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EXECUTIVE SUMMARY

Desalination of brackish waters using nanofiltration is one

Fe‘rei ority area of research identified by the US. Bureau of
clamation's Desalting Technology Program In order for nenbrane

based desalination systens to be wdely enployed, further

technol ogy devel opnents are needed to inprove the cost

conmpetitiveness of the process.

ZENON Environnental, Inc. was contracted to further the devel opnent
of ZENON’s novel Moustic™ transverse flow hollow fiber
nanofiltration nodule for desalination applications, and assess
it's potential to nmeet BUREC objectives. The project involved
devel opment of a high tensile strength fiber suitable for brackish
wat er application, production of suitable nenbranes, and

modi fications to the existing transverse flow nodule design for

hi gh pressure applications.

The follow ng inprovenents were made to the transverse flow nodul e
through the course of the project:

° A transverse flow nodule was constructed which could be
operated at the pressures necessary for brackish water
desal i nati on.

° Suitable high tensile based fibers were devel oped.

° Appropriate menbrane chemstries were evaluated, and a
chlorine-resistant nanofiltration wth suitable solute
rejection characteristics was produced, and

) Met hods for application evaluation of the nenbrane were
investigated and optim zed.

The high pressure nanofiltration nodule was tested on a synthetic
brackish water and performed well with nminimal pretreatnment. Flux,
however, was low in the configured nodule conpared to individual
fibers. Further nodule developnent is necessary to inprove flow
distribution and decrease channeling in the high pressure design.

To continue the development of inproved nanofiltration processes
for desalination of brackish water, the following alternatives are
available for further evaluation and denonstration:

° Direct nanofiltration using the transverse flow concept, or
adaptation of the high tensile fibers to a crossflow concept,
in order to develop the nost cost-effective and foulant
resi stant process, or

° Use an energy-efficient and cost-effective form of
pretreatment prior to conventional nanofiltration, 1i.e.
ZeeWeed.

Recent devel opnments in hollow fiber technology undertaken by ZENON
have resulted in an alternative |owpressure nodule design which
appears ideally suited as an inexpensive form of pretreatnent prior

ZENON Environnental, Inec. (1) Use or disclosure of fthrs
information is subject to
the restrictions below.
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to NF. These nodul es have recently become conmercially available,
but have not been denonstrated for cost/benefit analysis on
brackish water. It is therefore recomended that long term
denonstration of this process be conducted, either alone or in a
side-by-side conparison with the transverse flow nodul e design.
Mcrofiltration Is receiving wdespread attention for application
on non-saline surface supplies to reduce turbidity and prevent
ﬁ)_assa e of cysts, as well as reclamation of secondary effluents.
he data from the denonstration of this two stage process woul d
provide the information necessary for evaluation of this novel
mcrofiltration design for other apﬁlications, in addition to the
conbi ned MF/NF scenario for brackish water.

| ALl patents, trade secrets and other intellectual

| property arising in the course of ZENON carr?/i ng

| out its obligations under thie agreenent shall be

| the property of ZENON. The Customer shall have the

| non- excl usi ve, irrevocable and royalty free right

f to use any such patents, trade secrets or other

| intellectual property at its present or any

| successor location in perpetuity. Al technical

information or other trade secrets devel oped or

| applied by ZENON and learned by the Customer in the

| course of ZENON carrying out its obligations under
this agreenent shall be retained in confidency bK

| the CQustoner wuntil such time as the information has

| become wholly disclosed to the public (otherw se

than by default of the Qustomer) or until

} disclosure is authorized in witing by ZENON. The

I technology disclosed herein may be covered by one

or nore ZENON Environnmental, Inc. (ZENON) patents

or patent applications. Any disclosure in this

document does not hereby grant, and nothing

i contained in this docunent shall obligate ZENON to

grant an option to obtain a license to any

technology or any other rights under any patent now
or hereafter owned or controlled by ZENON.

ZENON Environrental, Inc. (i1) Use or disclosure ofthis
information is subject to
the restrictions above.
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10 INTRODUCTION

1.1 Drinking Water Needs

The Office of Technology Assessment has determined that more than 50,000 communities in the
United Sates are defident in suitable drinking weter. Much of this problem can be dleviated
through the efficient gpplication of membrane-based desdting technology. Both coasd sea and
brackish water, as wel as inland brackish,, and high organic source waters can be efectivdy
purified to Nationd Safe Drinking Water Act sdandards for potability by reverse oamods and/or
nanofiltration.

In order for membrane-based desdination sysems to be widdy employed, they must be cost-
compdtitive It has been widdy recognized in the intemationd water community that, dthough
vicble today, widespread use of membrane-based systems requires further technology advancement
to devdop the most cod-effective components and processes The Bureau of Redamation,
through its Desdting Technology Program which wes initigted in 1992, has dso recognized this
need.

Soedific improvements in the membrane technology have been identified by the Bureau of
Redamation which are necessary for broad gpplication of this technology. Key needs are:

Higher throughput membrane modules

Chlorine-tolerant membranes, .

Solidstolerant membrane modules (to minimize cost of pretrestment);

Higher recovery membrane modules

Membrane modules with grester chemicd tderance (for management of various organic and
inorganic contaminants); and

6. Module desgn which results in lower energy consumption.

gk~ w N -

Zenon Environmenta Inc. wes awarded a contract (#1425-4-CR-81-19870) from the Buresu of
Redamaion to further the devdopment of Zenon’s Moustic™ transverse flow hollow fiber
nanofiltration module for desdination applications and demondtrate its ability to mest BUREC
objectives

Zenon Environmental Ins. ! Use or disclosure of report information is subject to
therestriction on the title page of this document.
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1. 2 _Nanofiltration

Nandfiltration (NF) separaion, which has ds0 been refered to as membrane softening,
incorporates a membrane with pore Szes which can be dassfied between those of ultrfiltration
and reverse oamods membranes. Nandfiltration membranes are typicaly operated & pressures in
the range of 50 to 300 ps and remove a portion of the TDS (primarily the divalent ions). Removd
of <t typicdly ranges from 30 to 80%. Conventiond naendfiltraion modules are commerddly
usd for the trestment of colored brackish groundwater supplies in Horida

Nanofiltration has been shown to remove most naturdly-occurring dissolved organics such as
humic and fulvic mater; however convertiond module design is not uited for goplication to
surface waters with higher turbidities and therefore higher fouiing potentia. Zenon’s Moustic™
transverse flow nanofiltration modules were devedoped and tested for gpplication on colored
suface water supplies and shown to met drinking water trestment criteria with reduced
pretresiment  requirements. Upon further devdopment, the hollow fiber module could also be
adapted to brackish waters where higher operating pressures are required.

Direct nendfiltration is gpplicable in numerous Stuations where a brackish water supply is to be
trested for production of drinking water or for reuse for agriculturd purposes. In this casg

nendfiltration would remove a sgnificant portion of sts provide essatidly complete removd of
mos dissolved organics as wdl as dl bacteria and cyss which may be present. Chlorination can
be applied before and/or after separation, depending upon feedwater quality a8 end use

Where higher leves of dissolved sdts are encountered, such as in seawater desalination, Seawater
intrusion, or certan mine waters, improved nanofiltration modules could provide a cost-effective
form of pretresiment prior to rever se ocamoss. Nandfiltration would serve to partidly reduce the
st content, thereby reducing the osmatic pressure and associated operding pressures required by
RO. This sygem configuraion would reduce enargy cods and extend the life of the reverse
ognoss  membranes

Further development of the transverse flow module hes the potentid to significantly reduce process
cogts compared to commercid modules currently used.

1.2.1 Transverse Flow Module Design

The economics and commercidization potentid of the processes destribed above are dependent
upon the devdopment of a module desgn which has incressed throughput, reduced fouling

Zenon Environmental Inc. 2 Use or disclosure of report information is subject to
the restriction on the title page of this document.
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potentid, and minimd pretrestment requirements. Prior to beginning this project, Zenon
Environmenta Inc. has developed a transverse-flow hollow fiber module referred to as Moustic™
(Zenon propridary technology), spedificdly desgned for improved flux and reduced fouling
potentid. The module was origindly developed on the premise that mgor benefits could be derived
by improving fluid dynamics a the membrane suface in a Imple manner.  The transverse flow
configuration potentidly offers high mass trander when compared to tangentid or crossflow
configuraions used in traditiond membrane modules In crossflow filtration, as shown in FHgure
Il (@, a bounday layer is dlowed to devdop which often limits the paformance of the
membrane. By contret, Figure I-I(b) illusrates how the transverse flow configuration limits the

growth of the boundary layer to the upstream side of each fiber. Eddies formed a the back of the
fiber hep keep the surface deen.

Figure 1-1
Comparison of Crossflow and Transverse Flow Configurations

(a) Crossflow configuration

The devdoped module, illugrated in Fgure 1-2, dlows the feed to flow transversdly to the axis of
the hdlow fibers individudly tensoned in a square section (Figure 1-2(a)). The fibers ae
aranged as sacked layers in dternate directions. The permeate flows from the outsde of the fiber

and into the lumen of each fiber. Each fiber is secured in a plagtic frame and is open a both ends

Zenon Environmental Inc. 3 Use or disclosure of report information is subject to
the restriction on the title page of this document.
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through which permeete is collected. To faoricate a module, sub-modules are aranged in series,
inserted in a shel and ﬁtth with proper heeders (Figure I-2 (b)).

Figure 1.2
Moustic Module

(a) MousticTM Sub-Module

Zenon Environmental Inc. 4 Use or disclosure of report information is subject to
the restriction on the title page of this document.
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The desgn method dlows for control of both transverse and longitudind pitches of the fibers
(fibers do not touch eacht other). High packing dengity (short pitch) can be bdanced againgt
reduced need for feed pretrestment (large pitch). Previous devedopment of the transverse flow
configuration dlows a great reduction in the leved of pretrestment when compared to conventiond
spird-wound modules

The transvarse flow dement has the folowing potentid advantages over soird-wound dements
Membrane fouling is dgnificantly reduced becaus=

the membrane surface is nat in contact with itsdf or any materid (such as a feed space),

the hollow fiber spacing can be sdected to reduce pretrestment recuirements without sacrificing

packing density (200 pm pretreatment filter for a transverse flow element as compared to 5 um

for a typicd spird wound dement), and

the membrane has a lower susceptibility to fouling, as indicated by a mass trander coeffident 2
to 3 times higher, for the same expense of energy.

Zenon' is currently in various sages of testing pilot scde versons of the transverse flow module

Zenon’s exising Moudic ™ Module was designed to handle operating pressures in the the range of
75- 100 ps.

Prior to this project, nanofiltration membranes with 800-1,000 MWCO were produced by Zenon.
Reection of NaCl (udng feeds of 3,000 ppm) wes typicaly 30%, with multivdent ts (CaCl,,
MgCl,, others) exhibiting rgection > 80%. Rgections are smilar in the presence or absence of
chlorine

Successul devdopment of a cod-efective dternative hollow fiber module &s€gn with reduced
fouling potentid which is adle to withdand higher pressures would sarve to address many of the
desdting technology needs identified by BUREC.

1.3 _Objectives

The primary objective of the project is to further develop the module and investigate the potentia
technica and cog advantages of Zenon’s dterndtive hallow fiber module desgn for nanofiltration

applications

Zenon Environmental Inc. 5 Use or disclosure of report information is subject to
the restriction on the title page of this document.
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Specific objectives of this project are:

To devdop an improved (higher tendle Srength) nanofiltration hollow fiber membrane for
brackish water gpplications (gpproximaey 2,000 ppm totad solute),
To deveop a transverse flow module for operation a higher pressures,

To test the concept for desdlting of brackish waters, ad
To provide a technicd and economic assessment of the technology and identify potentia

goplications of interest to BUREC.
The man gpplications envisaged for this membrane and module are:

Dedting of brackish water (up to 2000 ppm NaCl) for irrigaion purposes (to less then
1,400 ppm NaCl).

Totd removd of humic and fulvic adids, as wdl as bacteria, cysts, and cryptosporidium for
production of drinking weter, dong with partid removd of dts

Retrestment prior to RO for desalination of seawater.

