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EXECUTIVE SUMMARY

Navy ships generate large volumes of wastewater (about 20-70 gal/day of water per crew member)
which, to meet new regulations, require treatment prior to overboard discharge. In the past, all
wastewater was simply discharged overboard. More recently, regulating bodies such as MARPOL,
the EPA, the U.S. Coast Guard, and some states have enacted restrictions on the location and extent
of such discharges.

Polymeric nanofiltration/ultrafiltration membranes able to produce dischargeable water have already
been considered for shipboard wastewater treatment. The problem with this approach is fouling of
the membrane by a layer of colloidal and particulate material that forms a secondary barrier to flow
through the membrane. To overcome the problems of membrane fouling and the need for periodic
cleaning, NC State University (NCSU) and Membrane Technology and Research, Inc. (MTR) have
developed a new type of composite membrane in which a thin, highly water-permeable polymer
coating layer is used to completely eliminate internal membrane fouling and significantly reduce the
effect of surface fouling.

In this three-year research project, the focus of the first year was selection and optimization of the
membrane materials. In the second year, membranes were prepared with industrial-scale equipment,
amodule test system was built, and the first bench-scale membrane modules were made. In the third
year, the optimum membrane and module configuration was selected and several long-term runs
were performed with solutions chosen to model shipboard wastewater. Composite nanofiltration
membranes prepared with laboratory- and industrial-scale membrane manufacturing equipment had
water fluxes in the range 150 to 200 L/m*h at 150 psig. Their molecular weight cutoff was between
5,000 and 10,000 dalton. Bench-scale membrane modules were very resistant to fouling with
oil/water emulsions containing up to 5% oil in tests lasting up to 80 days and in tests with graywater
surrogate mixtures. Stable fluxes of 50 L/m*h were obtained with oil emulsions and 20-40 L/m?*h
with graywater surrogate mixtures. The permeate from these membranes would meet the new
discharge regulation set by the MARPOL agreement.

The membrane modules can be cleaned satisfactorily by a clean water rinse cycle and even better by
a cleaning technique developed during the project. The technique seems particularly suitable for
shipboard oily and non-oily wastewater treatment systems. The technology is now ready for
evaluation at the pilot-scale using a 1,000- to 5,000-gal/day unit operating pier-side to treat Navy
ship wastewaters.
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1. PROJECT BACKGROUND, OBJECTIVE, AND TECHNICAL APPROACH

Navy ships generate large volumes of wastewater (about 20-70 gal/day of water per crew member)
which, to meet new regulations, require treatment prior to overboard discharge. The wastewater is
generally segregated into three streams according to the source. Blackwater is the sanitary water from
commodes, urinals, and garbage grinders. Graywater includes galley water from sinks and kettles;
turbid water from showers and laundry; and drainage water from air conditioners, drinking fountains,
and interior deck drains. An additional wastewater is the secondary oily wastewater from parallel-
plate separation of oil/water mixtures that accumulate in the bilge of a ship.

In the past, all wastewater was simply discharged overboard. More recently, regulating bodies such
as MARPOL, the EPA, the U.S. Coast Guard, and some states have enacted restrictions on the
location and extent of such discharges. These restrictions and the logistics of holding onboard and
transferring to shore barges large volumes of wastewater have generated considerable interest in
developing onboard wastewater treatment technology, called Marine Sanitation Devices. All new
Navy ships will be fitted with these devices to minimize the environmental impact of shipboard
wastewater.

The Carderock Division, Naval Surface Warfare Center, and its subcontractors have been working
on this problem for some time. So far the most promising approach has been to use membrane
bioreactors of various designs, which combine biological treatment with membrane separation. The
goal of this project, funded by the Strategic Environmental Research and Development Program
(SERDP), was to develop non-fouling composite nanofiltration membranes. In some cases such
membranes would replace membrane bioreactors; in other cases the membranes would be combined
with membrane bioreactors to improve reactor performance.

Polymeric nanofiltration/ultrafiltration membranes able to produce dischargeable water have already
been considered for shipboard wastewater treatment. The problem with this approach is fouling of
the membrane by a layer of colloidal and particulate material that forms a secondary barrier to flow
through the membrane as shown in Figure 1. Surface fouling can be removed by periodic cleaning,
but internal fouling caused by deposition of solid material in the interior of the membrane is
generally irreversible.
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1 Schematic representation of fouling on an ultrafiltration membrane. Surface fouling is the
deposition of solid material on the membrane that consolidates over time. Surface fouling
is generally reversible. Internal fouling is caused by penetration of solid material into the
membrane, which results in plugging of the pores. Internal membrane fouling is generally
irreversible.

A typical plot illustrating the decrease in membrane flux that can result from membrane fouling is
shown in Figure 2. The pure water flux of these membranes is approximately 50 gal/min but on
contact with an aqueous emulsion, the flux immediately falls to about 10-12 gal/min. This first drop
in flux is due to the formation of a gel layer on the membrane surface. Thereafter, the flux declines
steadily over a two-week period. This second drop in flux is caused by densification of the gel layer
under the pressure of the system. In this particular example the densified gel layer could be removed
by periodic chemical cleaning of the membrane, which restored the flux to that of a new membrane.
However, regular chemical cleaning as shown in Figure 2 is not suitable for a shipboard environment
because of the quantity of chemicals and high maintenance involved.
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2 Ultrafiltration flux as a function of time for a latex emulsion. Because of fouling, the flux

declines over a period of days. Periodic cleaning is required to maintain high fluxes.

