N —
%

V=

ua

— )]

4
A\ ,
=\ "

R-98-05

THE DESALTING AND WATER TREATMENT
MEMBRANE MANUAL: A GUIDE TO MEMBRANES
FOR MUNICIPAL WATER TREATMENT (2ND EDITION)

Water Treatment Technology Program Report No. 29

July 1998

U.S. DEPARTMENT OF THE INTERIOR
Bureau of Reclamation
Technical Service Center
Water Treatment Engineering and Research Group



R-98-05

The Desalting and Water Treatment
Membrane Manual: A Guide to Membranes
for Municipal Water Treatment (2nd Edition)

Water Treatment Technology Program Report No. 29

By

Michelle Chapman Wilbert
Frank Leitz

Ellen Abart

Bill Boegli

Kim Linton

Technical Service Center
Water Treatment Engineering and Research
Denver, Colorado

UNITED STATES DEPARTMENT OF INTERIOR * BUREAU OF RECLAMATION



ACKNOWLEDGMENTS

| would like to thank Susan Martella for her help in putting this work dl together, Bob
Rodriguez and Scott Irvine for their help in contacting manufacturers, and Robert Rood,
Mary Voita, and daff for ther presentation expertise. The manufacturers who sent in data on
their products are to be commended for their far sghtedness. Above dl, | thank my husband,
Ken Wilbert, for his support and encouragement when blank screen looked good enough.



U.S Department of Interior Mission Satement

The mission of the Department of the Interior is to protect and provide access to our Nation's
natural and culturd heritage and honor our trust responshilities to tribes.

Bureau of Reclamation Mission and Vision Satement

The misson of the Bureau of Reclamation is to manage, develop, and protect water and
related resources in an environmentaly and economicaly sound manner in the interest of the
American public.

Through leadership, use of technica expertise, efficient operations, responsive customer
sarvice and the credtivity of people, Reclamation will seek to protect locad economies and

preserve natura resources and ecosystems through the effective use of water.

Disclaimer
Information contained in this report regarding commerciad products or firms was supplied by those firms. It
may not be used for advertisng or promotional purposes and is not to be construed as an endorsement of any
product or firm by the Bureau of Reclamation.

The information contained in this report was developed for Reclamation: no warranty as to the accuracy,
usefulness, or completeness is expressed or implied.

i1



Sl Metric Conversions

From To Multiply by
ft m ‘0.3048
in m ‘0.0254
ft? m? ‘0.09290304
kgal (U.S.) m® 3.785 412
Mgal (U.S.) m? 3,785.412
acre-ft m® 1,233.489
Ib/in® (psi) kPa 6.894 757
°F °C 1°C=(° F-32)/1.8

' Exact conversion.
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Chapter 1
INTRODUCTION

1.1 Recent Developments in the Membrane Industry

Since the first Desdting and Water Trestment Membrane Manua was written in 1992, there
have been ggnificant advancements in the development of membrane technology. Every
aspect of the technology has changed except, of course, for the basic principles of membrane
separdions. There are now more manufacturers producing many more types of membrane
out of difforent materids, in different configurations. The latest catdogs festure modules
with greater membrane area, and modules that are 40 or 60 inches long. Many manufacturers
now have a product line with a range of productivity and rejection characteristics. Manu-
facturers of ceramic and dainless e membranes, that were priced for high dollar, low
quantity separations in the early ‘90s, are now trying to lower their codis to attract large-scale
goplications. Micrdfiltration (MF) and ultréfiltration (UF) have dso been reclamed from the
dairy and paint industries and have taken their places in water trestment plants dl over the
world.

1.1.1 Wider Application

While in the early 1990s most water treatment membrane gpplications were for brackish
water treatment, there are now more sites where membranes are being used or considered for
removing specific contaminants such as manganese, radium, fluoride, nitrate, or color. This
change in gpplications is a Sgn tha communities are beginning to think more about ther
“bang for the buck.” If one must spend $2 million to remove 0.5 mg/L of manganese with a
greensand filter and <till end up with poor tasting water, or $3 million to produce good tasting
water, which process should be endorsed? Communities griving to atract development
should be consdering the latter.

Table 1 .1 ligs severd undesrable water contaminants, the conventional solutions for them,
and corresponding membrane processes that can do the job. There are many variations on
these conventiona processes that could be included, but the ones listed are sufficient to
illugtrate that there is a membrane process dternative avallable to address most drinking

water problems.

1.1.2 Systems Integration

At the 1997 American Water Works Association (AWWA) Membrane Technology
Conference it seemed the question of conventiona verses membrane treatment had been
seitled. Presentations there were concerned with which membrane process to use with which
membrane, under what conditions, and in what order. There was a sesson on Integrated

1.1



Table 1 .1 .-Conventional and membrane process solutions to common water problems

Constituent of concern

Conventional process

Membrane process

Turbidity
Suspended solids
Biological contamination

Coagulation/flocculation
Media filtration
Disinfection

Microfiltration

Color Activated carbon

Odor Cl, + media filtration Ultrafiltration
Volatile organics aeration

Hardness Lime softening

Sulfates ion exchange

Manganese Oxidation, filtration Nanofiltration
Iron lon exchange

Heavy metals Coagulation/flocculation

Total dissolved solids Distillation Reverse osmosis

Nitrate

lon exchange

Electrodialysis

Membrane Systems with sudies on whether MF or UF should serve as pretrestment for
reverse osmoss (RO) or nandfiltration (NF) for treating surface water. Membrane
optimization was discussed in saverd of the sessons Should the productivity of eech dage
be bdanced or not? Does it meke a difference if recovery is increased by adding membrane
areq, redrculaing concentrate, or by lowering feed flow?