6 Use or disclosure of report information is subject to

Zenon Environmental Inc. Iscl ; .
the restriction on the title page of this document.
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20 TASK 1 FIBER DEVELOPMENT

The object of Task 1 was to develop a base fiber which:
. isauitable for operating a pressures up to 1.6 MPa (225 ps),
. provides a pure water flux of 200 USgfd a 225 ps and 25" C, and
. and is suitable for coating the nanofiltration barrier layer.

2. 1 Introduction

Sandard thin film compodte reverse oamoss and nanofiltration membranes have two separate
parts.

. athin barier layer (membrane) which serves as the separating layer, and

. a microporous Sublayers (base fiber) supporting the barrier layer

It has been shown by Cadotte et d. (198 1) that polysulfone provides an excdlent support for very

thin, highly sdective dedination membranes In flat shest membranes the mechanicd drength is
provided by a fibrous web, and therefore, a thin support layer can be made. However, fibers
mus be sdf-aupporting and in this cass, nead to withdand compresson pressures of 300 - 400

pd. Because of this the fiber usudly hes a thick wadl, and this reaults in low pemedbility. As
such, the formulation used in fla sheats can not be used in fiber goinning, and a new formulation
with optimal characterigtics needed to be developed.

Previous work has shown that a hollow fiber reinforced with fiberglass has a higher compression
and oollgpse pressure The dope compogtion, membrane thickness, and spinning conditions Al
dfect peformance, as measured by factors such as flux, compresson pressure, and molecular
waght cutoff (MWCO). The resulting base fiber mugt have the gppropriste MWCO, pure weter
flux, and compresson pressure for nanofiltration goplications.

To met this objective, base fibers were deveoped from three different polymers polysulfone
(PS), aulfonated polysulfone (SPS), and polyimide (Pl). The fibers were reinforced usng a

hollow fiberglass brad as support. In addition to srengthening the fiber, this dlowed the use of
dopes with lower viscogty. High viscodty dopes yidd fibers with lower flux and higher
compresson pressure. Methodology used in fiber soinning does not dlow one to use low
visoodty dopes One way to overcome this difficulty is to meke a thin membrane on a support, 0
that mog of the strength of the fiber will come from the support and the membrane only behaves as

aspadion layer. This would dlow the coding of thinner base membranes, which in turn would
maximize the flux while mantaining compresson ressgance

Zenon Environmental Inc. 7 Use or disclosure of report information is subject to
the restriction on the title page of this document.
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2.2 Experimental Methods
2.2.1 Fiber Spinning

A dmplified schematic of a fiber soinning device is shown in FHgure 2. A resarvoir containing
the polymer solution is pressurized with nitrogen and the polymer is forced into the spinning jet (a

tube-intube jet). In unranforced fibers the solution extruded through the spinning jet is drawn
into acoagulation bath.  The center bore of the extruded fiber is maintained open by the use of a
non-coagulant fluid under pressure. The sSize of the extruded fiber is controlled by the pressure in

the dope vesd, the extruding speed and the pressure of fluid in the center bore.

For reinforced fibers, the procedure is identicd, except that a hollow fiberglass brad is-used
insead of a non-coagulant bore fluid. The fiberglass reinforcement passes through the first jet and
is coated with polymer. The second jet removes the excess polymer. Theresulting fiber proceeds
through the coagulation bath.

The ‘replacement of polymer solvent with water from the coagulation bath causes the viscogty of
the polymer solution to increase. The goead of the replacement as well as the polymer formulation
control the pore Sze of the resulting fiber. As more solvent-is replaced by water, the polymer
begins to solidify in the coagulation bath and can be further handled.

The fiber is then directed to a winder by use of a sdf advancding godet. The fiber is wound into
bobbins. The wound fiber is then washed with water to remove the remainder of the solvent and

additives, and impregnated with preservative before drying.

2.2.2 Compression Test

A dmplified chat of the tes inddlation is shown in Fgure 2-2. The compresson pressure of the
fiber was determined usng water flux messurements. A looped fiber bundle containing 6 fibers
was potted into a hdf inch ged fitting. The fiber bundle was connected to a water reservoir The
outdde of the fiber bundle was surrounded with water. The water resarvoir was then pressurized
with nitrogen to gpproximatdy 20 ps and the water flux recorded over a twenty minute period
(messured & 5 minute intervals). The nitrogen pressure was increased by 20 - 50 pd every 20
minutes up to 400 pg, or when the flux darted to levd off and sopped increesing with pressure
The compresson resstance is determined by plotting the water flux as a function of test pressure.
The point a which the curve begins to flaten is the compresson pressure of the fiber.

Zenon Environmental Inc. 8 Use or disclosure of report information is subject to
the restriction on the title page of this document.
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Figure 2-1
Hollow Fiber Spinning

Fiberglass
Pressure Reinforcement
Vessel Spinning Jet
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Zenon Environmental inc. 9 Use or disclosure of report information is subject to

the restriction on the titk page of this document.
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2.3 Results and Discussion

The devdopment and tedting of three base fiber formulaions are discussad in the following
section. Raw data from various trids is given in Appendix A.

231 Polysulfone Fibers (PS)

Polysuifone is a hydrophobic polymer, commonly used by seved commedd membrane
manufecturers. Polysulfone has many advantages, which indude bang nontbiodegradable, deble
a extreme pH levds ade to opaae a high tempeaaures and having a high compaction
ressance. One drawback of polysulfone for some gpplications is its hydrophobic nature. Ancther
draw beck is its sendtivity. to a broad range of solvents, which limits its ussfulness in catan
membrane fabrication techniques, such as solvent evgporation.

The objective was to devdop a reinforced PS hollow fiber which could be evduaed for baoth
intefadd polymerization coding ad solvet evaporaion coaing techniques Commedadly
avalable flashet NF membranes ae bassd on a PS base membrane with an interfacid
polymerization membrane coated on top.

Previous deveopment work undertaken by Zenon invedigated a renforced fiber for high pressure
(RO) goplications Since pressures would be lower for nanofiltration, this base membrane was

modified by usng a lower viscosty dope to maximize flux. A hollow brad with 0.3/0.9 nm
ID/OD was used for this gpplication, and coated with the PS formulaion. Fgure 2-3 shows that

the PS fiber efectivdy sustained a compresson pressure of 300 ps.

Figure 23
Compression Test Using Polysulfone Fiber
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Zenon Environmental Inc. 10 Use or disclosure of report information is subject to

therestriction on the title page of this document.
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Table 2-| summarize s the performance characteritics of the PSfiber.

Table 2-1
Polysulfone Fiber Test Results

Base Compresson | Water Permeability % Regection
Fibre Pressure in pS USgfd/psi of 10,000 MW PEG

PS 300 254 65

A pure water permesbility of 254 USgfd/psi, or the equivdlent of >500 USgfd & 225 pg, was
achieved. Since a fiber with a flux of 200 USgfd and a 90% loss in flux after coating would

produce a membrane with a flux of 20 USgfd, the high permesbility of this fiber offers good
potential  for maximizing flux after coating.

MWCO teds showed an 65% rgection of palyethylene glycol, with a molecular weight of about
10,000 ddtons These fibers were conddered acceptable for solvent evaporation coding of
Zenon's nanofiltration chemistries (referred to as LTMX, and CPS).

2.3.2 Sulfonated Polvsulfone Fibers (SPS)

The second fiber developed for coating was based on a blend of sulfonated
polysulfone/polysulfone. The objective of this task was to determine if a sulfoneted polysulfone
blend would increese the hydrophilicity and therefore water flux of the base fiber, while
maintaining other required characteridics

Sulfonated polysulfone (SPS) was sdected ance it is more solvent resgant and therefore more
suiteble for solvent eveporation of the Zenon chlorine ressant membrane (LTMX). The coding
olution LTMX contains some sulphonic add groups. It was thought thet by having sulphonic
add in the bese fiber, the sulphonic add in the separating layer would react with the sulphonic add
in the base fiber to yidd a srong cosdinked membrane The blend containing sulfoneted
polysulfone will make the base fiber mare hydrophilic in antidpetion of increesing the flux, while
mantaining the same amount of polymer resn.

Severd differet formulations were consdered. Figure 24 bdow summarizes the compresson
ressdance of the optimum formulation. The SPS blend fiber demondrated a higher compresson
resstance then the polysulfone fiber (>400 ps versus 300 pS).

Zenon Environmental Inc. 1 Use or disclosure of report information is subject to
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Figure 24
Compresson Test Using Sulfonated Polysulfone Blend Fiber
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Performance results are summarized in Table 2-2 bdow.

Table 2-2
Sulfonated Polysulfone Fiber Test Results

Bae Compression Water Permeability % Reection
Hbre Pressure in pS USgfd/psi of 10,000 MW PEG

SPS 400 2.15 80
(94-69-3.4)

This fiber has high compresson resstance of >400 ps and high pemesbility of 215 USgfd/psi,
and is vary promisng for solvent evgporation coating. Although well within acceptable range, the
permeability was dightly lower then that obsarved in the more hydrophobic PS fiber (254
USgfd/psi). It was dso observed that the compresson pressure for the SPS blend fiber is
gonificantly greater, which is condgent will the flux reedings

2.3.3 Polyimide Fibers (PD)

The next fiber investigated was a polyimide(PI) formulation, which is suitable as a base for coating
a Hective layer by solvent evgporation.

Zenon Environmental inc. 12 Use or disclosure of report information is subject to
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Although polysulfone has been successfully used as a base membrane for ‘coding a NF barrier

layer by interfadd polymerization, its sengtivity to a broad range of solvents limits it usefulness

The only organic olvets thet can be usad with polysfone ae low molecuar weght
hydrocarbons and low molecular weight dcohols In the solvent evaporation method usad for
depogting the barrier layer, a polymer is dissolved in a solvent and gpplied to the base membrane
and the solvet is evaporated leaving a thin polymer layer on the base membrane  Severd
polymers which could form a better and more effective barier layer do not dissolve in mild organic

lvents As such, we were looking for polymers which are dable to more powerful organic
solvents. One such palymer is polyimide which is known to tolerate rong organic solvents such
as methylene chloride and acetone.

The compresson characteristics of the polyimide fiber are shown in Figure 2-5. The fiber
sugtained a compresson pressure of 400 ps.

Figure 2-§
Compression Test Using Polyimide Fiber
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Table 2-5 summarizes the performance of the Polyimide fibers deveoped.
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Table 2-3
" Polyimide Fiber Characteristics

Base Compresson YWater Permeability % Rgection
Fibre Pressure in ps USgfd/psi of 10,000 MW PEG
PI 400 111 84
(18-5-94)

Of the three fibers tesed, the P fiber has the lowest permesiility, a 1.1 USgfd/psi; however both
flux and compression pressure were considered acoeptable for coating NF membranes. Scanning
eectron micrascope photographs were taken of the fiber surfaces and are given in Appendix B.
SEM photographs show that both polyimide and polysulfone fibers are defect free and suitable for
coating.

2 . 4 _Conclusions

A number of reinforced outsdelin hollow fibers were produced that were cgpable of operaion
without compresson or collgpse a pressures up to and greater than 300 pg. All three fibers met
water flux and MWCO criteria.

A reinforced fiber mede with sulfonated PS hed excdlent flux and compresson resstance (Table 2-
2 ). This fiber is vay promisng for coaing NF membranes

Fiber made with Pl showed promising results However, fluxes were lower than those observed
with other fibers a quivdent pressures This observation, combined with the fact thet the Pl base
membrane is more senstive to high pH (required for cleaning) than the others, led to the sdection
of PS and SPS blend fibers for coating trids

Zenon Environmental Inc. 14 Use or disclosure of report information is subject to
therestriction on the title page of this document.



Nanofiltration for High Performance
Desalination Final Report June, 1995

3.0 NANOFILTRATION MEMBRANE DEVELOPMENT

3.1 Introduction

The objective of this subtask was to develop a suitable nanofiltration membrane coating, capable of
meding the falowing criteria:

Table 3-1
Solute Rejection Specifications

Solute Molecular Weight Rejection (%)*
NaCl 58 5-50
CaClhz 111 70
MgSO4 120 95
Glucose 18 0
sucrose 34 98
Raffinose 500 99

* The rgections are based on a test condition of 2,000 ppm solute, pressure of 1.6 MPa (225
ps) and temperature of 77°F (25°C).

