control valve and measuring the mass
flow rate of the retentate stream the 60 psi feed pressure and 400 milliliter retentate flow
rate were established. The three-way system drain valve was used to drain permeate
from the apparatus to increase tht, concentraition of surfactant in the feed tank.

The surfactant samples were analyzed using High Performance Liquid
Chromatography (HPLC) in conjunction with an tiltraviolet light detector and integrator.
The surfactants used for this study, all of which have chromaphors as shown in Figure
6, are easily detected by an ultraviolet light detector. The HPLC column was 6 inches
long and packed with a C-18 reverse phase silica. Various ratios of HPLC grade
methanol and distilled/deionized water ranging from 30 to 90 percent were used to elute
the surfactants from the column. In general the column pressure was 2000 psi at a flow
rate of 3 milliliters per minute. Calibration curves generated from HPLC analysis of
surfactant standards were used to determine the surfactant concentration of samples
produced by the MEUF apparatus.

MEUF studies composed of a mixture of surfactant and TCE were performed using
surfactant feed concentrations of 0.05 M. The 0.05 M concentration was selected so the
data generated by the liquid-vapor studies could be directly compared with the MEUF
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data. The TCE concentrations in samples generated by the MEUF apparatus weie
evaluated using a Tekmar* 2000 purge and trap in conjunction with a Varian 3000 gas
chromatograph (GC) with a 60 meter Supelco Vocol megabor column and a Tracor 1000
Hall Detector. The carrier and purge gas was helium and the reactor gas was hydrogen.
The purge-and-trap apparatus was operated in a headspace analysis mode due to the
presence of foaming agents (surfactants) in the samples. The headspace analysis was
performed by purging for 12 minutes the headspace above 5 milliliters of sample
solution thermostatted at 400C. Two calibration curves were generated since the vapor
pressure of TCE is directly related to the presence of micelles. The permeate samples
were compared against calibration curves generated by TCE standards with surfactant
concentrations below the CMC. Retentate samples were compared against calibration
curves generated by TCE standards with surfactant concentrations of 0.05 M surfactant.

B. VACUUM STRIPPING

The stripping of TCE from surfactant solutions was studied at a 0.2 M surfactant
concentration. The study was performed at 220C using a 20-liter glass vessel
maintained at 26 inches of mercury by a dry reciprocating pump powered by a one forth
horsepower 120 volt motor. The mixture of TCE and surfactant solution was introduced
into the glass vacuum chamber by a spray nozzle at a rate of 114 milliliters per minute.
After samples were taken from the vacu'im stripped solution the solution was recycled
into the vacuum vessel for further vacuum stripping. The samples were analyzed using
the Tekmar* 2000, Varian GC, and Hall detector using the same method as was used
for MEUF samples of TCE surfactant mix'tures except that the TCE ca!bration curves
were generated using TCE standards in a 0.2 M surfactant solution.

C. VAPOR-LIQUID EQUILIBRIUM

Vapor-liquid equilibrium studies of TCE in aqueous solutions and in 0.05 M
surfactant solutions were done by analyzing the vapor in the headspace above the liquid
phase using gas chromatography. Samples of twenty milliliters of aqueous solution and
surfactant solution with known concentrations of TCE in 40 milliliter-EPA standard
water analysis vials were allowed to equilibrate in a temperature controlled bath for 24
hours at one of the following temperatures: 10oC, 200C or 300C. After the samples had
equilibrated, 0.5 milliliters was drawn from the headspace above the liquid and
evaluated using a Perkin-Elmer gas chromatograph. A 3-foot long and 1/8-inch outside
diameter column packed with a porous polymer based on 2,6-diphenyl-p-phenylene
oxide with a mesh range of 80/100 was used at column temperatures of 1800C, injection
temperature of 190, and a detector temperature of 2000C. The carrier gas was helium
and the detector gas was hydrogen.
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The Dowfax series of surfactants received from the manufacturer contained as much
as 2 percent methylene chloride and four percent salts. Th-- salts were removed by
diluting the surfactant with distilled/deionized water and ultrafiltering the resultant
surfactant solution and discarding the permeate. The process was stopped when the salt
peak was reduced by 90 percent as measured by HPLC in conjunction with a conductivity
detector. The methylene chloride was removed by boiling a 0.2M surfactant solution at
a pressure of 17 inches of mercury for 35 minutes. The temperature of the solution
ranged from 800C to 900C with the most vigorous boiling occurring at the begining of
the process. This was accomplished in six liter batches which were allowed to cool
overnight. Samples of the surfactant solution were evaluated using the Tekmar 0 2000,
Varian GC and Hall detector. No methylene chloride was detected. Dow Chemical Co.
now produces DOWFAX 8390 free of methylene chloride.
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SECTION IV

CONCLUSIONS

The surfactant of choice found in these studies was DOWFAX 8390, a disulfonate
with an average molecular weight of 642. This surfactant has a low tendency to
precipitate, low leakage through the membrane into the permeate, can be remuved from
the permeate from the last stage by ultrafiltration with a small pore size membrane, a
reasonable flux, and a reasonable solubilization capacity for TCE. Experiments and
calculations with this surfactant have shown that approximately four stages would result
in a cost efficient pollution control process capable of removing 99+ percent of TCE
from water. The envisioned process would only emit purc water and a pure TCE stream.
Preliminary economics show that the cost of this process is on the same order as
competitive techniques which have undergone substantial development. Moreover,
improvements from future research could make the MEUF process superior to alternative
technologies.
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SECTION V

RECOMMENDATIONS

This feasibility study of MEUF shows enough promise to justify further work to

improve its performance. Laboratory work to find a surfactant or surfactant mixture with

better flux and solubilization capacity would improve the economics of this process

substantially if successful. This process needs to be demonstrated with a pilot unit on a
site with TCE contaminated water to really establish its feasibility. Building and

operation of such a pilot unit is recommended to demonstrate the promise of MEUF in

this application.
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