1.13 Selection Criteria

There were quite a few papers on membrane sdection dudies Most compared dl the
membranes a one pamesdtion rae Is this vaid? In one of our screening teds, we tested
each membrane according to its manufacturers suggested operaing pressure and feed flow
(Boegli, Chgpman Wilbert, 1997). How should membranes from different manufacturers be
compared in a screening tet? Should they be compared a the same pressure o the same
permegtion rate? Or should the optimum performance for each membrane be found through
experimentation and then compared on that bass?

1.1.4 Module Integrity
Module integrity is another area of present concarn. Communities would like to use thar
membrane systems to ensure protection againg vird and bacterid contaminaion. If a

membrane rgects sdt, one would hope that it would dso exdude viruses and becteria, but
does it? Tes data ae discouraging on that point. During a pilot sudy in Avondde, Arizong,
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bacteria were found in NF permeate when there was a high bacteria count in the feed water
(Jurenka, Chapman Wilbert, 1996). Another study of virus removad efficiency of MF, UF,
and RO found that RO could effect a 3-4.8 log remova while UF effected greater than

5.4 log removd (Kruithof, et d., 1997).

1.2 Basics of Membrane Technology

1.2.1 What is a Membrane?

A membrane is a film. A sami-permegble membrane is a very thin film that alows some
types of matter to pass through while leaving others behind. Some membranes are porous
and separate materials based on size compared to the size of the pores. Others are dense
films with no gpparent pores that separate matter based on differences in diffuson rates
through the membrane.

Membranes are divided into indistinct classes based on the Sze of the materids they retain.
Table 1.2 gives an overview of the various types. MF membrane is very porous, it dlows
water, dissolved sdts, colloidd materids, and particles that are smdler than the pores to pass
through. On the other end of the spectrum, RO membrane is a dense film with no pores, only
paces in its polymeric structure that are large enough to alow water and other small,
uncharged molecules to pass through.

Table 1.2.—Characteristics of the major types of water treatment membranes

ED MF UF NF RO
Materials Water, Particles Molecules >95% of >95% of all
retained micro- larger than larger than multi-valent ions, most
organisms, pore size the ions, 25-90%  molecules
uncharged molecular of mono- and particles
molecules, mass cutoff valent ions, over 200
suspended molecules
solids and particles
over 300
Daltons
Materials Dissolved Dissolved Small Mono-valent Very small
transported salts salts, small molecules ions and uncharged
particles and ions very small molecules
molecules.
Water’ Practically 2800 - 4000 04.25 1.0 0.8
permeation none
(mam-zd-1)

! Pure water at normal operating pressure. Actual values are extremely condition dependent.
2 Depending on micron rating.
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There are three primary mechanisms for the separation and transport of water and solutes
across a membrane Seving, convection, and solution diffuson. Sieving in membranes is
the same as gfting sand and stones through a wire mesh. Molecules or particles that are
larger than the membrane pores are retained within the membrane if it is a cartridge type filter
or in the concentrate stream if it is a cross flow design.  Convection is the mechanism
whereby solute is carried through the membrane with the solvent. Diffusion is the transport
of solute through the membrane once it has dissolved into the membrane polymer. The
concentration gradient across the membrane drives the diffuson of solute to the low con-
centration sde (Allgaer and Summers, 1995). Figure 1.1 illugtrates the differences in these
mechanisms and their controlling factors.

1.2.2 Seving

The pore sze digribution of the membrane and the particle shape and sze didribution of the

solution are the important factors in the sieving mechanism of solute rgection. See the
chapter on MF for a more detailed discussion.

1.2.3 The Solution Diffusion Model (briefly)

There are three important aspects of a membrane that control the solution diffuson process
and, thus, the membranes performance:

1. The solubility and diffuson rate of the solvent in the membrane (in this case, water),

2. The solubility and diffuson rate of the solute in the membrane (in this case, sdts or
other impurities of water), and

3. The thickness of the membrane

In the solution-diffuson modd, materid disolves in the membrane and then diffuses to the
other side down a concentration gradient (see Wijmans, Baker, 1995 for more detailed
discusson and further references). In this way, the permeation of a component “i”of the
solution is described:

_ D i(cio(m) —cil(m))

i |

Eq. 1.1

Where D, is the diffuson coefficient made up of the solubility of component “;” in the
membrane and the diffusivity of “#* through the membrane. The term in parentheses is the
difference in concentration across the membrane, and [ is the thickness of the membrane. To
have a high water permeation rate, the membrane should be able to absorb water, move it
through quickly, and be very thin. Yet, the membrane must dso have a low salt permeation
rate. Since the water is pouring through our “perfect” membrane, the salt concentration

14
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gradient and thickness are heping to enhance st permedtion. The diffuson coefficient must
come to the rescue. If our membrane has a minuscule sat diffuson rate, we will ill have a

perfect membrane.