Although our find objective is to develop a nanofiltration membrane which could remove 95%
sulphete ions, a membrane with 70-80% sulphate rgection, and flux of 15-20 gdlons per square
foot per day (USgfd) a required pressures ( 225 pd) could be used economicdly to produce
potable water in about 80% of the United States communities (Cescon and Hoehu, 1970). As
such, our initid god was to develop an oxidation resistant nanofiltration membrane with 70-8096
ulphate rgection.

The sulphate rgection properties of the membranes were determined a@ther by using pure 2,000
ppmM magnesum ulphate solution or a synthetic brackish sulpheate feed weter containing 700 ppm
cdcdum sulphate, 400 ppm megnesum sulphate, 400 ppm sodium sulphate, and 100 ppm
gynthetic humic add (fouling agant).

Two different types of thin film membrane coeting methods were investigated:

' thin film compogte membrane formed by solvent evgporation, and
interfaciely polymeérized thin film compodte membrane.

Zenon Environmental Inc. 15 Use or disclosure of report information is subject to
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Solvent Evaporation. In this method, acoaing solution is made by dissolving the polymer and

other additives in a volatile solvent. The base fiber is dipped into this solution and the solvernt is
evgporaed to give athin film membrane

Interfacial Polymerization. In this method, one monomer is adsorbed onto the outside of the
support (or base) fiber and dipped into a solution of a second monomer and polymerization tekes
plece a the interface. By contralling the dipping time and concentration of the first and sscond
monomer olutions, the permeete flux and rgection of the membrane can be controlled.

Three thin film compogte membranes were sdected for coating trids with the reinforced hollow
fibers described in the previous section. Al membranes would be coated on the outsde of the

fiber. The three types of membranes were
1) Zenon chlorine resgtant membrane formed by solvent evaporation, desgnated as LTMX.

2) A commonly used fomuletion (eromatic diamine/triacylchloride) was used for an interfecialy
polymerized compogte membrane This well known formulaion (FT-30) was used in order to
obtain a membrane which is comparadle in peformance (rgection and flux) to a commercd
membrane, and

3) Zenon CPS (carboxylated polysulfone) membrane chemidry developed for this gpplication,
which can be formed by dther solvent evaporation or intefacid polymer&ion.

3.2 Experimental Methods

The coated NF fibers were sedled and mounted in the same way as for compresson testing.
Approximate surface area of the coated RO fiher bundle was in the range of 0.05 ft2. Coated fibers
were tested a pressures of 200 to 225 pd and a feed of 2,000 ppm sodium chloride was used.
Experiments were usually run at 20°C.

For' each membrane chemidry, membrane formation conditions were varied, with the god of
preparing membranes with high sdt (2,000 ppm solute) rgection.

Initidly, commerddly avalade flashests (ES00 Desal), were ussd for trids usng two intefacid
polymerization membranes (diamine/triacylchloride formulation and CPS formuletion). After these
membranes where optimized they were coated onto the PS base fiber. The CPS' chemidry was
developed to be usad as dther an interfadid polymerization two dep coding or as a solvent
evgpordion coating.
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The base fibers devdoped were coated in lengths of goproximady 12° long and then assembled
iNto mini - modules. The fibers were tesed in mini » module configuraion of goproximady 0.05

fi2. Theflux in USgfd and percent rejection of NaCl and MgSOy4 was recorded.

The coated fibers were epoxied into 1/2°* nylon fittings The fibers were evenly soaced and the
epoxy was poured into the fitting and cured overnight.

The mini-modules and coated flatsheets are mounted on the test system and operating pressures
were gradudly incressed to reech 200-225 ps. All NF tesing was done & 20°C feed

temperatures. Raw data for cogting trids is given in Appendix A.

3.3 Interfacial Polymerimstton Coating

To obtain an intefacialy polymer&ad thin film coating, the support film is saturated with a water
solution containing diamines plus other additives, such as add acceptors and surfactants. The
saturated film is contacted with an immiscible solvent containing di or triacyl chioride reectants. A
condensation polymer forms at the interface. The film is dried to bind the thin interfacial film to the
upport surface.

3.3.1 Coating of Flatsheets by Interfacial Polymerization

The ES00 Desal flatsheet was coated with andard interfacially polymerized membrane (diamine/
triacylchloride) and the CPS membrane, to optimize coaing conditions for coating onto the fibers,

| n interfacial coating sol utions. normally the water component is applied fir!&and the excesowater
Is removed. The organic component is then goplied and the polymerization or arosdinking forms
the dective layer.

The paformance of the CPS chemidry on commerdd flatsheets is given in Table 3-2. Table 3-2
shows thet rejections and flux were excdlent. Rgection of MgSO4 wes dightly lower then the
optimum target of 95% but within prdiminary gods of 70 to 80%.
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Table 3-2
Interfacial Polymerization Coating of CPS Chemigry on Flatshees
(Trial 1)
Base Thin Film | %Raffinose | %Rejection of | %Rejection of|  Flux in
Membrane | Composite | Rejection | 2,000ppm MgSO4 | 500ppm NaCl USgfd
E-500 CPS 100 78 77 25
flatsheet (s=2.0) (s=4.1) (s=5.1)
(n=3)

n = number of observations; s = standard deviation

Further work wes carried out usng CPS chemidry in an attempt to incresse MgSOy4 rejection.
Reection time was ‘incressad and solids content in the coating solution was varied dightly.

Performance was compared to codting trids usng diamine/triaclychloride chemisty Reallts are
given in Tables 3-3 and 34,

Table 3-3
Interfacal Polymerization Coating of CPS Chemistry on Flat Shedts
(Trial 2)
Base | ThinFilm | %Raffinose | %Dextrose | %Rejection Of | %oRejection Of | HUX in
Membrane |Composite]| Rejection | Reection |[2,000pom MgS04 500ppm NaCl USgfd
99
E-500 CPS 100 90 99 70 4.0
100 90 73 4.0
loo 87 97 90 8.3
Table 3-4

Interfacial Polymerization Coating of Reference Chemidry on Flat Shedts

Base |ThinFilm %Ralfinonse | %Dextrose | %Rejection O | %oRejection O] HUX 1N
Membrane |Composite Rejection Rlejectiof 2,000ppm MgSO4 500ppm NaCl USgfd
E-500 | Diamine + 100 93 99 84 6.6
triacyl- loo 90 98 80 4.8
chloride 100 95 99 85 7.0
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The rgjection vaues obtained usng the CPS chemigtry were excdlent and gppeared to meet criteria
when compared to original solute rgection Spedficaions The diamine and triacylchloride
(Reference) membrane system produced regjection vaues that dso met ariteria

3.3.2 Coating of Fibers by Interfacial Polymerization

Although bath CPS and reference coatings worked wel on flat sheds a different technique for

coding fibers had to be deveoped. It is very important that the fibers remain dean during the
entire coating process. The actud coding of the two components must be done in such away asto

get an even goplicaion over the entire fiber and during the crosdinking Sage any movement must

be vay precise and smooth S0 the interface between the two components is not disupted. The
coding for intefadd polymerization was done by hand without the bendfit of predse equipment.

Initidly, the reference interfadd polymerization membrane was coaled on the two deveoped
fibers. The fibers were tesed on 2,000 ppm MgSO4 a 200 pd, and resuts are given below.

Table 3-§
Interfacial Polymerization Coating of Fibers
[ ThinFim Base Fibre % Rejecti on Flux
Composite 2,000ppm MgSO4 USgfd
Diamine & PS 89 9
Triacylchloride
(FT30) SPS 61 13

The reallts show thet the polysuifone fiber exhibited Sgnificantly better rgection then the
sufonated polysuifone Despite a dightly lower flux, the PS fiber was consdered preferdble for
coding trids

3.4 Coating Bv Solvent Evaporation

In the solvent evaporation coding method, the fiber is dipped into a coating solution and the
solvent is evaporated by hedting. The surface of the fibers or flatsheets are fird cdleaned and dried

and then are dipped into the coding solution and removed. Excess coding solution is dlowed to
run off and then the fibers or flashedts are placed in an oven to cure the membrane and drive off

the remaining solvent. The solvent evgporaion membrane was coated by hand. The coated fibers
were gpoxied into mini-modules exactly as for the interfadd polymerization (IFP) coated fibers .

The test procedures were the same as for IFP coaing fibers
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34.1 Coating Flatsheets by Solvent Evaporation

Initidly, commerddly avalade flasheas were coated with Zenon’s membrane chemidries The
LTMX (chlorineresgant) and CPS formulations were tested. Results are summarized in Tebles 3-

6and 3-7.
Table 3-6
Solvent Evaporation Flatsheet Coating Trials (LTMX)
[ Reference# | Thin film FoRejection Flux
composite 2,000ppmNaCl USgfd
71-78-1 LTMX 97.2 16.4
71-78-2 LTMX 96.1 19.8
71-80-I LTMX 96.6 16.0
71-80-2 | LTMX 95.6 17.5
~ Table 3-7 _
Solvent Evaporation Flatsheet Coating Trials (CPS)
Reference# | Thin Fllm |%Ratfinose | %Dextrose | %Rejection Of | %Rejection Of | Flux in
Composite|Rejection | Rejection |2,000ppm MgSO4 | 500ppm NaCl (USgfd
121-| CPS 100 78 88 71 11.6
121-2 CPS 100 78 n/a 76 12.0
121-3 CPS 100 92 n/a 76 11.2
125 CPS 100 80 84 75 12.4
125-2 CPS 100 82 91 74 10.9
125-3 CPS 100 86 90 79 11.2

The CPS chemidry produced very good results by solvent evaporation coding. The CPS coaed
by solvent evgporation was congdered suitable for fiber codting trids

The LTMX coding solution produced rgection values thet were excdlent. Based-on these resuts
the LTMX coding olution was sHected for the mgority of subsequent work on the fibers

Although the CPS coding solution demondrated good results the overdl performance of the
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LTMX membrane was superior based on fla sheat trids CPS chemidry will, however, be tested
to determine performance wWhen coated on fibers It was also expected that since the LTMX
membrane is further devdoped than the CPS membrane, reprodudbility would be better usng
LTMX.

3.4.2 Coating Polvsulfone fibers bv Solvent Evaporation

The objective of this subtask was to coa the sdected polysulfone base fibers by solvent
evgporation usng Zenon’s LTMX (and CPS) membranes to produce a NF membrane. The PS

fibers were washed with dcohal to remove any presarvative or dirt. The fibers were then heeted to
drive off the doohal and to pretreat the fiber for coating. The fibers were then dipped in the
membrane solution, drained, and placed in the oven to drive off the solvent and crodink the
membrane. Vaious fibers made from different formulations and diameters, which were prepared
during the previous task were used.

The coated PS fibers were again tested on feeds of 2,000 ppm NaCl or 2,000 ppm MgSO4 and a
pressures of 200 ps. Results are summarized in Table 3-8.

Table 3-8
Solvent Evaporation Coating Trials « Polyester Fiber . .

Bae Membrane| Coating %Rejection %Rejection %Rejection Flux
Solution | 2,000ppm MgSO4| 1l ,000ppm NaCl | 100ppm Raffinose | USgfd
20%PS/NMP CPS 76.0 70.0 80.0 54
1.3mm OD n=8 (s=2.6) (s=2.1) (s=1.7) (s=0.3)
15%PS/NMP CPS 54.0 380 54.0 7.5
1.15mm OD n=4 (s=2.0) (s=2.7) (s=2.5) (s=2.1)
20%PS/NMP LTMX 78.0 58.0 68.1 5:2
1.lmm OD n=8 (s=4.1) (s=3.2) (s=3.0) (s=0.8)
20%PS/NMP LTMX 73.0 62.0 87.0 12.4
1.3mm OD n=8 (s=1.5) (s=1.4) (s=2.5) (s=3.3)
Smdl bunde of
12 fibres
20%PS/NMP LTMX 76.0 65.0 80.0 13.0
1.3mm OD n=3 (s=0.8) (s=1.1) (s=1.5) (s=2.2)
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The results show that the best rgection and flux results were obtained using the 20% PS, 1.3 mm
OD base fiber for both the LTMX and CPS solutions. The CPS coated fibers (20% PS, 1.3 mm
OD) produced excdlent rgection results but the flux was lower in every case compared to the
LTMX coating solution. The LTMX coated fibers (20% PS, 1.3 mm OD) met rgection targets and
demondrated suiteble flux vaues These fibers were then produced in larger quantities to be used

for the fabricaion of a amdl module

3.4.3 Coating Sulfonated PSfibers by Solvent Evaporation

Previous work underteken by Zenon for brackish water and NF membranes has successfully used
SPS for the bese fiber which was then coated with the Zenon chlorine resstant membrane. Prior to
this work, the NF membranes that Zenon produced were made by solvent evgporation and
operated at pressures of 50 to 100 pd, and did not have fiberglass renforcement

It was hoped that the SPS ‘blend base could produce a higher flux then 55 USgfd which was
obtained from the firda PS /LTMX fiber module (Section 4-2) snce the SPS/PS blend fibers are

more hydrophilic.