If the regular cleaning cycle shown in Figure 2 is repeated many times, the membrane flux eventually
does not return to the original value on cleaning. This slow, permanent lost of flux is due to internal
fouling of the membrane by material that penetrates the membrane pores and becomes lodged in the
interior of the membrane).

To overcome the problems of membrane fouling and the need for periodic cleaning, NC State
University (NCSU) and Membrane Technology and Research, Inc. (MTR) developed a new type of
composite membrane in which a thin, highly water-permeable polymer coating layer is used to
completely eliminate internal membrane fouling and significantly reduce the effect of surface
fouling. A microporous ultrafiltration support membrane is prepared first; this support is then coated
with an extremely thin layer of a hydrophilic, water-swollen, but tough polymer. The configuration
of this composite membrane is illustrated in Figure 3. We tried many coating materials during the
course of this program, some available commercially and many synthesized and tested for the first
time during this program. Results from these interim materials are well-documented in the progress
reports submitted to SERDP during the course of this project. We obtained the best results with
coating layers made from polyamide-polyether block copolymers (Pebax®, EIf Atochem,
Philadelphia, PA), which have the basic structure shown in Figure 4. The polyamide blocks provide
mechanical strength; the polyether blocks allow for high water permeability.
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3 Schematic drawing of composite nanofiltration/ultrafiltration membrane in which a 0.5- to
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Coating the base ultrafiltration membrane with a thin polyamide-polyether layer produces a number
of beneficial effects. First, internal membrane fouling is completely eliminated; colloids and
particulates are retained by the coating layer and do not penetrate into the membrane pores.
Therefore, the slow, irreversible decline in flux observed with conventional membranes does not
occur. Second, the thin coating layer significantly enhances the rejection of the base membrane. For
example, when tested with a 1% motor oil water emulsion our base membrane has an overall
rejection of 90 to 95%, and the resulting permeate is still slightly cloudy. In contrast, the coated
membrane has a rejection of more than 99%, and the permeate is completely clear. Also, the
molecular weight cutoff of the uncoated membrane is about 50,000, whereas that of the coated
membrane is about 5,000. Most importantly, the membrane flux is stable over long operating periods
and can be regenerated to the original value without chemical treatment.

This was a three-year research project; the overall schedule for the project tasks is shown in Figure 5.
The focus of the first year was selection and optimization of the membrane materials. In the second




year, membranes were prepared with industrial-scale equipment, a module test system was built, and
the first bench-scale membrane modules were made. In the third year, the optimum membrane and
module configuration was selected and several long-term runs were performed with solutions chosen
to model shipboard wastewater.

Year 1 Year 2 Year 3
Task 1.  Select and Optimize Membrane Materials l ﬁ.&
Task2. Develop and Scale Up Membrane I —\
Task 3. Develop Bench-Scale Module A .+. A
Task4. Test Pilot System ﬁ: e
Task5. Manage Project/Prepare Reports 1 I
A Milestone

Figure 5. Project schedule.

2. RESULTS AND DISCUSSION
2.1 Membrane Preparation

The nanofiltration/ultrafiltration membranes used in this project consisted of a thin selective layer
coated onto a microporous support membrane. Membrane production equipment at MTR was used
for this two-step process.

The casting machine used to prepare the microporous support membrane is shown in Figure 6. The
casting solution, consisting of a polymer dissolved in a water miscible-solvent, is doctored onto the
moving web. The web passes into a water bath, which precipitates the polymer to form the film. The
coated web is collected on a take-up roll, washed overnight to remove any remaining solvent and
dried to form the support membrane.

Solution
Doctor  trough
blade

Figure 6. Schematic diagram of support
membrane casting machine.




The apparatus used to apply the selective layer is shown in Figure 7. Support membrane from the
feed roll passes into the coating tank, where a layer of polymer coating solution 50-100 micrometers
thick is deposited. After solvent evaporation, a polymer film between 0.2 and 2.0 micrometers thick,
depending on the polymer and the coating solution concentration, is left on the support membrane.

Drying
oven

Figure 7. Schematic diagram of thin-film coating
apparatus.

Applicator
Variable speed system
motor-driven

take-up roll

Dip-coating'
tank 005-F

Three types of microporous support membrane were used during the project: poly(vinylidene
fluoride) [PVDF], polysulfone [PSF], and polyetherimide [PEI]. In each case the microporous
support was coated with a thin, nonporous layer of a Pebax polymer. Two hydrophilic grades, Pebax
4011 and 1074, were used for most of our work.

2.2 Composite Membrane Characterization

Gas permeation tests were used to determine the thickness of the Pebax layer and the integrity
(absence of defects) of the membrane. Figure 8 shows a flow schematic of the pure gas test system.

Switchboard Switchboard Switchboard Switchboard

0T b b

Pure gases

003A-4C

Figure 8. Schematic diagram of the test apparatus for measuring gas and vapor permeation through
thin composite membranes. Because the membranes are thin, bubble flow meters can be
used to measure the gas flow.