1.2.4 Pore Flow Moddl (even more briefly)

Permesetion through membranes that do have pores is described by the pore flow mode
which looks amilar to the solution diffuson modd but is completely different.
k A
R 2 Eq 1.2

Where J, is the permeation of component “;,” k is the Darcy’s Law coefficient that has to do
with the number of pores large enough to accommodate “i,” Ap is the difference in pressure
across the membrane, and “I” is the membrane thickness.

1.2.5 Basic System Design

Each membrane process has three process streams. the feed stream, that may have undergone
some type of pretreatment; the product stream; and a concentrate stream. Using the term
“dream” is convenient, but in some agpplications the concentrate is actudly a solid, such as in
some dairy gpplications and in dudge de-watering. Figure 1.2 illudrates the generd design
of a membrane system. The feed stream is exposed to the semi-permeable membrane which,
under the influence of the appropriate driving force, separates the product from the
concentrate.

1.2.6 Membrane Configurations

Membranes can be made from many different materias and can be formed into a wide variety
of configurations. The most common are depth filters, plate and frame, spird wound,
plested, tubular, and hollow fiber. Figures 1.3a and 1.3b show the differences between the
various configuraions. No configuration is better under al circumstances, there are
advantages and disadvantages inherent in each of them. One must sdect the best for a
paticular  Stuation.

Depth filters are used in MF to trap coarser particles. They are dense, thick walled
cylinders made from spun polymer srands. They are formed such that the outsde
has a more open structure than the inside so that as water passes from the outsde in,

larger particles are trapped firgt.
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FPate and frame configurations are used in dectrodidyss and in high solids content
micro- and ultrafiltration because the units can be taken gpart and cleaned very

thoroughly.

The spird wound configuration, which is used in the whole range of filtration
processes, provides a greater surface area per module than pleated or tubular
configurations in the same processes, but is much more difficult to clean.

Pleated membrane cartridges are a cross between a solid depth filter and a spird
wound membrane. The thinner, plested, membrane materid dlows higher flux rates
than a depth filter. Because the membrane is supported on both sdes, back-flushing
can be used to help extend membrane life.

The hollow fiber configuration, used in RO and NF, has the highest surface area to
volume ratio attainable, but requires a higher level of pretrestment than the other
configurations.

Tubular configurations can be used for MF, UF, and sometimes NF membranes.
They are easy to clean but have a low surface area to volume ratio. Tubular
configurations are used for high flow/high solids content feed streams.

A more recent configuration, caled transverseflow tubular, uses smdl diameter
tubular membrane with the tube ends potted into the sides of the cylindrical vessds
to form a pattern like the webbing of a tennis racket. The feed water flows a a right
angle, or transverse, to the tubes. Product water permegtes to the insde of the tubes
and is collected outsde the vessd. The advantage of this configuration is that the
tubes are flexible enough to vibrate as the water flows over them. The motion and
flow pattern helps to wash foulants from the membrane surface.

Another variation on the tubular membrane configuration has the membrane strands
submerged in the source water. Rather than pumping water into the filter, the filtrate
is pumped out of the source from the interior of the tubular membranes under a
vacuum.  If you imagine sucking on a foam straw that is blocked off a the end, you
will see just how this sysem works. Blagts of air can be used to vibrate the tubes
periodicaly to prevent build up on the outside of the tubes.

1.2.7 Dead-End, Cross flow, and Transverse Flow Operation

Dead-end, cross flow, and transverse flow operation refer to the direction of flow across the
membrane. Figure 1.4 diagrams the differences between them. In dead-end filtration, there
is no liquid waste stream; al feed water passes through the membrane. Over time, particles
build up in the membrane dtructure or on the surface, limiting water passage. As the filter
ceke accumulaes, the AP builds until the maximum is reached, and then the membrane must
be replaced or cleaned.
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Dead end flow: All
water passes through the
membrane, particles are
trapped within the
membrane structure.

Cross flow: Feed water
passes parald to the
membrane surface,
product water permeates
through the membrane,
the concentrated stream
helps carry particles out
of the system.

Transverse flow: Feed
water meets the
membrane surface at
right angles, product
water permeates through
to the inside of the tube,
concentrate washes over
the outside of the tube
removing particle build-

up.

Figure 1.4,—Dead-end, cross flow, and transverse flow.




In cross flow operation, the feed sream flows pardld to the membrane surface, limiting filter
cake thickness and density. A part of the stream permeates through the membrane, leaving a
zone of high particle concentration a the surface. Particles and/or solutes are drawn back
into the bulk feed stream by the flow of lower concentration water past the surface.

Transverse flow operation is used with tubular membranes configured such that the feed
dream flows past them a right angles. The product stream permestes to the interior of the
tubes. The higher turbulence across the membrane in this configuration enhances filter cake
disruption and thereby maintains a higher productivity rate than cross flow or dead-end
filtration operated under equivalent conditions.