The sulfonated polysulfone blend reinforced fibers were coated with the Zenon chlorine ressant
membrane (LTMX). The coding procedure was very Smilar to the procedure used for coding the
PS fibers. Reslits are given in Table 3-9.

Table 3-9
Solvent Evaporation Coating of Sulfonated Polysulfone Fibers

Sample # % Rejection of Flux
20000pm MgS4 | USgfd
16.2

l 66.3 .

2 60.9 20.9
3 70.9 13.0
4 74.0 12.8

The results show that LTMX coated onto SPS/PS fibers produced results comparable to the PS

fibers, with fluxes dightly better and rgections dightly lower then the PS fibers Actud tegting of
a SPS blend fiber module was not undertaken within the current scope of work.
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3 . 5 _Conclusions

Suitable methods for coding the outdde surface of the renforced fibers by intefacid
polymerization and solvent evaporation were developed. Of the two fibers tested, the PS base
fiber was congdeed supeior for intefadd polymerization coating dudies The flux of 9.0

USgfd and 89% rgection of MgSO4 obtained using the polysulfone fiber coated with the reference
membrane (FT30) were conddered very promisng.

Solvert evgporation codting of Zenon chlorine resgant chemisry (LTMX) was combined with the
PS base fiber. Flatsheet trids exhibited excdlent rgection and flux. Both the LTMX membrane
chemigry and the newly devdoped CPS chemidry met peaformance cariteria when coated on
flatsheets. A scanning dectron microscope photogrgph (Appendix B) of a coated PS fiber hows
some non-uniformity, however, this is due to manual coating’ and would be eliminated when

produced on a continuous codaing line.

Rgections of coated PS fibers met prdiminary criteria for brackish water, and performance was
consdered acceptable for further testing. The SPS blend base fiber can also be usad for solvert
evgporation coating of LTMX membranes It should be noted that the fibers were coated by hand

and sgnificant improvement would be expected when precise on = line equipment is used.

Attempts should be made to further develop the coating method in order to improve the flux of the
coated fibers. -

Zenon Environmental inc. 23 Use or disclosure of report information is subject to
the restriction on the title page of this document.



Nanofiltrarion for High Performance _
Desalination Final Report June, 1995

4 . 0 NANOFILTRATION MODULE DEVELOPMENT

4.1’ Introduction - -

orgind devdopment of the Moudic™ module involved desgn and testing of both round and
square module designs for lower pressure (75 - 100 pd) goplicaions Further investigetion was
conducted to determine feashility for high pressure gpplications (up to 800 ps) for seawater
dedlindion, however some difficulties were encountered with module integrity under high
pressures.

The objective of this phase of the project was to develop a transverse flow panofiltration dement
suitable for brackish water applications and capable of operating at pressures of up to 225 psi.

4 . 2 Crossflow Module Tests

In order to first confirm overall performance of the fibers in a configured module, a small module
with 092 sq. ft. of membrane surface area, contained in a 2" PVC pipe was condruct& The
fibers used were 20% PS, coaed with LTMX. For purpose of evduding fiber peformance
tesing was conducted in a crossflow mode.

Results of testing are given in table 4-1.

Table 4-|
PS/LTMX Fiber Testing in Crossflow Module

% Rejection % Rejection %Rejection of Flux

Raffinose Dexirose 2000ppmMgSO4  (USgfd)
Crossflow
Module #1 88% 74% 75% 5.5
crossflow
Module #2 82% 40% 76% 10.25

Initid testing usng the first module produced a permeate flux which was lower then expected &
5.5 USgfd. The polysulfone 1.3 mm OD fiber used to coat the LTMX membrane \vzs re-tested for
RO water flux. At 150 ps the water flux was only 0.33 USgfd/psi compared to 2.54 obtained in
ealier tests. It was suspected thet changes occurred during fiber storage as a result of low glycerol
levd in the fiber due to high humidity conditions In order to improve the fiber dordhility,
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modifications Were made in the glycerol impregnation stage.

More PS base fiber was made, and the amount of glycerol was monitored during storage. A
second small module was constructed, With 1.05 sq. ft. of membrane surface areawithin a 2”
dianger pipe Module #2 showed improved results, despite a lower than expected dextrose
rgection. Hux improved to 10 USgfd.

Testing was then carried outto goproximete performance on a brackish water supply. Teding was
caried out usng a synthetic feed, with the fallowing compostion:

C3304 700ppm
MgSO4 400ppm
NaySO4 400ppm
Synthetic Humic Acid 100ppm

The results of testing are given in Table 4-2.

Table 4-2
Crossflow Testing of PS Fiber with LTMX Coating on Synthetic Brackish Feed
(Crossflow Module #2)

Flasped Time | Flux | %Rejection ol ] cOlOr Permeate Jor Feed

in hours | USgfd Solute APHA APHA
0.0 10.3 45.0 16 1,500
2.0 50 440 17 1,500
4.0 50 62.0 12 1,500
5.0 5.4 66.3 14 1,245
6.0 53 66.3 13 1,150
21.0 4.9 66.3 14 990
24.0 5.2 66.0 14 969
25.0 5.6 64.1 14 n/a
26.0 2 60.1 14 n/a
28.0 4.9 64.6 14 720

In this multi-solute solution, rgection was lower than that shown for MgS34 done. This may he
due to concentration polarization, fouling or presence of monovdent ions  If the low reection was

due to concentration polarization due to module configuration., it wes anticipated that this problem
would be removed in transverse flow module configuration.

Since disolved organics can be present in brackish water supplies, synthetic humic acid was dso
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added. Dexpite excessve leves of greater of 1,000 APHA (messured on diluted sample),

rgections of gregier than 98% were achieved. Color leves in drinking water supplies would not
likdy be much greater than 200 APHA, and a the obsarved 98% rgection, color levds in the

permeate from a highly colored supply would be typically less than 5 APHA.

4.3. Transverse Flow Module Development

Previous work indicated that the week link with the Moustic™ transverse flow modules in higher
pressure gpplications was the potting gpoxy in the cartridge walls.

In the firg dage of teging, current modules were dressed. The exising desgn incorporates round
modules which are wrapped with a mesh materid and then covered with fiberglass. The cartridge
and pressure vessd test goparatus are shown in Fgures 4-1 and 4-2.

Figure 4-1
Transverse Flow UF Cartridge (Fiberglass Wrapped)

Epoxy saturated fibreglass

Non waven polyester fabric
Tie rod Coarse spacer mesh

Cartridge wall

O-ring

N N 5 50N
................................................................... HEONNE

Cast

Hollow fibre ; Epoxy
membranes ' Al Permeate collectio+ channel

10em
™ End plate

{lilt

(e

i
|
i

|

Use or disclosure of report infotmation is subject to

Zenon Environmental Inc. 26 IScl .
therestriction on the title page of this document.



Nanofiltration for High Performance
Desalination Final Report June, 1995

Figure 4-2
Membrane Cartridge in Pressure Vessel Test Apparatus
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Under initid pressurizetion teds the permeate exited through the mesh materid, and the module
leeked a 100 ps due to the module epoxy cracking.

431 Hi vase How Module #]- i V

The modified first verson of the high pressure, transverse flow module incorporated the pressure
vessd and module into one unit. Each high pressure unit, in the form of a square, would be bolted
together by means of a flange Scaing between each module was accomplished by means of an
“Q” ring sA.

Severd issues mud be congdered in design:
1. stress concentration,
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2. high construction cost,

3. differing epoxy, stainless sted rigidity, and
4. delamination of epoxy and dtainless sted bond.

In order to test the gpoxy under high pressure, a2’ block of epoxy was made. The block of epoxy
was made with a layer of urethane to sed with the permeete heeder An injection moulded permeate
header was used. The epoxy and permeste header was pressurized from the outsde

The primay function of the urethane was to prevent a reaction between the epoxy and the
Polyethylene Ethyl Glycd (PEG). It's sscondary function was as a seding maerid around the
permeate header.

The fird test block produced a smdl lesk when it was pressurisad from the outsde Reaults are
shown in Table 4.3. Increesng the pressure to 250 ps produced an imploson of the permegte
header.

Table 43
Module #1 Pressure Tests - Run #1
Time Pressure Leakage = Comments
15 minutes 8 pd 1ml
Oml
13 minutes later 150 ps 20ml ar lock
15 minutes 200 pg 46ml
15 minutes 250 ps 167ml
30 minutes 0 ps Seady flow’

A second block usng a harder urethane was tested in the expectation that it would not deform as
much under high pressure It would dso dlow a higher bolt tendon to be usad and therefore

produce a better sed. The moulded header was replaced by a machined heeder with thicker wall
sections to withdand the high pressure

Table 4-4

Module #1 Pressure Test - Run #2

Time Pressure Leakage
) 0 ml

30 minutes 160 ps 0 ml
30 minutes 200 pg 0 m
120 minutes 250 pdg 0 mil
24 hours 400 pd 0 ml
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As shown in Table 4-4, the harder urethane provided a better sed. When placed under 400 ps
water pressure there was no lesk. The harder urethane showed some deformation over time so that
when pressure was dropped to atmaospheric pressure, the sed was broken. This was due to |oss of
bolt tenson because of deformation of the urethane. The machined header showed no Sgns of
permanent  deformetion.

In ssmmary, the urethane did not provide an effective long term sedl & high pressures. There is
a0 a concan thet the urethane may not perform well under deveted temperatures. usng €poxy to
sed the permedte heeder is effective but permanent, and therefore prevents seding of individud
fibers that may be damaged or defective.

After performing dress cdculations for the pressure vessd/module design it was decided that a
amplified dternative was nesded to avoid the problems assodaed with a combined module-
pressure vesse desgn. A amdler module that would fit an 8’ pressure vessd was needed.

432 Hi How Module# 2 - ate Pressure V¢ i

The ssoond verdon of the transverse flov module hes the pressure vessd and the module
sparaed. The only part of the module thet is under pressure is the permeate Sde: This desgn
greatly amplifies condruction. A dandard 8’ pressure vessd was usd to house the module
Figures 4-3 and 4-4 illustrate the pressure vessd and module design.

Figure 4-3
Pressure Vessel Design (Module #2)

Permeate
| IIIIIIIIIIIIIIIIIIIIIITIIIIIIIIIIII m-tn:.
Yood
\ssen of modules enclosed to maintain flow
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Figure 4-4
High-Pressure Mini Module Design (M odule#2)

Epoxy
Silicone
Stanless
Sed et
Permeate
Header Permeate

Port

Fber sheets where potted with epoxy a each end. One end of the fibers was seded and the other
end was left open. A machined header was epoxied at the open end to collect the permeate.

It was decided to remove the urethane after the moulding process and to parmanently sed the
permeate header to the module with epoxy. The module was bolted between two 8’ diameter sheets

with a 180 mm by 180 mm square hale. In an atempt to mantain the necessary flow didribution,
the open Sdes of the module were blocked. This was accomplished by placing two dainless ded
shedts on both gdes of the module. Incorporaing the dainless sed Sde support into the module
desgn would improve the handling of the module and protect the fibers from damege In this
configuration, seding of the module to the pameate header was accomplished by an epoxy se.
An “O"” ring seal may be a better alternative but this would require threaded inserts be placed in the

€poXxy.
4.4 Transverse Flow Module Test

A module (#2) was fabricated and used to conduct long-term testing on synthetic brackish water.
The module was placed in in the pressure vessd and tested on a feed containing cdum sulphate
(700 ppm), magnesum sulphate (400 ppm), sodium sulphate (400 ppm) and synthetic humic acid
(100 ppm). The test was caried out & 200 ps and 25 liter per minute feed flow (Reynolds
number of 14) over a period of over 200 hours.