The rejection and flux characteristics of the membranes with solutions and emulsions were
determined using the system shown in Figure 9. Up to six test cells can be connected in a series or
parallel array to allow simultaneous side-by-side comparisons of several membrane stamps. Using

this system, newly developed membranes were quickly screened to select the most promising for
further study.

Pressure

q’) gauge

Bypass
Fresh Flowmeter

feed water
—_—

'y Pump

Membrane
test cells

| 210b-2S

Drain

Figure 9. Simplified flow schematic of cross-flow test system with multiple test cells in series.

The flux and rejection were measured at each operational setting. The concentrations of the salt
solutions were measured by conductivity, and the concentrations of the VOC solutions were
measured by total organic carbon analysis (TOC) or gas chromatography.

2.3  Module Preparation

After completion of the membrane stamp tests, which demonstrated satisfactory performance of the
Pebax 1074 and 4011 coated membrane, a series of rolls of 40-inch-wide membranes were prepared
on industrial-scale equipment at MTR. This membrane was then used to fabricate bench-scale
membrane modules. The winding operation used to prepare spiral membrane modules is shown
schematically in Figure 10.

Glued area Membrane envelope

Product/

pipe

Db
 m—

Low speed adjustable torque
motor or manual drive 007-F

Figure 10. Schematic diagram of the module-winding operation.




The membrane is cut to size and folded around the feed-spacer material and the product distribution
pipe. The membrane envelope is then moved to the wind-up machine. The product collection pipe
is placed in the jaws of a motor clutch, and the spacer material is glued to the pipe. During the
winding operation, the material is kept under slight tension, and the membrane envelope is glued
along the edges and ends. When the operation is complete, a layer of reinforced tape is used to seal
the module. The module is then fitted with end caps and placed in a pressure housing. A schematic
diagram of a spiral-wound module is shown in Figure 11.

Membrane

permeate
collection
pipe

Residue
flow

envelope 703.F

Figure 11. Schematic of spiral-wound module.

When preparing these membranes we had a number of problems with damage to the membranes by
the feed spacer nettings. For example modules were prepared from Pebax membrane rolls that
appeared to be defect-free and had carbon dioxide/nitrogen selectivities of 50 or more. However, the
rolled modules had carbon dioxide/nitrogen selectivities of 3 to 5. The lower selectivity was due to
a large increase in the nitrogen flux indicating membrane defects. Modules with low selectivities
were dye tested by filling the feed side of the module with red dye solution and then drawing a
vacuum on the permeate collection pipe. When the module is cut open, defects are apparent as small
red marks. Dye test and visual inspection revealed very few membrane defects but it was difficult
to obtain perfect modules. Some improvement was made by modifications to the module rolling
procedure by placing less tension on the membrane, but perfect modules could not be made from this
very thin composite membrane.

At this point a number of modules, shown to be apparently defective by the gas permeation tests,
were tested with oil/water emulsions. The modules had oil emulsion rejections of greater than 99%
and high fluxes; raffinose and PEG rejections were also comparable to the earlier membrane stamp
data. Apparently, tiny membrane defects, which significantly affect the flux and selectivity of
modules in tests with gases, have no measurable effect on modules in tests with aqueous emulsions
and solutions. It is possible that swelling of the membrane by absorbed water closes defects present
in the dry membrane.




24  Module Testing

Two module test systems were built for this program. A simplified flow diagram and a photograph
of one of these units are shown in Figure 12. This system was originally built to operate with two
I m* membrane modules but was later modified to operate with four modules. The system operates
at feed pressure from 50 to 225 psig in a complete recirculation mode allowing continuous tests
extending over several weeks to be performed. The permeate from each module can be collected and
sampled separately so a continuous record of module performance can be obtained.

h M Flow
2x2.5 incl meter
®

Feed pump | | (i) 1 m2 modules
SN

Heat
exchanger

Permeate

l Feed tank

448a-18

Figure 12. Flow schematic and photograph of one of the module test systems.




We found it much more difficult to completely wet membrane modules than membrane stamps. As
a result, in some of our earlier tests, the module flux slowly increased during the first 10 days of
operation as the membrane was gradually wetted and air was completely displaced from the PVDF
support. To avoid this problem later modules were wetted before starting the tests by immersion in
an ethanol solution and drawing a slight vacuum on the permeate side of the membrane. The module
was then flushed with water to remove excess ethanol.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Membrane Tests

Membranes were first tested by gas permeation to determine the thickness of the selective layer and
its integrity (lack of defects). The water fluxes of defect-free membranes were determined and the
membranes were also evaluated for chemical stability.

3.1.1 Membrane Characterization

The thickness of the selective Pebax layer was obtained in gas permeation tests by comparing the
nitrogen flux of the composite membrane with the value for a thick isotropic film of the polymer.
The absence of membrane defects was determined by comparing the nitrogen/carbon dioxide
permeability ratio with the thick-film value. The thickness and number of defects in a membrane
depend on the concentration and viscosity of the polymer coating solution, the method of applying
the coating solution, and the properties of the support membrane. Defect-free layers as thin as
0.5 micrometers can be made. Some typical gas permeation test results obtained with the various
support membranes and Pebax composite membranes are shown in Table 1.