1.3 About This Book

Answers to the questions raised in section 1.2 need to be found in the next few years if
membrane technology is to reach its full potentid. They will be explored more fully in the
following chapters on each form of membrane filtration. A brief review of each process is
presented with a discusson of ther Smilarities and differences, main operationa
parameters, and most important aspects to consder in choosing a membrane for your
particular gpplication. Examples of novel uses and methods of process optimization are
discussed. Since specific cleaning procedures are required to satisfy warranty conditions for
each manufacturer, the chapter on cleaning will provide a basic discusson of cleaning
philosophy rather than a reproduction of cleaning recommendations. The process design
section describes smple methods for designing membrane systems, determining membrane
area, and predicting performance. Cost and concentrate disposa options are covered in
chapters 8 and 9. The product listing has been updated with performance datistics caculated
from the manufacturers test data in chapter 10. An andyss is included to hep determine the
functiond differences between the new module configurations.
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Chapter 2
MICROFILTRATION

Microfiltration as a process has received consderable atention in the United States in recent
years. Much of this has been under the impetus of legidation which has increased the
requirements on drinking water. In addition, improved methods of removing the fouling
layer from microfiltration membranes have consderably improved the economics of the
process. Highly varied equipment is avaladle commercidly. Exiding micrdfiltration plants
are now providing operating experience. And a number of demonstration or pilot plants are
being used to provide comparison to dternative processes and to generate design data.
Research on a number of different goplications reating to drinking water, including
pretreatment for desdting plants and watershed protection, is being carried out.

2.1 Definition

When we spesk of micrdfiltration, we are taking about filtration through a coherent medium
with a nomina pore sze range from dightly bdow 0.1 pm to dightly above 1 um. This Sze
range refers to the pore size of the medium itsdlf, not to that of any cake or fouling layer

which may accumulate on the medium. Thus, in terms of pore size, micrdfiltration fills in the
gap between ultrefiltration and granular media filtration. In terms of characterigtic particle
Sze, this range covers the lower portion of the conventiond clays and the upper haf of the
range for hurnic acids. This is samdler than the size range for bacteria, dgee and cyss, and
larger than that of viruses. Sizes of various materias of concern are shown in figure 2.1.

SIZE 0.001 pm 0.01 pm 0.1pum 1.0um 10 um 100 pm 1000 tim

1 \
SERARATION MICROFILTRATION

SIZE
RANGE OF
SUSPENDED?

'MATERIALS SAND

VIRUSES

SIZE
RANGE OF
ORGANIC  AND
BIOLOGICAL
MATERIALS

== HUuMIC ACIDS

Figure 2.1 .-Comparison of size range of various materials.
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Over the years, a number of industrid applications have developed for microfiltration.
However, this paper covers only drinking water applications. The fidd of drinking water
supplies both a blessing and a curse to any treatment process. The blessng is tha the
potentid market is both volumetrically huge and worldwide. The curse is that the process
must be inexpensive.

2.2 Background

One of the principd reasons behind the condderable interest in micrdfiltration in the United
States has been recent regulations concerning drinking water. The 1986 Safe Drinking Water
Act Amendments required new drinking water regulations and trestment requirements. The
Surface Water Trestment Rule requires that disnfection or a combination of filtration and
disinfection be employed to achieve 99.99 percent (4 log) remova of viruses and 99.9 per-
cent (3 log) remova or deactivation of Giardia cyss. Turbidity standards require that 95 per-
cent of the water samples collected each month have a turbidity of less than 0.5 NTU
(Nephelometric Turbidity Units) and that filtered water turbidity never exceed 5.0 NTU. In
addition, the Dignfection Byproduct Rule targets trindlomethanes and haoacetic acids.

Interegtingly, in the EPA (Environmenta Protection Agency) manuds on Microorganism
Removd for Smdl Water Systems (SME-Martin Inc. Microorganism..., 1983) and Turbidity
Removd for Smdl Public Water Systems (SME-Martin Inc. Turbidity..., 1983) there is no
mention of membrane filtration. The first manud mentions disinfection with chloring,
chloramines, chlorine dioxide, ozone, and ultraviolet radiaion dong with the non-trestment
dternatives of watershed management, source substitution, and regionalization of supply.
The second refers to conventiona flocculation, sedimentation, and filtration.

2.3 Microfiltration Membranes
Membranes for microfiltration, as defined above, have been avalable and in use for decades.
The 045 micron membrane used for St dendty index measurements are microfiltration
membranes. Nucleopore membranes have been available since the early 1960s (Silk and
Barnes, 1955; Fleischer, er al., 1963; Fleischer, et al., 1969). However, only in recent years
has there been the kind of commercia interest that we now see. In order for microfiltration
to become a commercial process, we need membrane apparatus with three characterigtics:

1) Produce water at a reasonable cost,

2) Beessatidly free of lesks and have good seds around pressurized units, and

3) Be capable of being cleaned.
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2.4 Microfiltration Systems

There ae four mgor suppliers of micrdfiltration equipment. Characterisics of equipment are
shown in tables 2.1 and 2.2,

Table 2.1 .-Characteristics of commercial microfiltration eauioment

Memtec Dow U.S. filter Xenon
Pore size 0.2 ym 0.1t0 0.2 ym 0.8um 0.2um
Material Polypropylene PVDF Ceramic Polymeric
Configuration Hollow fiber Flat sheet Multichannel Hollow fiber
Flux 67 GFD 30-50 GFD 400 GFD 50-63 GFD
Flow pattern Dead end Crossflow Crossflow Crossf low
Trans- 3-15psi 2to 15 psi Up to 20 psi 8 to 12 psi
membrane
pressure
Chlorine Can only tolerate a 3mgR free Tolerates Tolerates
sensitivity combined chlorine chlorine residual chlorine residual  chlorine
residual desired residual
Chemical Sodium thiosulfate Aluminum
addition for dechlorination chlorohydrate
for flocculation
Cleaning Water/air backwash Periodic Recirculation of  Continuous
every 15 minutes. backwashing 2% caustic, air scour.
Citric acid used for with permeate. chlorine and Relaxation
inorganic fouling. Every 1to 3 possibly sulfuric  or permeate
weeks, clean with acid back-flush
sodium cleaning.

hypochlorite or Biz

An interesting agpect of the Memcor equipment is that it permits an automatic test for
membrane and sed integrity. Operation is periodicdly interrupted, and a pressure of ar a
1510 20 ps isgpplied. Too rgpid a dedine in pressure distloses the presence of a lesk.