The module desgn successfully sustained an Operating pressure of 200 pd over the course of the
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tes period of 205 hours The reaults of teging (flux and st rgection vs time) are illudraed in
Fgure 4-5. The flux vaues were corrected to 20°C.

Figure 4-§
Performance of Transverse Flow Module #2 on Synthetic Brackish Water
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At rgection wes initialy 80% and after 205 hours of operation, increased to 90%. These values
ae better then obtaned in cosflow module teds and are accepteble for brackish water
desalination. The flux, however, was very low (38 USgfd) a the start and improved dightly over
the course of the trid to 5.8 USgfd. Overdl, the flux from the module was low compeared to the
vaues obtained for angle fibers The fact thet the flux increesed dightly over time indicates that the
low flux may be due to channelling of flow caused by ar trgoped in the module. As the ar was
purged from the sysem, the flux improved. The increese in flux could aso be the result of
pluggng of lesks in the beffles with foulant humic add, which would improve the flow
digribution in the module
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4.5 Conclusions and Recommendations

The polysulfone fibers coated with LTMX membrane chemidry devdoped in earlier tasks were
fabricated and usad for teding in both crosflow and transverse flov module configuration.
Regection of magnesum sulphete was within target criteria and flux, dthough lower then the target,
was consdered acceptable for further testing on synthetic brackish feed. Rgection of totd solute
was in the range of 65%, ad rgection of synthetic humic acid (messured as color) was
goproximatdy 98%.

Two dterndive transverse flow module designs were condructed and tested for performance a the
target pressure of about 200 ps. A combined pressure vessd with enclosed module was designed
and condructed usng the developed nanofiltration membranes and was successful in sudaning
an operating pressure of 200 ps over 200 hrs of continuous operation.

The initid flux of the crossflow module was higher than the transverse flow module, but dropped
dragticaly within 24 hours Although the flux in the transverse flov module was low, it did not
drop ggnificantly over a period of 205 hours, which indicates that the transverse flow module is
less prone to fouling. These reslts reconfirm Zenon's elier demondraions of low pressure
transverse flow nandfiltration for colored water gpplications, and again illustrates the potentia
advantages in terms of reduced pretrestment reguirements.

It is likdy that chenndling is the primary cause of low flux in these tegts of the transvarse flow

module The channdling is due to the desgn of the prototype module, Snce it incorporates a
sguare module in a round pressurevessd.  Although it was origindly assumed that adding drcular
beffles in the front and back of the sgquare module would prevent channdling, results indicate thet

further devdopment of the module design is required to eliminate this problem

Ancther concern in the present module condruction is that the packing dengty is rdativey low.
The packing dendty could be improved by further work to reduce the Sze of the header and
increase the Sze of the pressure vess, thus reaulting in an increese in the Sze of the module itdf.
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5.0 TECHNICAL & ECONOMIC EVALUATION
51 Module Desi 1 C ialization Potential

The mgor festures of the Moudic™ design are lower operating cod's resuiting from:
A unique combination of high mass trander and low pressure drop, and
A unique combingtion of low pretrestment reguirements and high pecking densty.

The origind low-pressure transverse flow module desgn (Moustic™) offers severd advantages
over conventiond oird wound dements, in terms of pretreatment requirements and reduced
fouling potentid.

These advantages were demondrated in previous work on colored surface water supplies, where
pretrestment reguirements were shown to be significantly reduced in a Sde-by-Sde comparison
with goird modules (Zenon, 1993). A cod andyss indicated that the transverse flow module in
full commerda production would be cost competitive with gpird modules Independent testing
and economic andyss for tregtment of highly colored supplies (Wiesner, et. d., 1993) ds0
showed thet the transverse flow module was competitive with dternative membranes and treatment
trans cgpeble of medting drinking water quality criteria and DBP limits.

In order to adapt the module to higher pressure operation suitable for brackish water treatment, the
folowing improvements have been made to the low-pressure transverse flov module design
through the course of this testing program:

» A transverse flow module was constructed which could be operated &t the pressures necessary
for brackish weter desalination (225 pg),
Suitable high tendle base fibers were deveoped,
Appropriste membrane chemistries developed and tested, and a chlorine-resstant nanofiltration
membrane with uitable solute rgection characteristics was produced, and
Methods for gpplication of the membrane were investigated and optimized.

The flux, however, in configured module tests was dgnificantly lower than required for cost-
competitive gpplication. Hux was low in both cosflov and transvese flow configuraions,
indicating tha further improvements in module desgn and membrane goplicaion are nesded.
Fibers were coated manudly, and automatic coating equipment would improve coating conssency
and reprodudbility. In the current transverse flow configuration, the low flux observed during
these trials is likdy due to ar trgoped in the module flow channelling associated with high pressure
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module desgn.

A Oetaled dudy (Appendix D) was previoudy underteken to compare the paformance of the
FilmTec . NF 70 module with Zenon low pressure transverse flow module on synthetic colored
waer feed. Comparing flux leves ater 600 hours of operaion, the transverse flow modules
ranged between 30-40 gfd (0.38 « 0.50 gfd/psi) and spird-wound modules were a 10 gfd (0.133
gfd/psi). Over more than 5000 hours of continuous teding, the transvere flow modules
exhibited higher fluxes then FilmTec NF 70 spird modules. This was a result of a better module
configuraion and higher molecular waight cutoff of the transverse flov modules

Flux/psi data & low transmembrane pressures for the crossflow module #2 is given in Table A-8
(Appendix A). Asthe transmembrane pressure increased, the flux increased 2.52 gfd at 100 pd to
55 gfd & 200 ps (goproximatdy linear). Reection dso increased from 59.2% a 100 psS to
755% a 200 ps.

The reaults of high pressure module tests indicate severd aress where further improvements are
necessary t0 make the concept commercially vigble

Tes daa indicaes tha the curent module mantaned dructurd integrity under higher

pressures. Further teding is necessary to demondrate long term high pressure performance of
this  configuration.

A preliminary ass=s3ment indicates that a minimum flux of 15 « 20 USgfd is necessary to be
competitive with commerddly avalable NF modules This could be accomplished by further
optimization of module design to minimize channelling, as wdl as improvements in coeting
goplication and packing dengty. Channelling could be reduced by condructing a drcular
module which could tightly fit into the pressure vessd. The packing dendty will be higher in a
draular desgn then in a sqguare module, and this could be further improved by increeang the
Sze of the pressure vess.

The mog Sgnificant cod component in manufacture of the the curret module is assodiaed
with cutting and potting of fiber ‘ends. Longer fiber length would therdfore subdartialy
decrease membrane cost per unit area. One way to maximize fiber length is to orient them
padld to the axis of the module indead of transverse. There ae commercially avalable MF
and UF membranes in which the filtration mode is from the outdde to the indde of the fiber,
with crossflow (pardld to module axis) feed. These modules, however, do not tolerate a very
high suspended sdlids content in the feed, nor do they tderate high velodties without fiber
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bresking. Higher veloaties would dlow higher suspended <olid in the fesd. The fibers

devdopaed for transvarse flow ae extremdy srong and in a crossflow configuration flow
vdoaty could be veary high without caudng fiber breskage

An andyss of surface arealvolume ratios for different module types was conducted (Appendix
C) and reauits show that the raio for the high pressure transverse flow module tested is lower
than commerddly avalable spird and hallow fiber modules. This is due to the large headers in
the current design. This will be addressed in the next phase of module deveopment.

5.2 _Potential Applications

Membrane technology in generd is recaving increesng atertion for various water trestment
goplications Membrane gpplication has been growing for municipa supplies, where over 146
Mgal/day of desdting trestment capedity wes inddled in the United States by .1992. (Bessler,
1993). Regulatory directives are key driving factors, and membrane sgparation is now beng
goplied for compliance with the Surface Water Trestment Rule requirements for filtration of
drinking water supplies

Dedting of brackish sources for drinking waer, irrigaion, redamation, groundwater recharge
and indudrid uses is becoming more economicaly competitive due to technology improvements
and increedng water cods, paticulaly in the Western U.S. The “Naiond Desdting and Waer
Trestment Neads Survey” (Bessler, 1993) identified severd key aress were emerging membrane
processes offered sgnificant potentid for commercial goplication in the near-term. These indude:

. Membrane softening (for brackish goplications),

. Organics removd, ad

. Spadficion removal (nitrate and fluoride)

The results of this project identify two dternative gpproaches which are available for trestment of
brackish water sources by nanofiltration:

1) Deveop modulesto treat the water directly, or
2) Use a cogeffective low pressure microfilter to remova solids prior to trestment by
conventiond  nanofilters.

Direct Nanofiltzat

We have shown thet the transverse flow module can handle higher Slids then crossflow filtration
ad peafoms wel with minimd prerestment.  For brackish water, we have shown that a
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transverse flow module which could withsland pressure up to 300 ps could be faoricated. In
addition to removd of sts teding has shown that the nandfiltration module effectivdly removed
color and THM/DBP precursors from the brackish feedwater. Further development and testing of
the high pressure module would provide the data necessary to demondrate codt effectiveness
Alternatdy, the high tensle fibers used for transverse flow could be further adgpted to crossflow
configuration in order to improve toleance to sugpended solids and reduce pretrestment
requirements over conventiond modules

ME pretreatment prior to NF

Conventiond soird  nanofiltration modules require a high degree of pretrestment for gpplication on
waers with high or vaiadle turbidity. The transverse flov module was developed to minimize
pretrestment requirements, reduce fouling and reduce cods and has achieved success on low
pressure  goplicaions. In order to meet the same objective of reducing pretrestment requirements
and ovadl cods of nendfiltraion for brackish water, an dtendive module configuration
(ZeeWeed™) which has been recently developed by Zenon and is reaedy for demondration scde
aoplication offas great potentid. Zenon has deveoped a new low cost microfilter module which
operaes under vacuum and has been shown to efectivdy hande extreme solids a low energy
costs. The raw brackish feed water could be trested with this module to remove suspended solids,
with subsequent trestment by nandfiltration ( spird or hollow fiber) modules to remove dissolved
solids. The microfilter permedie will be essatidly free of turbidity, and in the case of surface
weters of groundwaters influenced by surface waters cysts and cryptosporidium. Fouling of
commerda high pressure nandfiltration can be significantly reduced, and overdl cost savings are

promising.
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6.0 RECOMMENDATIONS FOR FURTHER WORK

Devdopmett and demondration of module desgns which reduce pretrestment requirements,
fouling potentid and energy requirements ae aiticd to expanding commercd goplications of
membrane technology. As the technology continues to develop, dternative module designs rapidy
emerge.

Zenon’s continuing efforts towards devdlopment of innovaive and cod-effective nanofiltration
modules and systems address severd of Redamation’s research needs, as described below:

* Zenon’s origind low presure transverse flow nanofiltration mexiules (Moustic™) have been
shown to be effective for remova of dissolved organics (long with partid softening) of non-
sine water sources for production of drinking water Long-term demondtration is needed to
provide a comprehendve codt andyss.

* |nitid eforts towards devdopment of a high-pressure transvarse flow module and high tensile
fiber have been successful and offer severd potentid  trestment scenarios for brackish water
dedting.

* Alternative hollow fiber designs for microfiltration modules dso offer potentid for effident
pretrestment, prior to conventiona nanofiltration. This scenario has the potentid to decrease

the NF fouling potentid, and reduce overdl operaing cods

The commedd goplication of the transvae flow requires further devdopment and design
improvements for high pressure gpplications and Zemon would like to continue to pursue this
promisng module desgn as wdl as dtandive goplications of the high tendle drength fiber.
Recent efforts in the ZeeWeed™ module design indicate that this module has the mogt potential for
grestest  commercid success and impact in the short term.  |tistherefore recommended thet the next
phase of teding proceed towads evaduaion of microfiltration pretrestment prior to soird
nanofiltration for desdting of brackish supplies, ether done or in a Sde-by-sde comparison with a
further improved high-pressure nanofiltration module. -

The vacuum basad hollow fiber design developed by Zenon (ZeeWeed™) has been tested at pilot
sde in sevad rigorous wastewaer applications.  These microfiltration modules are now
commaddly avaladle however the technicd and economic advanteges for brackish waer

pretrestment have not been invesigated. Modules are avallable for testing, and a long term pilot
demondration on brackish water supplies could be maohilized immediately. The data would be used
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to generate long term operating and codt data in or&r provide a comprehensve codt assessment.