10
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Table 1. Gas Permeation Properties of Microporous Support Membranes [polysulfone,
polyetherimide, and poly(vinylidene fluoride)] and Pebax 4011 and 1074 Thin-Film
Composite Membranes.

Membrane Type o 1P é%ssrﬁgﬁsﬁl_gg?;ﬂzzginilﬁg) Selectivity Appal;eerg)ta'z'(hlic;l;r;?ss of
| N, co, CON, {microns)
Polysulfone [PSF] 15,000 14,000 0.9 —_
1? % Pebax 4011/PSF 0.47 22 47 1.7
2?7 % Pebax 1074/PSF 0.8 47 56 1.0
Polyetherimide [PEI] 38,300 35,200 0.9 —_—
1? % Pebax 4011/PE!| 0.93 50 54 0.9
Poly(vinylidene fluoride) [PVDF] 188,000 199,000 1.1 —
2? % Pebax 4011/PVDF 1.7 83 49 0.5
2? % Pebax 1074/PVDF 1.1 57 53 0.7

The Pebax 4011 and 1074 composite membranes were all essentially defect-free as indicated by a
carbon dioxide/nitrogen selectivity of more than 40 for each one. The apparent thickness of the
Pebax layer ranged from 0.5 to 1.7 micrometers for the various membranes. The gas permeation
results also showed that the Pebax-coated PVDF membrane had higher pure gas fluxes and thinner
Pebax layers than equivalent membranes prepared on polysulfone or polyetherimide. Water
permeability tests confirmed this result, so relatively early in the project we selected poly(vinylidene
fluoride) [PVDF] as our standard microporous support material.

During the first two years of the project, our standard Pebax membrane had an initial pure water flux
of about 40-60 L/m*>h at 150 psig. Later we found that membranes with fluxes up to 200 L/m*h or
more could be prepared by modifying the membrane preparation procedure. Initially membranes
were made by coating a 0.5% Pebax solution onto the support membrane at 70°C and 1 ft/min.
However, decreasing the temperature to 50°C and decreasing the coating speed to 0.3 ft/min
~ produced membranes with three tofive txmes hi gher fluxes and equxvalent separatlon properties. The”
reason for this very large effect is not clear The number of Pebax coatmgs applled to the membrane

was also important, as illustrated by some typical results shown in Figure 13. The results also show

that the flux of the Pebax 1074 membrane is about half that of a Pebax 4011 membrane made under
the same conditions. However, the Pebax 1074 membrane is also more retentive, as shown by the
data in Tables 2 and 3. For example, the Pebax 1074 membrane has about 70% rejection for raffinose
(MW 595), indicating an approximate molecular weight cutoff of 1,000 to 2,000. The Pebax 4011
had 40% rejection for PEG (MW 1,500) indicating a molecular weight cutoff of 5,000 or more.

11
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Figure 13. Water flux of Pebax composite membranes on a PVDF support as a function of the
number of selective layer coatings with a 1% Pebax solution in butanol. The cross-flow
permeation experiments were carried out at 100 psig pressure, 55 cm/s axial velocity, and
25°C. Feed solution was a model oily wastewater containing 900 ppm soybean oil and
100 ppm DC 193 surfactant.

Table 2. Solute Rejections of Pebax 1074/PVDF Composite Membrane. Feed pressure: 150 psig;
feed flow rate: 0.34 gpm; feed temperature: 25°C; membrane area: 15.8 cm’.

Solute Molecular Weight Solute Rejection
Solute v

(g/mol) - (%)
NaCl 58 10
MgSO, 120 47
Sucrose 342 49
D-Raffinose 595 69
SDS ) 288 25
DDAPS 308 12
BDHAC 395 73
Brij®30 362 75
DC193 unknown 90

12




Table 3. Solute Rejections of 2% Pebax 4011/PVDF Composite Membrane. Feed pressure:
150 psig; feed flow rate: 0.34 gpm; feed temperature: 25°C; membrane area: 15.8 cm?.

Solute Solute M?;?;Léll?r Weight Solute(?/jjection
NaCli 58 3
NaHCO, 84 14
MgSO, 120 10
Na,PO, 164 24
PEG900 900 33
PEG1500 1,600 42

3.1.3 Membrane Chemical Stability Evaluation

The Pebax copolymers contain amide bonds in the nylon blocks, so potential degradation of the
membrane by high or low pH solutions or by chlorine was a concern. Therefore, a series of tests were
performed to determine the chemical stability of the membranes. The Pebax 1074/PVDF composite
membranes were immersed in buffer solutions of pH 2, 3, 5, 8, 10 and 12 and in aqueous solutions
of sodium hypochlorite (NaOCI) at concentrations of 10, 50, 100 and 1,000 ppm for one week. The
NaOCl solutions were changed every two hours on the first day and then once each day thereafter.
The stability of the membranes was determined by measuring the nitrogen and carbon dioxide fluxes
before and after the test and the water flux at 150 psig. The pure gas fluxes and selectivities are
shown in Table 4.
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Table 4. Effect of pH and Sodium Hypochlorite Concentration on the Gas Permeation Properties
of Pebax 1074/PVDF Composite Membrane Soaked for One Week in the Test Solution.
Membrane area: 12.6 cm?; feed pressure: 50 psig; feed temperature: 23°C.