The problem with esimates like those aove is thet they are based on compaativdy little
data As a reault, there is condderable uncartainty in these numbers. Because of the
recentness of this goplication, there are few daa on the useful life of miardfiltration
membranes in this sarvice

An excdlet review of the oveardl daus of miardfiltration is provided by the NWRI/OCWD
(Nationd Water Research Indtitute/Orange County Water Didrict) symposum (1994) hdd in
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Table 2.2 —Manufacturer's estimate of system costs for units about
1 million gallons per dav capacity

Memtec Dow U.S. filter
Capital, 0.77 0.67 0.94
$/daily gallon
0é&M, 0.16 0.40 0.14
$/1 ,000 gallons
Energy, 0.8 5.0 Not provided

kWh/1 ,000 gallons

Irving, Cdifornia A recent paper presants results of a survey of micrdfiltration plants
worldwide (Adham et al., 1996). This study indicetes thet in 1996, based on the results of
their survey, there were a totd of 40 micrdfiltration plants worldwide, with a totd cgpedity

of 12 MGD (45,000 cubic meterdday). Over 90 percent of these plants were supplied by
Memtec. For plants with a cgpadty of 0.1 MGD or more, the inddled membrane sysem unit
cost was between $0.50 and $2.00 per (gdlon/day). The plant cepitd codt is about twice
that. Based on about 290 reponses, the operating and maintenance cogt ranges from $0.20 to
$0.25/thousand gdlons

Micrdfiltration can typicaly produce water of sidfectory turbidity with feed waers
exceeding 100 NTU. Giardia removd as high as 6 logs is reported. Bacteria removd is
stidactarily high. Cryptosporidia is satisfactory. Virus removd of 0.5 log (68 percent).
Dignfection byproduct removd is aout 10 percent.

The mgor difficulty for the technology in Cdifornia where there is a large potentid marke,
IS the dedre to treat wadtewaer and the necessty to meet the CDHS (Cdifornia Department
of Hedth Savices) regulaions For indance, a Grange County Water Fectory 21, they trest
wadtewater and inject it into a drinking water aguifer to prevent seawater intruson.  Their
trestment mugt have multiple barriers that must remove a leest 4 logs of microbiologica
poecies. They have found that micrdfiltration has been good a becterid removd, but in order
to get the virus and cryptogporidium removd, ultrdiltration is nesded. Interestingly,
cdlulose acetate RO membranes have a better removd then thin film composte membranes,
but ultrafiltration has been shown to give a better remova than RO. One hypothess is thet
sedling the product dream from the feed sream is more of a problem in RO than UF, as the
equipment is configured. Many dudies have been done to determine the different membrane
remova  efidendes

2.5 Operating Plants
San Jose, California (Yoo et al., 1994; Yoo et al., 1995). Faced with a requirement to

upgrade or abandon the exiding Saratoga 5 MGD  diatomaceous earth trestment plant, the
San Jo2 Water Company inddled a micrdfiltration plant of this cgpecity. The mgor
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dterndives congdered were digiomaceous earth filtretion, two-dage filtration,
micrdfiltration, and  ultrfiltration. These were looked & on the basis of codt, regulaory
goprova, operdbility, and environmentd and design condraints Cost edimates for thee
processes are shown in figure 2.2.

7 140
sW - 120
5 -ﬂ-wo
] .

Capital Costs, $ millions

Annual Operating Costs, $ thousands

Microfittration Uttrafitration

Il Capital Costs Il Annual Operating Costs

Figure 2.2.—Alternatives for the Saratoga Water Treatment Plant.

Micrdfiltration equipment was menufactured by Memtec Ltd. congding of sx factory
assambled units, each composed of 90 modules, each of which contains 10 square meters of
membrane surface. Capitd cogt of the miardfiltration equipment done was $1.5 million
which equates to $0.30 per (gdlon&y). Design flux is 86 GFD. It has successfully operated
snce February 1994. Gere (1997) reports that in its fourth year, the plant continues to

operate reliably and to provide qudlity product water. Operating codts for the first year came
to 30.9 cents per thousand gdlons which indudes a prorated cogt for membrane replacement
based on 9x year membrane life No membranes have been replaced yet. Periodicdly,

the membranes require chemicd deaning. Cleaning intervd varies from 2 to 6 weeks,
depending on the qudity of the feedwater.

