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ABSTRACT

The membrane air-stripping (MAS) process using microporous polypropylene hol-
low fiber membranes has shown potential for the removal of volatile organics from
aqueous streams over conventional treatment processes, particularly in reducing the
size of the equipment. This paper reviews the theoretical aspects and experimental
investigations on the performance of these membranes in terms of overall mass trans-
fer capabilities in the removal of organics from aqueous solutions. The reported
findings of the effect of pH, ozone, chlorine, influence of packing density and possible
fouling on thie performance of these hollow fibers membranes are presented. The
fate of the sttipped air is discussed. Other possible applications as well as the future
research needs are highlighted, along with a critical assessment of the reported work.
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INTRODUCTION

An estimated 1.6 to 5.0 million tons of volatile organic chemicals (VOCs)
enter the environment each year (1), which causes a significant pollution
burden. The main types of water contaminated with VOCs are groundwater
and industrial wastewater. Contamination of water supplies by VOCs is an
established problem (2, 3). It could be attributed to one or more of the follow-
ing sources: improper disposal of common industrial solvents, leaking storage
tanks, municipal or industrial landfill leachates, and others. Although contam-
inated groundwater normally contain parts per billion (ppb) levels of VOCs,
even these levels render them unfit for human consumption. Cleanup of these
contaminated groundwater aquifers is difficult, expensive, and very slow.
Additionally, contamination of drinking water by halogenated hydrocarbons
produced as by-products of chlorination is a concern. Since many common
organic solvents are VOCs, industrial wastewater laden with these solvents
is also of concern. Use of naphtha in the oil sand recovery process is another
source of contamination of water/air by organics. Furthermore, it is a wasted
resource that could be recovered for reuse.

Conventional treatment methods for removal of VOCs include air stripping,
adsorption, advanced oxidation, anecrobic/aerobic biological treatment, and
distillation. All these techniques have some disadvantages (4). Adsorption is
effective and economic only at low VOC concentrations due to the high
cost of the adsorbent and of its regeneration or disposal. On the other hand,
distillation is economic at higher VOC concentrations. The effectiveness of
advanced oxidation is compound-dependent, and it can also form new prod-
ucts which are more harmful than the original ones. Some of these techniques
also result in the release of gaseous VOC emissions, thereby only transferring
the contaminants to another phase (5). Among conventional techniques,
packed-tower aeration (PTA) is the most economical and hence the most
widely used process for removal of VOCs from water. It is considered the
best available technology (BAT) for removal of VOCs from drinking water
by the US Environmental Protection Agency (6). However, the contaminants
are simply transferred from the water to the air phase during the stripping
process, and the exhaust air may requires further treatment before release to
the atmosphere. Gas-phase granular activated carbon (GAC) adsorption is
currently employed in conjunction with air stripping to control the gas-phase
emissions from PTA. Gas-phase GAC adsorption of off-gases has several
limitations. The contaminants are once again only transferred from the gas
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to the solid phase. The presence of moisture in exhaust stripper air competes
with VOC:s for adsorption sites on the GAC, thereby reducing their effective
adsorption capacity for VOCs and increasing GAC usage. The regeneration
or disposal of the contaminated carbon is costly and adds significantly to the
overall cost of VOC removal from contaminated water (7, 8). Although air
stripping with off-gas treatment is much more expensive than air stripping
alone, its costs are comparable to those of liquid-phase GAC adsorption (9).
As the contaminated sites are often located in urban centers, tall PTA towers
are sometimes considered aesthetically undesirable and more compact alterna-
tive technologies are selected. In addition to the above limitations, in some
cases PTA suffers from severe fouling problems due to iron and manganese
precipitation on the packing (10). Some groundwaters are known to foul
packed towers in a matter of months.

Aerobic biological processes are also gaining importance for removal of
organics from contaminated water. However, a part of the VOCs is air stripped
during the biodegradation process (11).