Pressure-Normalized Flux Carbon
10 cm3(STP)/ecm*s-cmH joxide/Ni
Soaking Solution ( ( ) 9 Dioxi e/thr.ogen
Selectivity
Nitrogen Carbon Dioxide )
Before Immersion 1.4 69 50
Buffer Solution pH
2 4.1 116 29
3 3.5 102 30
5 1.5 59 40
8 2.7 125 46
10 47 138 30
12 Failed —_— —_—
NaOClI Concentration (ppm)
10 3.2 133 42
50 3.5 123 36
100 3.4 131 38
1,000 Failed —_ -_

The fluxes and selectivities of the membranes were essentially unaffected by exposure to solutions
of pH between 3 and 10 or by exposure to NaOCI solutions containing up to 100 ppm NaOCI.
Membranes exposed to very alkaline solutions of pH 12 or more and to a 1,000-ppm NaOCl solution
both failed as shown by the very high fluxes and absence of selectivity in the gas permeation test.
The membranes were then evaluated with aqueous solutions by measuring the water fluxes and
rejections of a sodium chloride solution and of an oil/surfactant emulsion. The results are shown in

Table 5.
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Table 5. Water Fluxes and Solute Rejections of Pebax 1074/PVDF Composite Membranes After
Being Soaked in Water, in Buffer Solutions of a Range of pHs, and in Sodium
Hypochlorite Solutions for One Week. Membrane area: 15.8 cm?; feed pressure: 150 psig;
feed temperature: 23°C; feed flow rate: 0.34 gpm.

1,500 ppm NaCl 1,000 ppm oil/surfactant
Soaking Solution T -~
Water Flux Rejection Water Flux Rejection*
(L/m?n) (%) {L/m?h) (%)
Untreated 35 13 32 92
Water 42 10 N/A N/A
Buffer Solution pH
2 62 12 46 92
3 42 12 36 92
5 29 13 27 90
8 33 12 30 90
10 60 15 60 91
12 65 16 56 90
NaOC! Concentration (ppm)
10 31 11 38 92.3
50 25 11 32 92.5
100 . 45 10 N/A N/A
1,000 24 15 N/A N/A

*

The oil emulsion used in this test contains 1,000 ppm oil and about 100 ppm surfactant. The membrane
is slightly permeable to surfactant; therefore, a rejection of 90 to 95% corresponds to 100% rejection of
the oil and 0 to 50% rejection of the surfactant.

The data in Table 5 show that the water fluxes and rejections of the membranes were essentially
unaffected by exposure to the test solutions. From these experiments we conclude that the Pebax
membrane is likely to be the chemically stable under normal operating conditions. However,

exposure to very high pH solutions or very concentrated hypochlorite during chemical cleaning may
be a problem.

3.2 Module Tests
3.2.1 Test Solutions

Modules were initially evaluated with water and then with various motor oil or vegetable oil
emulsions using a neutral sufactant (DC193, Dow Corning, Midland, MI) as the stabilizing
surfactant. These emulsions were quite stable and showed no sign of phase separation even in
experiments lasting several weeks. The Carderock Naval Warfare Test Station has also devised a
number of mixtures to model Navy ship waste. The composition of the test mixture that most closely
matches graywater is shown in Table 6. Although the total solids concentration of the mixture is only
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3,800 ppm, the solution has a very high membrane fouling potential. Membrane fluxes gradually fell
two- to four-fold when exposed to this mixture. :

Table 6. Model Wastewater Composition.

Component Amount for 100 gallons (g) ppm
Tide Powdered Laundry Detergent 33.0 87
Laundry Starch 1561.5 400
Gelatin 56.8 150
NH,CI 190.0 500
NaCl 66.6 175
Na,PO, 12H,0 72.0 82
NaHCO,4 63.6 168
Canned Dog Food 757.6 (26.7 0z) 2,000
Crisco Solid Vegetable Shortening 26.5 70
Wesson oil 26.5 70

Directions
Mix the components into the indicated amount of tap water. Heat to boiling for 30 minutes. Cool overnight and
process the next day.

3.2.2 Initial Flux and Rejection Tests

In a series of initial tests, the performance of Pebax 1074 modules was measured as a function of
feed pressure, temperature and module flow rate with water as the test solution. The flux and

rejection of various model solutions were also measured at the end of these tests under standard test
conditions.