Toms Brook, Virginia, has inddled a plant with a capedity of 130,000 GPD (McClain,

1994). This treets pat of the water baing upplied to the communities of Toms Brook and
Mauretown. The water source beng trested by micrdfiltration is a new wel, Toms Brook
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Wedl No 2. The farly porous karst soil dlows groundwater from this wel to be influenced
by surface infiltration, S0 the Virginia Hedth Department indicated that they conddered this
a surface waer in terms of trestment regulaion.

Because micrdfiltration is a new water treetment method, a pilot Sudy was required to
demondrate its efficacy. The pilot Sudy, which was run with a 43,000 gdlon per day unit,
ran successfully for more then 2 months. During this ted, the turbidity was atifiddly
devaed to chdlenge the membranes Parameters monitored during the test induded
turbidity, patide counts, coliform and membrane integrity. Removd of Giardig,
Cryptosporidia, bacteria, and some remova of viruses are atributed to the micrdfiltration
membrane. However, pog-chlorination is the primary means of removd of viruses

The final plant condds of three units identica to the one tested with the option to ingdl two
further units It contains a 200 pm bag prefilter. After microfiltration, the weter is
chlorinated and sufficient contact time is dlowed before didribution. The plant is
aufficently automated thet it needs to be checked by the operator only a the beginning and
end of ashift. Thus additiond personnd were not required by addition of the filtration unit.

2.6 Demonstration or Pilot Plants

Scottsdale Arizona. Scottdde is currently testing microfiltration for aquifer recharge and
for surface water treatment (Dueker and Hemken, 1994). They have a 720,000 gdlon per day
Memcor unit. They ae d0 invedigaing micrdfiltration as a pretreatment for reverse
0SMOSS  units

Orange County, California. Water Factory 21 tested a 2,800 GPD unit in 1992 (Sudak and
Dunnivan, 1994). Pleasad with the reaults, they subsequently tested a 43,000 GPD unit.
Both units were from Memtec. Indications were that the MF would dlow them to incresse
RO flux rates from 10.3 to between 12 and 13 GFD. They are now embarking on a
demondration project of 800,000 GPD.

Colorado River Aqueduct (Coffey et al., 1994). The Metropolitan Water Didrict performed a
vay thorough tes from Augud 1991 to March 1992 on a Memcor pilat unit containing 4
quare meters of membrane. Based on favorable results they requested that Cdifornia
goprove the micrdfiltration process for this gpplication. The CDHS credited micrdfiltration
with 3 logsof Giardia and 0.5 log (68.4 percent) reduction of virus. Based on these reaults,
MWD procured micrdfiltration units for five of thar desart dations

Barrow, Alaska. A 40 GPM combined micrdfiltration and nandfiltration plant is described
by Lozier et al. (1997). The feed water is cold, contans high quantities of dignfection
byproduct precursors, and microbid contaminants, Giardia and Cryptosporidium. For the
firgd year of operation, the plant product exceeded dl requirements proposed for water
tretment and removd of disnfection byproducts. The water treetment fadlity plans to
convert its exiging convationd filtration and reverse csmoss sydem to the combined
membrane process.
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2.7 Potential Projects

New York City. The New York City water supply serves hdf of the populaion of New York
Sae or goproximady 9,000,000 people This sysem, containing 19 reservoirs, provides
1.3 hillion gdlons (72,000,000 cubic meters) of water daily. This works out to 144 gdlons
(0.54 m?®) per person, nat an unusud usage for the United States The Ashokan Resarvair, for
example, has a capadty of 123 hillion gdlons (6.8 hillion cubic meters) and a resdence time
of 8 months The prindpd purification method is smply long resdence time

Once cdled the “Champagne of drinking weter,” this water is being thregtened by the effects
of devdopment and agriculturdl practices in the watershed. Tedting of the water shows a
number of potentid threets to public hedth: cryptosporidia, Giardia lamblia, and E. coli.

The Croton resarvoir sysem supplies 10 percent of this water. It recaves efluent from

53 sawage trestment systlems in addition to a number of septic sysems and surface dorm
runoff. Edimated capitd cogt of a filtration plant is $600 to $700 million and $40 million
annualy for operdion. This works out to $5/(gallon/day) and $0.84/kilogallon. The Catkill
and Ddaware systems which supply 90 percent of the water are less thregtened.  If water
qudity drops bdow Federd dandards the aty will have to condruct a filtration system.
Such a plant would cogt goproximeatdy $5 hillion invesment cost and $500 million per year
to operae. This works out to $4.20/(gallon/day) and $1.20/kilogallon.

The sydem has 0 far obtained “avoidance’ agreements extending to the year 2002. An
extendve program of watershed protection and monitoring of spedies like Cryptogporidium
hes been underteken (Ashendorff, 1997). This indudes a recently Sgned memorandum of
agreament for a cooperdive effort on the part of dl dakeholders EPA’s Expat Pand (Okun,
1997) hes conduded thet disnfection done will not provide adequate protection agang
cryptosporidiogs for the users of this water. Both watershed protection and filtration will be
necessary for this water supply.