Microfiltration as a Sand-adone process is recaving widespread atention for gpplication on non-
sdine surface water supplies to reduce turbidity, as wel as redamdion of sscondary effluents
The micrdfiltration deta generated from such a demondration would dso provide informetion on
the competitiveness of this design in other water trestment gpplications, as wel as brackish weter
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Table A-l
BaseFiber Formulation « Polysulfone

Formulation Formulation %Rejection of
# Description 10K PEG

94-82 20%PS, 80%NMP , OD = 1.3mm n/a
94-86 15% PS, 80%NMP, OD = 1.15mm 65
95-8 20% PS, 80%NMP, OD = 1.3mm 92

95-1 51| 20%PS, 80%NMP, OD = 1.3mm 84

95-151-2

95-151-3 20% PS, 80%NMP, OD = 1 .Imm 80

95-151-4

95-151-5 15% PS, 80%NMP, OD =1 .15mm 65

95-] 51-6

Table 2-1 in the final report used sample 94-86



Table A-2
Base Fiber Formulation = SPS

Formulation Formulation

# Description
94-69 30% solids; 19%PS, 7.5% SPS, 3.5% LiCl, 70%NMP
94-83-2 28% solids; 18% PS, 6.5%SPS, 35% LiCl, 72%NMP
95-13 28% solids; 18% PS, 6.5%SPS, 3.5% LiCl, 72%NMP




Table A-3

Pure Water Flux of Polysulfone Fibers at Various Pressures (20°C)

94-82
Pressure Water Flux in usgfd
in_psi 94-82-I 94-82-2 94-82-3 94-82-4 94-82-5 94-82-8
30 5.3 0.0 3.5 107.0 7.2 35.9
60 5.3 3.9 3.5 leak n/a 38.2
100 7.0 6.7 3.5 leak 9.6 40.6
94-86 )5-8
Pressure Water (Flux in usgfd Pressure Water  “jux in usgfd
in psi 94-86-1 94-86-2 in psi 95-8-I 95-8-2 95-8-3,
50 331.6 165.6: 20 0.0 0.0 0.0
100 522.0 279.5 40 12.0 6.3 7.5
150 641 .0 375.0 70 23.4 15.0 16.9
200 738.0 450.0 120 46.8 37.6 37.6
250 783.0 466.0 160 54.0 48.9 45.1
300 810.0 495.0 250 79.3 67.7 67.7
400 104.0 84.6 88.4
Figure 2-3 in the final report used sample 600 144.0 124.0 131.0

94-88




Pure Water Flux of Polysulfone Fibers at Various Pressures (20°C)

Table A-3

un # 94-151
Pressure Water lux in usgfd
in psi 94-151-1 94-151-2 94-151-3 94-151-4 94-151-5 94-151-6
24 72.1 73.6 148.8 127.0 89.3 136.2
48 144.0 147.0 191.5 191.0 179.8 187.8
80 180.4 184.0 213.0 234.0 312.4 274.9
128 270.0 257.5 340.0 298.0 588.5 388.7
180 380.2 404.2 447 .0 423.7 718.0 519.3
280 432.5 498.8 553.3 554.8 808.1 595.9
400 487.8 552.1 574.5 880.0 927.8 784.0
550 521.5 899.0 880.0 787.5 1047.7 931.8
800 522.0 738.0 880.0 873.0 1108.0 1054.5




Table A-4
Pure Water Flux at Various Pressures (20°C)

94-69
Pressure Water Flux in usgfd Pressure Water Flux in usgfd
in psi 94-69-1 94-69-2 in_psi 94-69-3 94-69-4
20 93.7 106.0 25 128.0 126.5
33 154.5 174.0 75 314.0 300.0
SO 223.0 250.0 100 405.5 383.5
70 298.0 337.0 150 530.5 495.5
90 368.5 415.5 200 672.0 611 .0
120 487.0 539.0 230 758.0 708.5
1 50 547.0 637.0 275 849.0 794.0
172 333.5 362.5 335 965.5 892.0
200 362.5 390.2 400 1081.5 996.0
455 917.0 855.0
Fiiure 24 in final report used
samples 94-69-3,4
94-83-2 95-13
Pressure Water Flux Pressure Water flux in usqgfd
in psi 94-83-2 in psi 95-13-| 95-1 32 95-13-3
50 102.7 23 70.4 98.1 85.0
100 183.4 45 100.8 150.0 144.5
150 256.7 100 201.5 295.0 289.0
200 332.6 160 257.5 283.5 282.0
250 349.7 260 288.5 365.5 344.0
360 314.0 412.5 387.5
480 361 .0 469.0 445.0
Tables A-4B
Reference %Rejection of
# 10K PEG
94-69-1 88 %
94-69-2 85%
94-69-3 80%
95-1 3 89%
95-1 33 84 %

Table 2-2 in final report used sample 94-69-3
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18-S-94

Pressure Water

in_psi Flux in USgfd

50 9C

100 150
150 210
200 30a
250 340
300 390
350 410
400 444

Figure2-5inthefinalreport

Table A-SB
Reference %Rejection of
# 10K PEG
18-5-94 88%
18-5-94 80%

Table2-3inthefinalreport

A-5A
Pure Water Flux of Pl Fibers at Various Pressures (20°C)




Table A-8
Coating Trials . All Fibers

Relerence |Base Membrane|  Thin Film %Rejection of l;ﬂelecllon ol | Flux In
Number Composite 2,000ppmMgSO4 m_ NaCl | Usgtd
94-75-| SPSPS 17LT 27 3.4
84-75-2 SPSPS 17LY 29 3.5
94-79-1 SPSPS 17LT . 52 32.9
94-79-2 SPSAPS 17LT 54 32.6
94-78-3 SPSPS 20LT™ 26.5 19.5
94-79-4 SPS/PS 20LT™ 24 12
94-79-5 SPS/PS 20LT™ 38.5 15.1
04-79-6 SPSPS POLTM 17.6 13.8
94-85-1 15%PS FT30 80 ‘6.8
94-85-2 15%PS FT30 80 0
84-87- SPSPS FT30 61 13
94-87-2 SPS/PS FT30 broke |
94-87-3 SPSPS LTMX 29 21.5
94-87-4 SPS/PS LTMX 2s 20.1
84-89-I Ultem POLTM 14.2 36 22
94-89-2 SPS/PS POLTM 36 26 10
94-91-1 /s NF40 4 13.4 33.5
94-91-2 Ps NF40 4 22 36.18
94-91-3 FS NF40 3 13.8 50.25
94-95-1 FS CPS(SD) 6 36
94-95-2 Ultem CPS(SD) 50.6 25 38.5
94-95-3 FS CPS(IFFP) 3 36
94-95-4 i) CPS(IFP) 12.7 30




Table A-6 (Coptinued)

Reference |Base Membrane] Thin Film %Rejection of | %Rejection of|Flux In | %Rejection a | %Rejection of
Number Composite  |2,000ppmMgS04| 500ppm NaCl| Usgfd Raff inose Dextrose
94-96- Ultem CPS(SD) 15.7 27.9 18.3 20

94-98-2 Ultem CPS(SD) 34.1 60.6 4.6 85

94-98-3 SPS/PS CPS(SD) 21.1 29.8 22.9 20

94-90-4 SPSPS CPS(SD) 40.5 73.1 17.3 20

94-102-1 E500 CPS(SD) 77.9 77.2 12.3 100

94-102-2 E500 CPS(SD) 711 63 12.3 100

94-102-3 E500 CPS(SD) 67.3 62 12.3 90

94-104-1 -E500 CPS(IFP) 77.8 76.5 26.3 100

94-104-2 E500 CPS(IFP) 76 73.5 29.5 100

94-104-3 E500 CPS(IFP) 80.2 81.6 19.6 100

94-108-1 15%PS CPS(SD) 25.4 33.3 9.8

94-108-2 15%PS CPS(SD) 30.7 30.5 9.6

94-111-1 15%PS FT30(IFP) 69 14.5 78

94-111-2 15%PS FT30(IFP) 69 15.2 81 ‘
94-111-3 ES500 FT30(IFP) 99 84 6.6 100 93
94-111-4 E500 FT30(IFP) 98 80 4.0 100 90
94-111-5 E500 FT30(IFP) 99 85 7 100 95
94-117-1 E500 CPS(IFP) 99 70 4 100 90
94-117-2 ES00 CPS(IFP) 99 73 4 100 90
94-117-3 ES500 CPS(IFP) 97.3 90.4 0.3 100 87
94-121-1 ES500 CPS(SD) 88 71 11.6 100 78
94-121-2 E500 CPS(SD) 76 12 100 78
94-121-3 E500 CPS(SD) 76 1 100 92




Table A-6 (C optinued)

Reference |Base Membrane Thin Film %Rejection of | %Rejection of| Flux in |%Rejection of | %Rejection of
Number Composite  |2,000ppmMgSO4| 500ppm NaCl| Usgld |Raffinose Dextrose

94-125-1 E500 CPS(SD) 84 75 12.4 100 80
94-125-2 E500 CPS(SD) 91 74 10.9 100 82
94-125-3 E500 CPS(SD) 90 79 11.2 100 86
94-126-I 30%PS CPS(SD) n/a 22.7 45.6 n/a n/a
94-126-2 30%PS CPS(SD) n/a 22 61.2 n/a nla
94-126-3 30%PS CPS(SD) n/a 16.7 168 n/a n/a
94-127-1 30%PS CPS(SD) 31.5 33 12.7 n/a n/a
94-127-2 30%PS CPS(SD) 21 18.3 21.7 n/a n/a
94-127-3 30%PS CPS(SD) 20 24.8 30 n/a n/a
94-128-1 30%PS CPS(SD) 28 n/a 13.1 n/a n/a
94-128-2 30%PS CPS(SD) 37.5 n/a 14.2 n/a n/a
94-132-1 | 20%PS,1.3 CPS(SD) 76 72 9 87 n/a
94-132-2 20%PS, 1.3 CPS(SD) 75 72.3 8.3 82.4 n/a
94- 132-3| 20%PS,1.3 CPS(SD) 72 68.3 10.5 76.5 n/a
94-134-1 20%PS,1.3 CPS(SD) 57 n/a 8 n/a n/a
94-134-2| 20%PS,1.3 CPS(SD) n/a n/a 5.3 n/a n/a
94-1 34-3| 20%PS,1.3 CPS(SD) 67 62 7.2 60 n/a
94-135-1 | 20%PS,1.3 CPS(SD) 68 60.7 6.2 56 n/a
94-1 352 | 20%PS,1.3 CPS(SD) 76 88.3 5 68 n/a




Table A-6 (Contlnuad)

Reference | 3aseMembran Thin  Film %Rejection of | %Rejection of | Flux in | %Rejection of | %Rejection of
Number Composite | },000ppmMgSO: | 500ppm NaCl| Usgfd | 3affinose Dextrose
94-137-1 | 20%PS,1.3 CPS(SD) 81.2 75 6.5 84 n/a
94-137-2 20%PS,1.3 CPS(SD) 77 70.4 5.0 71.4 n/a
94-137-3 20%PS,1.1 CPS(SD) 775 08.4 6.7 70.2 n/a
94-139-1 | 20%PS,1.15 CPS(SD) 54.7 35.9 10.3 55 n/a
94- 139-2 | 20%PS,1.16 CPS(SD) 56.5 41.9° 7.5 54.5 n/a
94-148-1 20%PS,1.3 CPS(SD) 76 69.1 5.1 02 n/a
94-148-2 | 15%PS,1.15 CPS(SD) 54 37.7 6.5 '56.5 n/a
94-148-3| 20%PS,1.3 CPS(SD) 76 69.8 5 80 n'a
94-148-4 | 15%PS,1.15 CPS(SD) 52.2 36.5 5.8 50.7 n/a
94-140-5 | 20%PS,1.3 CPS(SD) 74.5 69.6 ~.3 79.5 n/a
94-149-1 20%PS,1.1 LTMX 70 57.5 5.2 65.5 n/a
94- 149-2 | 20%PS,1.3 LTMX 73 61.6 12.1 85 n/a
94-155-1 20%PS, 1.1 20%PS,1.1 72.4 53.0 6.8 66 n/a
94-155-2 | 20%PS,1.1 LTMX 75 58.2 4.6 n/a n/a
94- 155-3 | 20%PS,1.1 LTMX 85 62 5.1 71 n/a
94-157-1 20%PS,1.1 20%PS,1.1 83 63.9 4.9 71 n/a
94-157-2 | 20%PS.1.1 20%PS,1 .| 80 50.4 5.2 n/a n/a
04- 157-3 | 20%PS,1.1 20%PS,1 .| 77 55.6 5.4 n/a n/a
94-157-4 | 20%PS,1.1 20%PS,1.1 70.5 54.6 4.1 n/a n/a