In summary, existing conventional processes for VOCs removal, even with
modifications, still suffer from: 1) transfer of contaminants from one phase
to another, creating yet another removal/disposal problem; 2) generation of
undesirable by-products/intermediates which only compound the problem;
and 3) specific contaminant concentration levels for some of the processes.
These limitations of existing or modified conventional processes have led to
a search for alternative VOC removal methods capable of avoiding these
problems. '

Separation of ' VOCs from liquid streams by membrane air stripping is
considered to be an alternative that may help overcome some of the shortfalls
of PTA. Membrane air stripping (MAS) may be used over a wide range of
VOC concentration levels. MAS could be usefully applied for water pollution
reduction, groundwater cleanup, and for organic recovery and reuse from
industrial and petroleum wastewater streams.

Several studies during recent years have indicated that air stripping with
microporous polypropylene hollow-fiber membranes is a promising technique
for the removal of organic compounds from water which may offer significant
advantages over PTA in size of installation. The purpose of this paper is to
review these studies and suggest directions for future research.

MEMBRANE AIR-STRIPPING PROCESS

The MAS process is characterized by the imposition of a barrier (mem-
brane), generally made of polymeric materials, between contaminated water
and a sweeping air phase. The characteristics of the membrane selected for
a particular application are dependent on the organic compounds to be sepa-
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rated. Two membrane configurations have been tested so far for merr.brane
air-stripping: a) microporous plate and frame membranes and b) microporous
hollow-fiber membranes. Both configurations have some advantages and dis-
advantages. However, membrane efficacy requires large contact surface areas
(12, 13). Given the higher surface-to-volume ratio of the hollow-fiber mem-
brane configuration and its compactness, it appears to be the better choice.
With this configuration, a typical MAS system consists of one or more hollow-
fiber membrane module(s) used in conjunction with contaminated water and
stripping air pumping systems. The contaminated water is pumped through
the lumen of the hollow fibers while dried stripping air is passed counter or
cocurrently through the exterior (shell side) of the fibers. Mass transfer of
the contaminants to be removed occurs across the membrane barrier from the
lumen side to the shell side..

In packed-tower air-stripping, mass transfer of VOCs from the liquid phase
to the air phase takes place through intimate direct contact between the two
phases, while mass transfer in hollow fibers occurs at the interface of the air-
filled membrane pores and the liquid-filled fiber lumen. The concentration
gradient between the two phases acts as the driving force for this transfer.
The concentration gradient is maintained by constantly sweeping away the
VOCs crossing the barrier into the stripping air, thereby maintaining an essen-
tially near zero VOC concentration on the shell side.

Some advantages of membrane air-stripping over conventional packed
tower air-stripping are (14): a) high surface-to-volume ratio (more compact
installations), b) no loading and flooding limitations, and c) reduction of
dispersed phase backmixing. In addition to the above operational advantages,
the modular nature of membrane air-stripping drastically reduces scale-up
problems (15). The main disadvantage is that the overall mass transfer coeffi-
cient (K1) for membrane-based stripping is usually lower than that for conven-
tional processes due to the mass transfer resistance created by the membrane
(16). However, in view of the higher effective surface-to-volume ratio (a) of
the hollow fiber configuration, the value of Kja is much higher than that
reported for conventional processes. Thus, the overall volume specific rate
of stripping (mass of contaminants removed per unit time per unit volume
of process equipment) for a hollow-fiber membrane unit is likely to be several
times larger than that for conventional packed tower systems.

PERMEATE TRANSPORT

In microporous membrane air stripping using hydrophobic polypropylene
hollow fibers, the water will not wet the membrane pores, which are filled
with air. Due to the high contact angle between the aqueous (nonwetting)
phase and the membrane as a result of the difference of the surface tensions,
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a certain minimum pressure (breakthrough pressure) is required to force the
aqueous phase through the membrane pores. The breakthrough pressure for
a membrane depends on the pore size of the membrane, the surface tension
of the nonwetting phase, and its contact angle on the membrane (17).