Figure 14 shows feed flow rate as a function of pressure drop across the module at various feed
pressures. The feed-to-residue pressure drop of about 20 psig at a flow rate of 2 gpm was larger than
expected. Therefore, we used a pressure drop of 10 psig as the base-case for module experiments;
this is equivalent to a flow rate of about 1.1 gpm. Figures 15 and 16, respectively, show permeate
water flux and pressure-normalized water flux as a function of average feed pressure. As expected,
the water flux increases linearly with feed pressure and pressure-normalized water flux is
independent of feed pressure. However, the water flux of the module was only 14 L/m*h at 150 psig,

half the expected value based on membrane cell tests. This occurred because the membrane was
incompletely wetted.
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Figure 14. Feed flow rate of a Pebax 1074 module (#1510) as a function of pressure drop across the
module. Feed solution: pure water; feed temperature: 21 °C; feed pressures: 50, 100, 150
and 200 psig; pressure drops across module: 5, 10, 15, 20 and 25 psig. Feed spacer:
Nylon ROF030; permeate spacer: double Tricot 9944.
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Figure 15. Water flux of a Pebax 1074 module (#1510) as a function of average feed pressure. Feed
solution: pure water; feed temperature: 21°C; feed pressures: 50, 100, 150 and 200 psig.
Feed spacer: Nylon ROF030; permeate spacer: double Tricot 9944.
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Figure 16. Pressure-normalized water flux of a Pebax 1074 module (#1510) as a function of average
feed pressure. Feed solution: pure water; feed temperature: 21°C; feed pressures: 50,

100, 150 and 200 psig. Feed spacer: Nylon ROF030; permeate spacer: double Tricot
9944.

The molecular weight cutoff of the Pebax 1074 module was then measured with a 1% motor oil
emulsion and with polyethylene glycol, raffinose and toluene solutions. The tests were carried out
ata feed pressure of 150 psig and a feed-to-residue pressure drop across the module of 10 psig. After
tests with each solution, the system was flushed with water. The test data are given in Table 7. The
membrane rejected essentially all of the motor oil emulsion. The permeate was completely clear and
total organic carbon measurements showed less than 150 ppm organic carbon. The raffinose and
PEG 3400 rejections were comparable to those measured earlier with membrane stamps. The
molecular weight cutoff of the membrane is about 5,000.

Table 7. Water Fluxes and Solute Rejections of the Pebax 1074/PVDF Composite Membrane
Module. Membrane area: 1 m? feed pressure: 150 psig; feed-to-residue pressure drop:
10 psig; feed temperature: 23°C.

Molecular Weight Pebax 1074/PVDF Module (#1565)
Aqueous Soktion (g/mol) ’ Water Flux Rejection
(Um*h) (%)
1% Motor Oil N/A 43 99
1,000 ppm PEG 3,400 58 87
1,000 ppm Raffinose 595 62 41
250 ppm Toluene 92 55 11
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3.2.3 Effect of Feed Spacers

The first modules tested were fabricated using the Nylon feed spacer and Tricot permeate spacer
used in commercial pervaporation modules produced by MTR. However, because in this application
the modules are likely to be operated with very dirty and highly fouling feeds, alternative, more open
feed spacers were also evaluated. The properties of the candidate feed spacers tested are listed in
Table 8.

Table 8. Candidate Feed Spacer Properties.

Spacer Spacer(;zi)ckness Configuration
ROF 25 90° Angle
ROF 30 0° Angle
ROF 30 90° Angle
MWN 48 —

Figure 17 shows the feed flow rate as a function of feed pressure for equivalent modules made with
the three different spacers at a feed-to-residue pressure drop of 10 psi. The thicker MWNO048 spacer
has the highest flow rate and the ROF030 spacer the lowest. Based on these results, we selected the
MWNO048 spacer as our base-case feed spacer material.

5
4 | | n n MWNO48
] )
Feed 31 =
Flow Rate -
ROF030
(gpm) 27 B E g A at 90° angle
14 ‘ ‘ ‘ ‘ ROF030
0 + } . +
0 © 50 100 150 200 250

Feed Pressure (psig)

Figure 17. Feed flow rate as a function of average feed pressure for Pebax 1074 modules with
various feed spacers

All modules were fitted with a single-layer Tricot 9944 permeate spacer; the membrane area was
approximately 1 m*. The modules were tested at 50 to 200 psig feed pressures and 5 to 20 psig feed-
to-residue pressure drops across the modules. The modules were then operated with pure water; 1%,
2% and 3% motor oil emulsions; and finally with a 3,800-ppm graywater surrogate mixture over a
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range of feed pressures. Figures 18(a) and (b) show the performance of Modules 1616 and 1617,
respectively, which both had thin feed channel spacers. The results show clear evidence of
concentration polarization and gel formation on the membrane surface. The oil-water emulsion
fluxes increase with increasing pressure but then reach a limiting flux, after which any further
increase in pressure does not increase the flux. Also, the limiting flux decreases with the fouling
potential of the solution. For example, for Module 1616, the limiting flux with the 1% motor oil
emulsion is 33 L/m*h, with the 2% motor oil emulsion 28 L/m?h, and with the 3% motor oil
emulsion 20 L/m*h. The surrogate graywater is extremely fouling, with a limiting flux of only 10
L/m%h. In contrast, the data shown in Figure 18(c) for Module 1619, fitted with a 48-mil-thick feed
spacer, was more encouraging. The module did not reach a limiting flux with motor oil emulsions,
even at a flux of 50 L/m*h. However, with the highly fouling surrogate graywater solution, a limiting
flux of 18 L/m*h was reached.
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(a) R:ISUJS 16 O initial water flux
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1% motor ol A
Water Flux 30 4 water flux afler tunning
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20
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Graywater
0 v v r
¢ 50 100 150 200 250
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(b) Modute 1617 initial water flux &
40 ROF030 water fiux aRer running
with 3% motor oif
1% molor oil
Water Flux 30 =%
(U by -
20 A = 2% motor oil
ATA Ak
10 4 3% motor oil
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Figure 18.
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Pressure (psig)