It is highly gpeculaive whether microfiltration fits into this picture At this time, there is no
“barrier,” as the water qudity regulaiors express it, between the resarvoirs and the taps in
New Yok City. This is a highly politiczed issue and the best technicdl answer may not be
the best political answer. A vaidy of nondructurd solutions like land acquistion,
regrictions on land use, and tightened agriculturd regulaion have been proposed, and some
are being implemented. There will probably be a filtration plant on the Croton sysem. MF
would dmog cartainly mest or exceed ther requirements Where gpplication of micro-
filtration seems mogt likdy is in the tresiment of some of the more srioudy contaminated
waters that currently flow into the reservoir sysem. Drat regulaions for sawege trestment
plants located within the watershed have been revised to indude micrdfiltration. Kachalsky
(1994) presents the results of tests run on effluent from the City’s Brewder Trestment Plant.
Four micrdfiltration units and three ultrdiltration units were tesed. Miardfiltraion  weas
recommended to achieve the required reduction of targeted organiams
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Others. It is esimated thet over 300 million gdlons per day of micrdfiltration and
ultrefiltration projects are on the drawing boards for dartup in the next 4 years within the
United States. Teble 2.3 is a summary of MF plants and plant expandons planned for the
near future. Among the plants bang discussed are 5 MGD by Los Angdes Water and
Power & Temind Idand and within 3 to 4 years expanding to 15 MGD; Orange County
Waer Didrict will be scding up to 5 MGD of MF or UF, eventudly going to 15 MGD; San
Diego is planning 24 MGD by 2000; Wes Baan Water Didrict in Cdifornia is garting with
25 MGD and will be expanding to atotd of 5 MGD before 2000 to provide tregted water for
indugrid codling; Sacramento is sudying 22 MGD of MF or UF treated water from the
Amgican River usng Ranney cdlectors Tampa Bay, Horida, is sudying the pretrestment of
25 MGD for reverse oamoss San Frandisoo is sudying a 24 MGD project; Tucson, New
Orleens ad a dty in Wiscondn are dudying projects that totd 140 MGD; and Minnegpalis
is sudying membrane tresiment of thar weater supply.

Table 2,3 —MF plants and plant expansions proposed for the near future

City Capacity Remark

Los Angeles (CA) water and power 5 MGD Expanding to 15 MGD

Orange County Water District, CA 5 MGD Expanding to 15 MGD

West Basin Water District, CA 2.5 MGD Expanding to 5 MGD
for industrial cooling

San Diego, CA 24 MGD By year 2000

Sacramento, CA 22 MGD

Tampa Bay, FL 25 MGD For RO pretreatment

San Francisco, CA 24 MGD

Tucson, AZ, New Orleans, LA, Total of

and a city in Wisconsin 140 MGD

Minneapolis Water supply treatment

2.8 Research and Development Efforts

The plants and demondrations suggest that micardfiltration is an economicdly vadid process
for water trestment where the desired resuits are Giardia and bacterid removd a alevd of
3 to 35 log. Virus removd is vary modes; the best edimate is about 05 log. However, if
there is not a gredt quantity of THM formation potentid, the combination of microfiltration
with chlorinaion can be a stifactory process

Freaman (1994) hes invedigated tregting backwash weater from conventiond filtration via
microfiltration. Cogt esimates from this Sudy were $0.67/gallon per day for MF and
$0.33/gallon per day for a plate sHtler. These were consdered dose enough to encourage
testing.
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Vickers (1994; 1995) has studied use of micrdfiltration in conjunction with coagulation
processes. The objective of this process is the removd of organic matter, particularly
disnfection by-products. An advantage to MF or UF is that the coagulant and process can
be optimized for organic remova ingead of particulate removad.

Jacangelo et al. (1995) have run extensive tests on the mechanism of cryptosporidium,
giardia, and MS2 virus remova by MF and UF. They have concluded, inter glia, thet

initidly removd is dominated by Seving action of the membrane, but thet late in a cyde,
ceke formation dominates in remova. Over a number of cycdles, the irreversble fouling layer
dominates over cake formation.

Adham et al. (1995) have evduated methods of assessng membrane integrity for severd
low-pressure membrane technologies. Methods tested include bubble-point testing, air-
pressure-hold, sonic sendng, paticle counting, particle monitoring, and turbidity monitoring.
The air-pressure-hold test, though not continuous, was found to be mogt effective. Particle
counting was most sendtive of the continuous methods.

Pretreatment for Water reuse and RO Pretreatment. Lozier and McKim (1994) carried out an
evauation of the suitability of microfiltration for RO pretrestment. They concluded that
filtrate from some microfiltration equipment exceeds al industry criteria for RO feedwater.
However, the removad of metds and reduction of slica which occurs in lime softening does
not occur with MF. They found that MF provides from 2 to 4 log reduction of bacteria
viruses when used with dum coagulation. Jolis and Hirano (1994) noted that following
microfiltration they found negligible fouling or solids depodtion on the deeves of W lamps
used for gerilization. Ther tests on operation of an RO system following a MF unit were

dill in progress after 5 months.

2.9

27



Chapter 3
ULTRAFILTRATION

3.1 Basics of Ultrafiltration

Ultrdfiltration (UF) is midway between MF and NF in degree of separdion. Separdtion is
accomplished through deving just as with MF, but while MF membrane retans partides and
dlows macro molecules and colloids to pass through, UF membrane retains mogt molecules
and patides lage then its molecular mass cutoff (MMCO). Coalloidd dlica, proten, humic
substances, pyrogens, and viruses would be retained by a UF membrane but dissolved sdts,
ugar, and mid-Szed organic molecules would nat.