The mass transfer of VOCs will occur from the liquid phase to the air
phase across the membrane. The equations describing the relationship and
the dependency of this mass transfer and other parameters have been well
explained by several researchers (18-20). The relationships are shown below
with minor adjustments to make them clearer.

First, a VOC diffuses from the bulk aqueous solution across the liquid
boundary layer to the membrane surface. Second, it diffuses through the air-
filled pores. This diffusion step does not exist in packed-tower air stripping.
Third, it diffuses through the air boundary layer outside the membrane into
the stripping air. Thus the overall mass transfer coefficient includes the effects
of three separate mass transfers created in these three steps. The overall mass
transfer resistance thus stands as follows:

1 1 1 1
Kk kAT RH M

where Ky, = overall mass transfer coefficient (m/s)
k. = liquid-phase mass transfer coefficient (m/s)
- kn = membrane mass transfer coefficient (m/s)
k, = air-phase mass transfer coefficient (m/s)
H = nondimensional Henry’s law constant

The driving force for mass transfer across the interface is proportional to the
concentration difference between the phases. At equilibrium conditions the
concentration of the gas phase, X, is related to the concentration in the liquid
phase, C*, by the nondimensional Henry’s law constant H, in which

H = X/C* )

where C* = equilibrium concentration in the liquid phase (ppm)
X = concentration of the component in the air phase (ppm)
H = nondimensional Henry’s law, i.e., the ratio of the mass concentra-
tions

Mass transfer across a single hollow fiber is given by

dC udC
s == — C* .
a e Kpa(C — C*) 3

where v = water velocity inside the hollow fiber (m/s)
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K; = overall mass transfer coefficient (m/s)

a = surface-to-water volume ratio (m*m?>)

z = distance from hollow fiber inlet (m)

C = concentration of the component in the liquid phase (ppm)
t = time (s)

Under steady-state conditions the above relation becomes
—udC/dz = Kpa(C — C%*) C))

with the boundary conditions are C = Cj, in the aqueous influent (z = 0)
and C = C,, in the aqueous effluent (z = L), where L is the length of the
hollow fiber.

An overall mass balance (over a module length) yields the following rela-
tionship:

0w Cin + QgXin = OwCou + QgXoul )

where Q,, = water flow rate (m>/s)
Q, = air flow rate (m*/s)
X; organics concentration in incoming air (ppm)
Xout = organics concentration in outgoing air (ppm)

[

Assuming that X;, is zero, and integrating over the length of the stripper for
the boundary conditions, the following equation can be derived:

Cout ‘ - L
J' — dac _ KLGJ' dz 6)
. U -RC+RCo = v

where a = effective surface-to-water volume ratio within the module (m%
m3).

The nomenclature used by the authors of Refs. 18 and 19 stripping factor
as R = Q,,/Q.H is the reverse of that conventionally used in PTA calculations
(i.e., R = QyH/Q,). It seems that these authors (18, 19) have used R as a
lumped parameter, apparently without using it as a critical design parameter
as in PTA design. This is likely due to the single pass nature of PTA compared
to the multiple pass nature of hollow-fiber membrane stripping in a batch
system. In a PTA system, if R is less than 1, the level of removal will be
limited to a certain value, proportional to the value of R (21). In batch hollow-
fiber systems, due to the multiple passes, the level of removal is not limited
by the values of R less than 1. ' '

Solving this equation for the ratio of influent and effluent concentrations
for a single pass through the module, the expression becomes
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Co _ {expl(Kial(l — ROl — R} _
Cont d - R =M ™

where M is the ratio of influent and effluent concentrations for a single pass

- through the module. The above relationship shows that organic removal

should be enhanced by increasing the mass transfer coefficient, the length of
the module, or the ratio of surface area to volume within the module itself.
Lowering the velocity should also improve the removal efficiency. The sur-
face-to-volume ratio, a, for a hollow-fiber module is constant and depends
on the inner diameter, d, of the fiber as follows:

4mndl 4
and’L  d ®

a =

where n = number of fibers
d = inner diameter of the hollow fiber (m)

For a batch system consisting of a pump that pumps VOC-laden water
from a completely mixed reservoir through a hollow-fiber module and back
into the reservoir, the appropriate mass balance is

VidC, _ (1
T = Qw(Cout - Cin) = Oy (M 1) Cia (9)

where V,, = volume of the water in the system (m?)
dC, = change of concentration in the reservoir for the period ¢ (ppm)
C, = concentration in the reservoir after the period ¢ (ppm)

This relationship holds provided: 1) the reservoir concentration and the mod-
ule inlet concentration are equal, and 2) the time scale required to reach steady
state is much smaller than that of concentration change in the reservoir.

The change in volume of the solution in the system with time was not
considered during the development of this relationship. This can have a signif-
icant effect in cases where the volume of the samples withdrawn is substantial
compared to the volume of the reservoir. This can also create headspace in
the reservoir, which will contribute to significant losses of VOCs and thus
lead to an overestimation of the mass transfer coefficient. Although the exact
size of the sample withdrawn was not reported (18), frequent withdrawal of
sample for analysis might introduce a significant error in the case of a reservoir
of only 500 mL.

Rearranging and integrating the above equation with the boundary condi-
tions of C;, = Cp at time 0 to C;, = C, at time ¢, Semmens et al. (18) derived
the following key equation:
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Go) _ (2o (7 - L}, =
0(@) = &) (1~ 1) = w

Thus, if the concentration of the organics in the water reservoir is monitored
over time, a plot of In(Cy/C;) versus time should yield a linear relationship
with a slope of k. Substituting the value of M from Eq. (7) in Eq. (10) and
solving for K, and substituting value of a from Eq. (8), results in the follow-
ing equation containing all known values:

K = (%) (1 - R)! In{[(—Q—ng—‘,wk—)] (1-R)+ R} (an

Equation (11) is valid for liquid flow in the lumen side. It has been stated
that for these types of systems, the same equation can be used for liquid flow
both in the shell side and lumen side by interchanging the surface to volume
ratio, a, and its equivalent internal fiber diameter term, 4/d, respectively (16).
Thus the above equation can be rewritten for liquid flow in the shell side as
follows:

K, = (avz) (1 = Ry 1n{[@w—_Q_W—‘m] (1~ R)+ R} (12)

where v = water velocity outside the hollow fiber.

MEMBRANE MATERIALS FOR MAS

There is very little information in the literature regarding possible mem-
brane-making materials that can be used for the preparation of membranes
for air stripping. Only very limited types of polymeric membranes have been
tested. It has been stated by Matson (22) that 1) polymeric membranes of
silicone rubber and its various copolymers, e.g., the block polymer formed
from polydimethylsiloxane and polycarbonate; and 2) hydrophobic, micropo-
rous membranes prepared from nonwetting polymers such as polytetrafluoro-
ethylene (PTFE) and polypropylene (PP) could be suitable for membrane air
stripping. Membranes prepared from polytetrafluorocthylene (PTFE) have
also been tested by Boswell and Vaccari (23).

Due to their surface hydrophobicity, high chemical resistivity, and low cost
(24), polypropylene or silicon-coated polypropylene hollow-fiber membranes
have been investigated for the removal of VOCs from water by membrane
air stripping (18-20, 25, 26). Zander et al. (20) reported that the value of
K a measured for hollow-fiber membrane air-stripping systems were at least
one order of magnitude greater than those for packed towers. However, a
high air pressure drop in the hollow-fiber module was a significant problem,
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which may increase the energy cost for a full-scale system. It should be noted
that the modules tested by Zander et al. (20) were designed primarily for
medical purposes, and their design had not been optimized for industrial use.