250

Water flux of Pebax 1074 modules having feed spacers (a) ROF025, (b) ROF030 and (c)
MWNO048 as a function of feed pressure. Temperature: 23 °C; pressures: 50 to 225 psig;

feed-to-residue pressure drop across the module: 10 psig.
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After the initial range-finding tests shown in Figures 16 and 17, the three test modules were operated
at 150 psig feed pressure and a 10 psig feed-to-residue pressure drop across the modules for a further
month. The data obtained are shown in Figure 19. First, the initial water fluxes of the modules were
measured, then the water fluxes of the modules with 1%, 2% and 3% motor oil emulsions were
measured. At the end of the eight-day motor oil emulsion tests, the system was flushed with water
for three days and the water flux remeasured. Finally, the water fluxes of the modules were measured
during operation with the graywater surrogate mixture for five days. After these tests, the modules
were flushed with water and their fluxes measured again for comparison with their original values.
Module 1619 with the thicker feed spacer, 48 mil, showed a significantly better performance than
Modules 1616 and 1617, which had thinner feed spacers. It also appears that motor oil does not foul
the Pebax membrane, but the graywater surrogate mixture does.
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Figure 19. Water fluxes as a function of operating time for Pebax 1074/PVDF modules: (a) 1616
with an ROFO025 spacer, (b) 1617 with an ROF030 spacer, and (c) 1619 with an

MWNO048 spacer. Temperature: 23 °C; pressure: 150 psig; feed-to-residue pressure drop
across module: 10 psig.

22




3.2.4 Long-Term Tests

Several long-term tests to evaluate the performance of the Pebax spiral-wound modules with various
feed solutions were performed. One such test to show the difference in performance of two
equivalent bench-scale membrane modules, one using an uncoated PVDF ultrafiltration membrane
and the other using the same membrane overcoated with a 0.5- to 1.0-micrometer thick Pebax 1074
layer is shown in Figure 20. Initially the uncoated PVDF membrane had a much higher flux than the
coated membrane, but over a period of 22 days this flux declined 20-fold to approximately 12
L/m*h. In contrast, the initially lower coated membrane flux (50 L/m?h) was almost completely
retained for the whole 22-day test. After the test period, both membranes were regenerated by
flushing the system with clean water; no chemical additives or cleaning agents were used. The
uncoated PVDF membrane only partially regained its original flux, showing that a large fraction of
the flux decline was due to permanent internal membrane fouling. The flux of the coated membrane,
however, returned to its original value. When both membranes were retested with the motor oil feed
solution, the uncoated membrane flux quickly declined to alow value whereas the coated membrane
maintained its previous high value. ‘

1,000
[ Feed: 1% motor oil in water
Feed pressure: 150 psig
Feed temperature: 23°C
Uncoated microporous PVDF
membrane module Water Water
100 ® PY flush flush
z . l |
Water flux : ¢ Coated Pebax 1074 O O
(Um2sh) m) membrane module
10 1 1 1 1 hd 1 1
0 5 10 15 20 25 30 35

Permeation time (days) 1390-GRP
Figure 20. Change in flux over time for an uncoated microporous polyvinylidene fluoride (PVDF)
ultrafiltration membrane module and the same membrane coated with a 0.5-1.0
micrometer polyether-polyamide layer (Pebax 1074). The PVDF module had a
rejection of ~90%, the coated Pebax 1074 module had a rejection of more than 99%.

Similar results were obtained when currently available commercial ultrafiltration membranes were
coated with Pebax. Figure 21 shows the performance of polysulfone tubular membranes produced
by Zenon (Toronto, Canada) with and without a Pebax coating layer. The pure water flux of the
uncoated Zenon membrane was 30 L/m?h, and that of the coated membrane was a little lower at 28
L/m*h. However, when tested with a 1,000-ppm oil/water emulsion the flux of the uncoated
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membrane fell 10-fold to 2.5 L/m*h, whereas that of the coated membrane was essentially
unchanged at 25 L/m*h.

T I e e o T —

Pebax 4011-coated tubular Zenon module

®» o
Water flux 10 |
(L/m2h) ]
microporous tubular Zenon module
1 VRV S NN BT ST RPN SU N U ST EET I ST G
0 20 40 60 80 100 120 140
Permeation time (hours)
Figure 21. Water fluxes of uncoated and Pebax 401 1-coated tubular Zenon membranes as a

function of permeation time. Feed: 1,000 ppm soybean oil water emulsion; feed
pressure: 20 psig; feed flow rate: 1.2 gpm; temperature: 25°C.

3.3  Module Cleaning

Several cleaning methods were evaluated for removal of the densified gel layer of retained materials
from the membrane surface. The period of the cleaning cycle can vary from daily for food
applications, such as ultrafiltration of whey, to once a month or more for ultrafiltration membranes
used as polishing units in ultrapure water systems. A typical cleaning cycle is as follows:

1. Flush the system several times with hot water at the highest possible circulation rate.

2. Treat the system with an appropriate acid or alkali wash depending on the nature of the layer.
3. Treat the system with a hot detergent solution.