Table A-7

Performance of Transverse Flow Module #2

Date Time Elapsed |Permeate rate | Permeate rate Flux |Permeate| Feed Feed Salt
dd-mmm-yy AM:PM Time (mlV/min.) (mUmin.) (25°C) Cond. Cond. [Temp. °C| Rejection
corrected (25°C) | gfd.
12-Jan-95 2.00 4.6 | 4.1 6.6 0.370 0.695 30 47%
13-Jan-95 6.00 3.5 3.1 5.0 0.550 1.715 30 68%
16-Jan-95 | 4:15 PM | 12.00 35 3.1 5.0 0.544 1.715 30 68%
17-Jan-95 | 8:30 AM 28.25 2.0 2.4 3.8 0.311 1.536 17 80%
17-Jan-95 | 3:30 PM 35.25 1.8 2.2 35 | 0.349 1.449 15 76%
18-Jan-95 [ 8:00 AN | 5175 [ 18 2.3 37 [I a.2e8 1.513 15 82%
le-Jan-95 | 3:00PM | 58.75 1.8 2.2 35 0.300 1.531 16 80%
1g-Jan-95 | 8:00AM | 75.75 1.9 2.3 3.7 0.299 1.445 15 79%
1g-Jan-95 |2:00 PM [ 81.75 2.0 2.1 3.4 0.270 1.570 22 83%
[ MJan-95 | 200 AM | 99.75 24 R 3.4 v.267 1.660 24 84%
| 56-Jan-9% | 11750 AM | 101.25 2.2 2.2 3.5 0.254 1.386 24 B 83
102.75 2.1 2.1 3.4 0.244
20-Jan-95 | 1:00 PM | 104.75 2.3 2.2 35 0.244 1,568 24 84%
23-Jan-95 | 11: 1I5AM | 107.75 3.2 3.2 5.1 0.402 1.750 24 77% .
23-Jan-95 | 3:30 PM | 112.00 2.9 2.9 4.6 0.280 1.742 24 84%
24-Jan-95 | 800 AM | 128.50 2.5 2.5 4.0 0.259 1.861 24 86%
24-Jan-95 | 3:30 PM | 136.00 2. 2.4 5.0 0.237 1.850 24 87%
Wrdan2s [ 745,444 T 152.25 3.4 35 45 0.225 1.822 26 87%
_25-Jan-95 | 3:00PM | 159.40 5.6 0.226 1.905 26 88%
26-Jan-95 | 8:00 AhA | 176.40 3.3 3.2 51 | 0.222 1.924 25 88%
26-Jan-95 | 3:00 PM | 183.40 3.6 3.6 5.8 0.217 1.860 24 88%
27-Jan-95 | 8:00 AM | 200.40 3.4 3.3 5.3 0.221 1.928 25 89%
27-Jan-95 | 3:30 PM | 207.90 3.6 35 5.6 0.221 1.928 25 89%
30-Jan-95 | 3:30 AM | 215.40 3.9 3.8 6.0 0.203 1.998 | 27 90%
31-Jan-95 | 8:00AM | 231.90 35 35 5.6 0.201 1.980 25 90%
31-Jan-95 | 3:00PM | 238.90 3.6 3.6 | 5.8 0.195 1.991 26 90 %

Operating Pressure 225 psi




Table A-8

Low Pressure Module Testing

Module had 0.92 sq ft of membrane
All testing was at 20°C feed temperature

Test Flux USgtd Percent Flux/psi
Pressure at 20°C Rejection

200 55 75.5 0.0275

150 4.4 66.7 0.0293

100 2.52 59.2 0.0252




APPENDIX B

SCANNING ELECTRON MICROSCOPE PHOTOGRAPH



SEM PHOTOGRAPHS

\F Coated Fiber (Polysulphone Base Fiber)



APPENDIX C

SURFACE AREANOLUME ASSESSMENT



Appendix C

Surface area/volume ratio for different module types were caculated and are given below:

FilmTec NF45 flat sheet spird: 240ft2/ft3
Dupont B6410 - hollow fiber: 1023ft2t3
Zenon low pressure - fiber NF module: 122 76e2/5t3
Zenon high pressure « transverse flow: 16ft2/t3

NF module (module used in this study)



APPENDIX D

COMPARATIVE STUDY « LOW PRESSURE NF TRANSVERSE
FLOW MODULE (MOUSTIC) VS FILMTEC SPIRAL



Appendix D

Comparative Study - Low Pressure NF Transverse Flow Module (Moustic) vs FilmTec Spird
Module

This study was carried out earlier under a project undertaken for Fort Belvoir (contract #DAAK70-
92-C-0034 and the relevant report excerpts are atached.



A Foulant-Resistant Reverse Osmosis Element Based on
Flow Transverse to Hollow Fibers (Final Report) September  23.1993

3. TASKI “LONG-TERM COMPARATIVE EVALUATION”

3.1 Introduction

The objectives for Task | were accomplished by long-term comparison of transverse flow and
spird-wound nanofiltration (NF) modules operating on synthetic feed. After discusson with Fort
Belvoir's representatives, two NF spird modules with similar chemistries to the RO modules used
in the ROWPU units were ordered from FilmTec and Fluid sysems. Two transverse flow NF
elements were fabricated a Zenon.

3.2 Experimental Methods

All long-term comparative’studies were performed on the pilot systems built by Zenon. The
arrangement of the test systems is shown in Figure 2.

Each sysem included membrane modules, storage tanks, feed and process pumps, prefilters,
instrumentation and other components required far long-term sudies. In most experiments, the
systems were set up with the spird modules and the transverse flow modules being on separate
feed tanks. This was done in order to avoid filtering the feed to the transverse flow modules
through a 5 um filter which was used to prefilter the feed to the spiral modules. Instead, the

transverse flow modules were prefiltered with a 200 um filter In the tests, as explained below, the
feed streams for both spiral and transverse flow modul eswere prefiltered through the 200 um
filter.

In order to simulate natural waters, a pure strain of Chlorella vulgaris, a typical polluted water filter
clogging agee, was obtained from the Cultures Collection a the University of Toronto. The agae
was Cultivated in-house using sequentially larger batch sizes to yield the large amounts required for
the pilot studies. Typicd algae levels (4-16 ppm) in eutrophied |akes were determined and agee

was added to the feed tanks at those levels.

ZENON Environmentallne. 11



Figure 2 Simplified Flow Chart of Test Systems
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A Foulant-Resistant Reverse Osmosis Element Based on
Flow Transverse to Hollow Fibers (Final Report) September  23.1993

In most experiments, testing was conducted usng a synthetic feed of sdt (500 ppm), color (50

APHA) and a 50/50 mixture of Fire and Stratton clay (100 NTU). In some experiments, higher
levels of color (150 APHA) and turbidity (300 NTU) were the test conditions. The following

parameters Were used to monitor feed composition: tota and suspended solids, color, conductivity,
TOC, SDI, etc. Temperature, flux, pressure, pH and conductivity were monitored continuoudly
usng on-lineinstrumentation. Sensors were caibrated weekly against known standards. Manud
readings were taken every few days as another independent source. The results are discus& in the
next section.

3.3 Results and Discussion

The comparative evaluation of the transverse flow and the spird modules was initiated in October
1992, &fter the pilot system. was built and the feed composition chosen. The results of the pilot

sudy are presented in Tables 2 and 3 and in Figures 3 through 5.

The results from the first month (725 hours for spird modules and 600 hours for transverse flow
modules) of teding indicated that the transverse flow modules exhibited a higher flux than the
spirals. The higher flux may have been due to several phenomena: the configuration may have been
less susceptible to fouling, and/or as a result of the higher molecular weight cutoff (MWCQ) of the
transverse flow membrane. The lower MWCO of the spiral modules is shown through the
sgnificantly higher st rejections (57% for the FilmTec, 90% for the Fluid Systems vs. 30-35%
for the uansverse flow modules).

Comparing flux levels after 600 hours of operation, the transverse flow modules ranged between
30-40 gfd and the spird-wound modules were a cpproximately 10 gfd. The overall trend was
dightly downward. Several shutdown periods were incurred on the transverse flow system during
the initid testing which resulted in flux restoration (ak.a relaxation cleaning). The shutdown
period of the longest duration occurred a the 240 hour mark This resulted in the highest observed
flux recovery. The transverse flow modules operated admost continuoudy since that shutdown;
whereas the spird modules were shut down every day for 5 minutes or o to change the prefilter
catridge. During this shutdown period, a certain amount of relaxation cleaning appeared to occur
as the concentrate was very dark the first few seconds of startup and turbidity levels in the feed
tank increased.

ZENON Environmental Inc. 13
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Table 2. Comparative Siudy: Spiral Elaments