Effect of pH, Ozone, and Chlorine

The effect of pH, ozone, and free chlorine on microporous polypropylene
hollow-fiber membranes has been investigated by Castro and Zander (25)
using an aqueous mixture of chloroform, bromoform, bromodichloromethane,
and dibromochloromethane as feed. Their results showed that these mem-
branes were compatible with low pH (pH 5 to 7) and low chlorine waters
but not with waters with higher pH (>7) or high chlorine (=15 mg/L) concen-
tration. At high pH these membranes exhibited a marked reduction in perfor-
mance, lower membrane bubble pressures, and a reduction in pore area. Use
of these membranes requires pretreatment of high pH wastewaters. At high
chlorine concentration there was no substantial reduction in performance, but
a reduction in pore area and damage to the epoxy potting material were
reported. These membranes were also not found to be suitable for use in
treating waters containing ozone.

Influence of Packing Density

Zander et al. (20) observed that the air pressure drops at the shell side
across hollow-fiber membrane modules were much higher than those for
packed towers. The packing density of the hollow fiber in the modules was
thought to be the cause for this high pressure drop. Based on data obtained
from three hollow-fiber modules with different packing densities, Schwarz
et al. (27) concluded that packing density may not be the only cause for this
pressure drop. Proper design of the bundle to prevent fiber blockage of the
exit port and avoiding major headloss across the air ports may help reduce
the pressure drop.

The effects of packing density on the removal performance of 1,1,2-trichlo-
roethane, trichloroethylene, and carbon tetrachloride from aqueous mixtures
have been studied using modules with three different fiber densities (27). The
authors could not come to any conclusion as to the variation in removal rates
for the three different packing densities as the differences were within the
limit of experimental error. This aspect needs to be investigated in more
detail. In all the investigations reported above, contaminated water has been
pumped through the lumen side and sweeping air through the shell side of
the hollow-fiber module. Further study should include reversal of the setup,
i.e., pumping water through the shell side and the air-through the Iumen side
of the hollow-fiber module. it niye ot
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Fouling of Hollow-Fiber Membranes

Four types of fouling are considered important when hollow-fiber mem-
branes are used in water treatment applications (27):

1. Suspended solids accumulation. Suspended solids in the water can
quickly plug the membrane modules in the case of a pressure-driven
process. In air stripping, as it is a concentration-driven process, no solids
accumulate at the membrane wall since no water crosses the membrane.
Thus, it is not a problem for this process. However, the ends of the hollow
fibers can become plugged by influent solids, and pretreatment may be
necessary.

2. Biological fouling and slime development. Growth of bacteria on the
surface may or may not be a problem depending on the water characteris-
tics and the type of material being stripped.

3. Calcium carbonate deposition. During CO, stripping from groundwater,
CaCOj; may deposit on the fiber surface if the pH is high. Most ground-
water treatment applications acidify the water to a pH of approximately
4 to minimize fouling problem. _

4. Iron oxide fouling. Reduced iron found in groundwater is oxidized and
precipitates as Fe(OH); as oxygen permeates from the sweeping air to
the aqueous side of the membrane. This oxidation is strongly dependent
on the pH and the ferric ion concentration in the water.

Iron fouling of hollow-fiber membranes has been investigated by Schwarz
et al. (27). These workers conducted two separate studies: a) a long-term field
study to evaluate the effect of iron fouling on performance and b) a laboratory
study to characterize the kinetics of iron fouling. The first study was conducted
for 75 days with a commercially available hollow-fiber membrane module.
The module had a 3.4 m? effective surface area of microporous polypropylene
membrane with pores of 0.03 pm diameter covering 40% of the membrane
surface. It was stated that iron fouling was the main problem during this field
study from the evidenced release of a high concentration of iron from the
membrane during its regeneration with acid after 75 days. This type of fouling
increases the membrane resistance to mass transfer. Although Yang and Cus-
sler (28) stated in an earlier study that membrane resistance is a negligible
factor and that the overall resistance is governed mainly by liquid film diffu-
sion during removal of VOCs by air stripping, in practice, as the membrane
becomes fouled, its resistance does become increasingly significant (27).