4. Flush the system thoroughly with water to remove all traces of detergent; measure the pure

water flux through the membrane modules under standard test conditions.

Even after cleaning, some degree of permanent flux loss over time is expected. However, if the
restoration of flux is less than expected, steps 1 through 3 are repeated.

However, the type of cleaning cycle shown above is not suitable for the low-maintenance

requirements of Navy ships because of the need to use acidic or basic cleaning solutions. For most
of our project we successfully cleaned membranes by circulating clean water through the modules
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at high speed. Typical results are shown previously in Figure 20. Towards the end of this project a
new module cleaning method called in-situ backflushing-flow reversal was developed. This
procedure has considerable promise. A number of process developers have used methods such as
flow pulsations and pressure variation to clean the membrane surface. The in-situ backflushing-flow
reversal technique is illustrated in Figure 22.

(a) Normal operation

Feed Permeate
Feed pressure pressure
Permeate
Water
flux :
Flow
A 1
150 psig 0 psig

Residue

(b) Normal flow backflushing
Feed Permeate

Feed pressure pressure
Permeate
closed Water
flux
BaCkw-aShed Water Flow
region Hax
of membrane
1
150 145 140
4 psig psig psig
Residue

(c) Reverse flow backflushing

Permeate
closed Water
flux
Backwashed
region
of membrane
Flow
1
150 145 140
psig psig psig 712-F

Figure 22. Backflushing, flow-reversal technique for cleaning membrane modules by closing the
permeate port.
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Figure 22(a) shows the membrane module in a normal operating mode. A pressure drop of about
10 psig exists across the membrane from the feed to the residue solution. This pressure difference
is required to drive the feed solution through the module. The permeate pressure is close to
atmospheric (0 psig). If the permeate port from the module is closed, the pressure on the permeate
side of the membrane increases to a pressure intermediate between those of the feed and residue
streams. This produces a slight positive pressure at one end of the module and a slight negative
pressure at the other end of the module as shown in Figure 22(b). The back pressure difference sets
up a backflushing condition in which permeate water that has permeated one-half of the module
becomes a backflushing solution in the other half of the module. Deposited materials lifted from the
membrane surface in the backflushed area are swept away by the fast feed flow. If the direction of
the feed is reversed as shown in Figure 22(c), the other half of the module is then backflushed. This
in-situ procedure allows a membrane module to be cleaned without stopping the normal operation
of the membrane system. By using motor-driven valves, the entire procedure can be automated and
set to clean the modules for a few minutes daily or even more frequently.

In the past this backflushing technique has been limited to low-pressure capillary ultrafiltration
modules. Membranes in other modules are damaged by the reverse flow. However, the composite
membranes we have developed are sufficiently tough to withstand this type of operation. Some
preliminary results are shown in Figure 23. The starting point is a nanofiltration module used to
concentrate an emulsion of 3.2 wt% motor oil. After 80 days of continuous operation, the membrane
flux had fallen to 7 L/m*h. At this point the permeate valve was closed and the back half of the
module was backflushed for one hour; the flux doubled to 15 L/m*h. After a further two days of
normal operation the liquid flow was reversed, the permeate valve was again closed, and the second
half of the module was backflushed for one hour. The membrane flux then rose to more than 30
L/m*h. Clearly the backflushing, flow-reversal procedure is a powerful method of in-sifu membrane
cleaning without using chemicals or halting normal operation of the process.
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Figure 23. Backflushing, flow-reversal cleaning of a bench-scale nanofiltration Pebax 4011
composite membrane spiral-wound module. Feed solution was 3.2% motor oil at
150 psig.

4. CONCLUSIONS, TRANSITION PLAN AND RECOMMENDATIONS:

* Composite nanofiltration membranes prepared with laboratory- and industrial-scale membrane
manufacturing equipment had water fluxes in the range 150 to 200 L/m*h at 150 psig. Their
molecular weight cutoff was between 5,000 and 10,000 dalton.

* Bench-scale membrane modules were very resistant to fouling with oil/water emulsions
containing up to 5% oil in tests lasting up to 80 days and in tests with graywater surrogate
mixtures. Stable fluxes of 50 L/m*h were obtained with oil emulsions and 20-40 L/m*h with
graywater surrogate mixtures. The permeate from these membranes would meet the new
discharge regulation set by the MARPOL agreement.

* The membrane modules can be cleaned satisfactorily by a clean water rinse cycle and even better
by an in-situ backflushing, flow-reversal technique. This technique seems particularly suitable

for shipboard oily and non-oily wastewater treatment systems.

* The technology is now ready for evaluation at the pilot-scale using a 1,000- to 5,000-gal/day unit
able to operate pier-side to treat Navy ship wastewaters.
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We recommend that the Navy consider a larger scale application of these very promising membranes
for pierside graywater testing and also consider the possible use of such membranes for oil/water

separation. An ESTCP or other similar program would be a very useful next step in the development

of this technology.
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APPENDIX A: Publications and Patents

Two peer-reviewed publications (attached) related to coatin g materials development has already been
published and is attached. Several patent applications are in preparation at MTR and they will be

forwarded to SERDP as soon as possible.

29