[Modute

[Modute 2

Humic Acld, 500 ppm NaCl, S0/80 mix of Fire and Siration Clay Flimtec NF-7O (2.5°x 40°) Fluid Systeme NF (4-x407)
Pre Sum Fiier 801 = 200, Post Filler SD0 = 100 .
Dale Hourmeter] Temp [ Feed Color | Feed Turbidity [Feed Pr] Fas t |Pux 1875°F] Color | Tum. | Rej |Feed Press] Fiux 2 | Fux2 @75°F | Cokor | Turb | Rey
ha, rc) | (apHA) INTY) (pe)_|imin)] _ qgte) Aphal [INVUR] (%}] fpsi) lLimin 1d |Agha|l|NlUl [ %)
9/30/02_11.40 0 23 a1 75 | 204 32 0 es 78 3.30 16 ) Y
10/1/02_8.35 21 28 37 18 | 2.12 3 0 (1] 78 24 18 0 93
10/2/92_ 0.30 48 24 33 40 73 1.0 27 0 [oo0s]7s 78 34 18 0 |03 9
10/5/92_0:30 "7 ] 30 Y] 78 | 1.24 19 0 Jooe]7e 78 3.16 18 o Joiv]ei]
10/6/02_8:30 141 8 78 | t.18 17 78 3.00 14
10/7192_9:40 188 4 22 48 75 | t.04 18 0 Joo05] 74 73 3 14 0_[012] 9
10/0/02_9:00 100 20 41 M 75 | o.08 12 0 _looe] 7¢ 15 204 13 o loiz] 01
10/0/92_9:30 214 20 32 40 78 | 0.0 1 0 _joos] 7¢ 78 284 12 0 Joi2]81]
10/12/92 9:13 310 2 1 80 78 | 078 1 0 Jooe] 77 78 24 1 0 |oiz]e2
10/14/02_0:13 334 27 1] 84 78 | 0.2 12 0 loos] 73 78 2.72 12 0 loi2] 90
10/18/82_0:40 337 27 2 T 78 0.0 1 0 0.1.] 69 78 250 1" 0 | o]0
10/16/92_ 0:35 300 27 T 04 75 | 08 11 0 o1 |es 18 2.50 1" 0 Joi1]so
10/19/02_16:00 | 480 28 s 102 75 | 083 12 0 _loos] e 78 2.4 1" o _Jotz] 90
10/20/82 0:4§ an 27 32 83 78 | 078 1 o o1 ]er 78 2.32 10 0 _|oi2]e0
10/21/92_0:48 801 27 88 1 18 | 0.7 0 0 Joos]s? 78 2.1 ] o J|oos]es
10/22/92_13:30 | 830 28 a1 120 18 0.7 0 0 _|oos]s? 78 2.1 ° 0 J|ooa]es
10/23/82 118 852 27 78 140 78 | 0es 10 0 Joos] sy 18 22 10 o |ooa]es
10726/02_9:20 022 20 37 200 75 | 078 1" 0 ot ]se 78 28 1" 0 _|oos]es
10121192 8:30 848 | 208 T] 130 78 | 018 10 0o _loos]|ss 78 238 10 0 |01 ]ee
10/20002_ 1348 | 674 | 208 88 12 78 | 078 10 0 _Joos]|se 78 22 0 0 Jooe|es
10/20/92_0:33 604 27 T [1T] 18 | 072 10 o _looalse 78 2.30 T 0 joos|es
10/30/02 1090 | 729 28 | 81 M 18 | 07 10 0 loos|s? 75 22 9 0 [ooe] es
1/1/82_11:10 788 28 78 | 08¢ 10 0 _loos 73 2.08 [
117392 10:60 818 20 1] 120 713 [ o0& [ 0 Jooe]s? 75 2.2 N 0 looe]eo
11/6/92_10:28 TH 27 82 T 78 ] 088 N 0 Jooe]s? 78 1.78 . 0 jooa|ss
11/8/02_10:30 838 28 78 [ 75 | 083 s o looa] sy 78 1.08 N o _Jooe]eo
11/11/82_ 14:00 010 1 75 | 0.83 ? 0 _|ooe]ss 78 1.00 N o |oosfso
11713/92__18:30 080 [ y 82 75 | 083 7 0 Joos] 8 18 1.00 ] o Jooa] 91
[Fniee2 _18:30 132 | 27 81 20 75 | 084 N 0 _Joos] ss 78 1.08 8 0 |oos] 9
1/10/92_ 1840 | 118y | 27 40 90 75 | 033 7 0 |oos]s3 78 1.88 1 0o |ooe] 91
11/20/02_14:20 | 1227 | 27 a 77 15 1 omr 7 0 |ooa]s3 75 1.78 [ 0 _joos| ot
11202 18:20 | 1301 | 27 47 78 | 054 [ 0 T 78 1.7 ] 0 90
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12/7/02_14:50 | 1038 | 24 o2 82 75 | 0.08 1 0 1] 78 2.1 10 0 92
12/6/92_10:23 | 1083 | 24 [T 3 78 | o.e0 1 0 |ooa]es 78 2.1 10 o |oog]ea
1201192 850 | 1728 | 24 34 33 70 ] 0.93 14 0 lo.07]63 78 2.4 T 0 _Joozr]e2
12/13/02_14:10 | 1779 | 24 a8 28 78 N 12 0 loor]eo 78 2.4 11 0 loos] et
120402 _10:12 ] 1800 | 24 - 76 0.7¢ 12 78 2.28 1
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Table 3. Comperative Study: Transverse Flow Elements UF-20 Costed UF-20 Costed
Humic Acki, 500 ppm NaC), 60/50 mix of Fire and Siraticn Cley nN-041.D02 NK-048-F92
Flow Rete = 10 OPM, Feod SDI » 200
Date Hourmeles | Temp | Foad Turbidity| Process Feed Calor[Feed Pr] Pux t | Pun 1@75°F | Color | Rej | Turd. [Feed Presel Fiun 2 T2 @75°F] Cotor [ Ay [ Tuib
he {cy (NTU) [APHA| 8i) |{mL/min id afl (%] (NTU)l Ipsi] [(mLimin id haj (% |mu“
9/30/92 1050 0 23 [Y] 20 120 47 [T ET] 20 0680 63.53 [ T
10/1/92 8:38 20.04 21 23 78 880 38 0 |27 18 760 60 51 0 |4s
10/2/02 0:30 43.08 22 [T} 28 80 480 30 0o 27101 80 880 4995 0 Jasa]oos
10/8/82_0:30 98.28 22 [T 34 [T 480 32 0 j2e o008 80 700 52.98 0 431008
10/6/92 0:40 100.33 22 80 480 30 10 620 46.93
| 1077182 9:40 133.72 29 42 8?7 40 430 20 0 126] 01 (1] 820 4010 0 J40]000
10/0/02 _0:45 187.4¢ 2 80 [T 420 29 0 j25jot1] eo 820 46.10 0 Jejoon
10/8/92 1310 | 170.14 22 [T 54 80 430 28 [] 28 ] 0.4 20 840 48 .44 0 Jasjoos
11382 13:25] 108.28 10 4 84 20 [TT) 47 o [25]0.18 80 840 §2.20 0 j3e] o1
10/14 5:30 | 184.852 18 40 20 17} 47 6 Ja20] 02 0 100 57.10 0 [33]o018
10/18/82 10:20] 210.5¢ 18 1 20 20 880 40 0 120]0.18 80 800 $0.27 0 [33]0.14
10/10/82 9:00 | 241.73 18 34 [T $50 40 o [20]0.16 20 820 81.88 0 33014
1o/16/92 10:18] 24230 | 19 N 7 00 730 8 0 ¢ 2 [T] 800 73.53 s [25]0.26
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1072092 0:10 | 331.28 16 [1] 1) _80 00 F1 [] 1§ 0.t 0 830 52.70 0 [33]oa2s
1012192 15:40] 34007 [T 110 3 [1] 810 3¢ 0 | 2710.1 0 720 59.03 0 [31]o2e
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12/30/92 11.25 1004 21 110 40 a0 200 20 0 32]10.12 80 360 24 1 311012
1/2/93 10:45 1058 20 [ 1'] 240 18 20 308 29
1/4/193 10:45 2003 21 20 240 1] 20 200 20
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A Foulant-Resistant Reverse Osmosis Element Based on
Flow Transverse to Hollow Fibers (Final Report) September  23.1993

During the second month of testing, a pseudo steady state was reached. The spiral modules
exhibited a flux of 8 ofd a 20°C; wheress fluxes for the transverse, flov modules dedined from 42
ofd to 30 ofd, and 26 ofd to 19 gofd a 20°C, repedtivdy. At the 1,000 hour mak, the transvarse
flov modues were switched over to a dfferent sysem as the previous sydem was scheduled for
fidd teding. Due to acddentd deed end gpaaion, svere flux dedine wes observed. Successve
dhamicd demning cydes dd nat prevat a rgaid flux dedine from recurring and several differant
causss were invedigaed. One of the two modules (XK-048-F92) was replacad with a new module
to determine Whether the fibres were irreversibly fouled duing the deed end mode of opereion.
This did not appear to be the case, as the flux decline on the new module occurred at the same rate
& the previoudy desned mooules It was postulated thet the dlgee concentration in one tank wes
significantly higher then in the other. A dhlorophyll andlyss indicated thet dgee concentrations in
the qoird fead tank were Sgnificantly lower then in the transvarse flow feed tank (1 mg/l vs 29
mg/). The feed tanks were thus switched to test this hypothesis. There seemed to be minor
differences in the rate of flux dedine The soird modules suffered a Sgnificant flux dedine (from
12 to 9 gfd, a 23 % decline). After afew days feed water wastransferred from one tank to the
other to equalize feed concentrations After 450 hours of opadion & these conditions the flux of
the soird modules was 7 gfd; wherees the transverse flov modules were a 16 and 20 gfd for the
dd ad nev modues respectively.

In January 1993, permeate fluxes were almost unchanged for both spiral and transverse flow
modules. The average flux was 6.5 gfd for the Fluid Systems NF module and 7 gfd for the

FilmTec NF70 modue At the sare time, airds were orly one third of the fluxes for transverse
flov modules (19 gfd for XK-041-D92 and 215 gfd for XK-048-F92, respectively). It mus be
stressed that transverse flow modules exhibited higher fluxes despite thefact that their feed
contained more colloidal particles than that for spiral modules.

In February, permeate fluxes of both ransverse flov modules decreased to0 gopraximedy 75% o

the January levels. At the same time, it was found that turbiity and color of the feed dropped
betwen February 16 and Mach 2 It is possble tha the lover cdor and turbidity resited in a
higher light penetration through the water and lead to the growth of algae. To confirm this
hypathess samples of the fead were submitted to the chlorophyll A andyss The reslits of the

andyss howeve, did nat confirm algae growth.

In March, pemeate fluxes of both ransverse flov and soird modules continued to decrease. The
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fluxes dropped to 11 and 14 gfd for transverse flow modules and to 5 gfd for both soird modules
In qoite of the dgnificat ovadl deoressg transverse flov modues dill demondrated higher
permeate fluxes

By the end of March, the mark “4,000 hours of continuous testing” was passed for gord modues

and almost achieved for transverse flow (Moustic TM) modules. As shown on Figure 3, both
transverse flow and spiral elements were subjected to fouling which resulted in decreasing
pamedte fluxes The transverse flov demats exhibited a higher permeate flux. This may be a
result of a better module configuration and a higher molecular weight cutoff (MWCQ) of

Moustic™  elements. It appears to be difficult to give a more definite explanation since the
memranes teded wae nat fully comperable

Pretreatment requirements are an important parameter characterizing the performance of a
membrane clement The less pretreatment required, the easier to operate a membrane system. This
is egpedely important for militay gpplications where meintenence mud be minimized. Fom this
view pant, the pafomance of transvae flow demets was much bdte. After dmod 4,000
hours of testing, the 200 micron prefilter was replaced only twice, it., when the system was

desned. At the same time, 5 micron prefilters used for soird dements required replacement two to
four times a week. As a resut, one hundred and fourteen 5 micron prefilter catridges hed to be

ussd and later disposed of as they could not be regenerated. Moustic™ oparation is a sigrificant
ocod savings in terms of the number of filters and also system uptime (productivity).

In Macdh, dter “4000 hours of work” was nearly achieved for transverse flow modules ad
exossdad for goird modules. |t was decided, howeve, to continue teding the modules & more
challenging conditions. The client was informed about these plans and gave approval. It was
decided to wash both systems before the feed composition was changed, in order to have permeate
fluxes as doe as possble to thar iniid vdues a the begning of the entire ted. Two s of
expaimats were  paformed.

The first test set was carried out on both spird and transverse flow daments & a higher feed color
and wurbidiry. For this puposs a new fead solution wes prepered by dissolving sodium chloride,
humic add, and a mixture of fire and Sraton day. The target parangas of the new fesd were as
follows: NaCl concentration - 500 ppm, color « approximately 150 APHA, turbidity »
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gooraximatdy 300 NTU. No dgee wes added to the feed dnce it was found eadia that dgee
woud not grow under the test conditions The deaments were tesed for goproximatdy 400 hours
The reaults ac presanted in Figure 4.

The fouling which occurred for both types of memirane demets wes significantly higher then in
previous teds In thee teds transverse flov modues exhibited an even geder flux dedine then
the spiral modules’ This phenomenon could be explaned due to the fact thet MousticT™ modules
on the one hand, and sird modules on the other hand, were operated at different pretreatment
conditions. \When the fed concentration Was increased, it did not affect the oirds Snce S micron
prefilters removed dmogt all suspended olids In the case of the transverse flow modaules, 200
micron prefilters dlowed a much geder pesssge of uspended patides therdfore realiting in ‘
increesad membrane fodling. It was conduded, therdfore, thet pretrestment conditions should be

identical in order to obtain tnore comparable data. It must be added that, like in previous tests, §
micron prefilters required a frequent mplaced;cm; wherees 200 micron prefilters were nat replaced.

In the second test set, both types of membrane demaits were opaded usng 200 micron
prefilters . These tedswere necessary in order to sudy how the membranes would pafom &
identicdl pretreatment conditions The tedt reslits ae presated in Fgure 5. The permeate fluxes of
sord modules dropped to 30% of their initid velues after approximately 24 hours for FilmTec NF-
70 and 190 hours for Hud Sysgems In compaison to this it took regpectivdy 500 and 3,750
hours in previous tests when 5 micron prefilters were used. At the same time, the rate of fouling
for MousticT™ modules did not change since the same 200 micron prefilters were used in all tests.
After 400 hours of teding, the pameete fluxes decreased to 26% and 12% for spiral modules and

to 32% for both Moustic™ modules compared to the initid fluxes These results indicate thet,
under identical pretreatment conditions the fouling rate for Moustic modules is significantly lower
than that for spiral ones.

It was conduded thet longtem compardive pilot dudies accomplished their ogectives in the
eveluetion of transverse flow elements. On May 31, 1993, pilot Sudies were completed. At the end
o the teds cumuldive tes time was 5425 hours for soird-wound dements and 5274 hours for

transverse flov dements
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