The second study was conducted to evaluate the factors influencing the
rate of iron fouling of polypropylene hollow fibers under controlled conditions
(27). It was reported that the velocity of the feed in the hollow fiber plays a
greater role in ferric hydroxide accumulation than the feed ferric ion concen-
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tration. It was also reported that not all the ferric hydroxide formed accumu-
lates on the fiber but that a portion is transferred to the aqueous system as a
precipitate. Thus, in an industrial MAS application with several modules in
series, the second and subsequent modules would be more prone to particulate
fouling and fiber plugging by the ferric hydroxide formed upstream. Pre-
acidification of water or intermediate filtration between modules must be
planned to avoid this potential problem.

MEMBRANE AIR-STRIPPING APPLICATIONS

Possible membrane air-stripping applications can be the removal/concen-
tration of organics from dilute organic/water mixtures like esters, ethers,
chlorinated hydrocarbons, and aromatic compounds. This application is very
appropriate for environmental, chemical, petrochemical, and biotechnology
industries, as they need removal or recovery of organics from dilute solutions.
Removal of VOCs has been investigated by many workers in recent years
(18-20, 23, 25). Volatile organic chemicals, such as chloroform, 1,1,2-trichlo-
roethane, trichloroethylene, tetrachloroethylene, carbon tetrachloride, bromo-
form, and bromodichloromethane, have been effectively removed from aque-
ous mixtures using polypropylene membranes (18, 20, 23, 25).

A detailed comparison was conducted by Zander et al. (20) on the removal
of chloroform, bromoform, bromodichloromethane, trichloroethylene, tetra-
chloroethylene, and carbon tetrachloride using conventional packed air-strip-
ping towers and polypropylene hollow-fiber membrane air-stripping modules.
It was reported that although the active length of the membrane was 1.8 ft
(0.546 m) compared to a packed tower length of 12 ft (3.7 m), the removal
of VOCs for the membrane system ranged from 5 to 95% compared to 20
to 98% for packed towers. A direct comparison was not possible due to size
differences, hence a comparison was made based on mass transfer coeffi-
cients. It was reported that the overall liquid-phase mass transfer coefficient
for a membrane system was generally more than an order of magnitude greater
than those measured for a packed tower air-stripping system.

TREATMENT OF AIR-STRIPPING OFF-GAS

The organic contaminants in the stripped air can be vented to the atmo-
sphere, collected by condensation, or subjected to further treatment prior to
release. Bhowmick (29) and Bhowmick and Semmens (19) conducted studies
to evaluate the possibility of treating VOCs-contaminated stripped air from
a hollow-fiber membrane air-stripping process by UV photooxidation in an
attempt to develop the closed loop air-stripping process (CLASP). In this
process, stripped air from a hollow-fiber membrane air-stripping system treat-
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ing a synthetic aqueous mixture of five VOCs (chloroform, 1,1,2-trichloroeth-
ane, trichloroethylene, tetrachloroethylene, and carbon tetrachloride) was irra-
diated with ultraviolet light in a photooxidation chamber. The VOCs were
destroyed by photolysis and oxidation processes occurring in the gas phase.
In this system the production and fate of intermediates was of great interest.
It was reported that phosgene, chloroacetylchloride, and chloroacetaldehyde
were formed in low concentrations, but there was no problem of ozone forma-
tion in large quantities (19) as reported in an earlier study by Bhowmick (29).
It was reported that phosgene, which was produced in the greatest amount,
was readily photooxidized by radiation at 185 nm (19). It was also suggested
that a part of these intermediates might be diverted back to the stripper before
being photooxidized. The fate of the intermediates would then be dictated by
their stabilities. Phosgene hydrolyzes instantaneously to HCI and CO;, (30).
The effect of this restripping should be investigated in detail. This process
appears to offer a number of potential advantages over conventional air strip-
ping with off-gas treatment: no gaseous VOCs emissions, the VOCs are oxi-
dized to harmless end products, no adsorber is required, and no adsorbent
regeneration or disposal costs are incurred.

This process can be used for PTA also, but as the PTA process uses a much
higher air-to-water ratio during the stripping process than does membrane air
stripping (20), a much larger CLASP will be required. An effective oxidation
process needs a low air flow rate while effective air stripping requires a high
air flow rate (19). Given this inherent conflict in operating parameters, the
closed loop configuration for a packed tower air stripping/photooxidation
process may not be technically and commercially feasible. The second alterna-
tive is to recover the organics through condensation. The recovered organics
can be reused and the gas-phase emission problems will be avoided.

COMPARATIVE ECONOMICS

A cost comparison between the packed tower and hollow-fiber membrane
air stripping was conducted by Schwarz et al. (27) for 99.9% removal of 1500
jg/L trichloroethylene (TCE) from an aqueous mixture. The authors collected
the capital cost information for the packed tower and hollow-fiber membrane
systems from Peters and Timmerhaus (31) and Rutledge (32), respectively.
For this comparison the design of the hollow-fiber membrane system was
chosen to minimize membrane and pumping costs. Modules of 0.305 m diam-
eter were used. The packed tower design was based on the mass transfer
correlations developed by Onda et al. (33). It was reported that the packed
tower method of air stripping remained the least expensive option at the time
of the study with a cost of $0.98 per thousand gallons treated compared to
$1.37 for the hollow-fiber membrane method. The stripped-air treatment cost
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was not included in these costs. It was also stated that at the time of their
study a fair cost comparison between the long established, well-optimized
PTA system and the not optimized, infant hollow-fiber air-stripping technol-
ogy was difficult. But in other studies the cost of packed tower air stripping
were reported much lower than those reported by Schwarz et al. (27). Hand
et al. (10) reported $0.05/1000 gal water treated for 95% removal of VOCs.
Dvorak et al. (9) showed that the cost of packed tower air stripping alone for
99.75% TCE removal (with Cg..q = 2000 pg/L TCE) was $0.0837/1000 gal
whereas with air stripping, including activated carbon off-gas treatment, was
$0.212/1000 gal. Lipski and Coté (34) reported that the treatment cost for
trichloroethylene (TCE) ranges from $0.10/m? for air stripping alone to $0.80/
m? for treatment trains including stripping with activated carbon off-gas treat-
ment or activated carbon aqueous-phase treatment. These studies showed
that PTA is still the cheapest VOC treatment process. However, with the
development of optimized, lower air pressure drop hollow-fiber modules, the
cost of membrane air stripping can be expected to decrease significantly.

CONCLUSIONS AND RECOMMENDATIONS

The membrane air-stripping process with hydrophobic membranes has
shown potential in the removal of volatile organic compounds from aque-
ous—organic mixtures. So far mostly microporous polypropylene hollow-fiber
membrane modules have been investigated for the efficient removal of such
VOCs as chloroform, 1,1,2-trichloroethane, trichloroethylene, tetrachloroeth-
ylene, carbon tetrachloride, bromoform, and bromodichloromethane. The in-
vestigations to date have focused only on contaminated groundwater, and
most of them at low VOC concentrations. Further investigation is required
with other organics, such as those present in petroleum/oil sands treatment
wastewater streams. The possible use of these membranes for treatment of
wastewater containing higher VOC concentration levels also needs investiga-
tion. The effects of pH, free chlorine, and ozone have been studied, but the
effects of feed temperature, air flow, feed flow, and others factors need further
investigation. One of the main constraints in the present process is the high
air pressure drop on the shell side. There is a need to explore the use of air on
the lumen side. Finally, newer membranes need to be developed for improved
performance and resistance to fouling.
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