UF is a rddively new process for municipa water trestment. It has been used more
extensvdy in indudrid processes for concantrating milk, proten, and cdls recovering
process maerids such as pant, colloidd metds, and dyes and recovering oaily waste waer.
In the lag 5 years the goplication of UF in drinking water treetment has expanded profoundly
due to changes in drinking water qudity regulations. The Surface Waer Treatment Rule
(SWTR) of 1986 requires 3 log removd or inectivaion of Giardia cyss and a 4 log remova
of enteric viruses An enhanced Surface Water Treaiment rule may increese the required
reduction in Giardia and Cryptosporidium to 6 logs for some source waters. At the same
time the Dignfectants Didnfection By-Product Rule (DBPR) will reduce the dlowable
concentration of dignfection by-products, but drinking water mugt ill contain a resdud
dignfectant. It is difficult to meet dl of these requirements with convattiond media
filtration and coaguldion/daification processes These processss typicdly rdy on
dignfection to inectivate any remaning organiams but they do not completdly remove the
disnfection by-product precursors (neturdly occurring humic and fulvic adds). So, when
the disnfectant is added, they will be adle to meet the SWTR, but not the DBPR!  UF
membranes do remove DBP precursors and can eesly meat 6 log reduction in organisms
Giardia and Cryptosporidium if the MMCO is low enough.

UF membrane comes in dl of the configuraions shown in figure 1.3 (Spird Wound, Tubular,
Compound Tubular, Hat Shest) except hollow fine fiber. If the feed water suspended solids
content is low, spird wound modules are best ance they have the highes arealvolume ratio
of dl UF type configurations. But if the feed water does contain a high concentration of
sugpended lids one of the tubular configurations will be eeser to mantan.

3.2 Membrane Characterization
There are four important agpects necessaxy to describe UF membrane: configuration, compo-

gtion, molecular mass cutoff, and dean water permeghility. Of these four, the only one thet
is wdl destribed by maenufacturers is the configuration. They are fairly good about tdling
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you the dimensons and whether the membrane is in a spird wound, tubular, compound
tubular, or hollow fiber configuration. They will dso give you an idea of the compaostion
such as PS (polysulphone), CA (cdlulose di-tri acetate), PVF (polyvinylfloridineg), or
ceramic. They may further assst the customer by pointing out that one has high fouling
resstance and the other is good for oily waste water. Maybe that is the best one can hope for.
Manufacturers do provide detalled information on the last two items, unfortunatdy, it mostly
sarves to confuse matters when trying to compare one membrane to another, especidly
among manufacturers.

3.2.1 Molecular Mass Cutoff

UF membrane is described chiefly by its MMCO which is more often cdled the MWCO
(molecular weight cutoff). MWCO is not entirely accurate since molecules are dways
described by their mass rather than their weight. Weight is the mass of an object under the
influence of Eath's gravity. A 100 Ib weaght will weigh much less than 100 Ib on the Moon,
but it will have a mass of 45.45 kg no matter what planet it is taken to. This may seem
trivid, but some people are fanaticd about being exactly correct in language. Whether it is
cdled MMCO or MWCO it is dill determined in the same generd manner, though there is no
standard method. The membrane is chdlenged with substances of known molecular mass
such as latex spheres, dextran, protein, or other organics. Retention rate is determined for a
range of molecule szes, then the MMCO s defined as the molecular mass of molecules
retained a an arbitrary level. Most manufacturers use 90 percent.

There are problems with this method of characterization and aso with the interpretation of
the results. Different companies chalenge ther membranes with different substances a
different concentrations and then use different methods for determining the retention rate.
Who can say whether a membrane with a MMCO of 100,000 Ddtons determined using
2,000 mg/L of a “polymer marker” will perform smilarly to one with the same MMCO
determined using polyethylene glycol a 1,000 mg/L? Standard methods would help clear up
this confuson, but the MMCO dgatidtic is gill only an gpproximation. Membrane pores are
not homogenous or evenly spaced. Some will be much larger than the MMCO and others
much smdler. Figure 3.1 is a generic molecular mass versus retention curve for a membrane
with a shap MMCO, or narrow pore sze digtribution, and one with an indistinct MMCO, or
wide pore dze digribution.

Another problem with assgning a MMCO is that many organic molecules are adsorbed onto
the membrane surface forming a cake layer which reduces the effective pore sze. The rate
of adsorption depends on the organic molecules present, their concentration, the pH, flow
velocity, pressure, temperature, ionic drength, and membrane materid. As materid builds
up a the membrane surface, the pores are closed in from the sides. Figure 3.2 illudrates the
difference in retention of a membrane before and after cake formation.

The Seventh Edition Perry’s Handbook gives a rule of thumb for estimating UF separation

abilities.  The molecular mass should be a factor of 10 greater than the MMCO for a good
separation usng UF membrane (Perry and Green, 1997). In practice, the customer must test
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Figure 3.1 .-Comparison of molecular mass and retention rates for membranes
with narrow and wide pore size distributions.

arange of MMCQs and membrane materials, snce the pores of one materiad may differ from
those of another, to determine which membrane will be adequate for the source water and
treatment objectives.

3.2.2 Clean Water Permeability

What is clean water? | am sure that the number of definitions for dean water is only limited
by the number of UF membrane manufacturers. Some add sodium chloride, some use RO
permeate or loca tap water. In redity, UF is not normaly used for treating “clean” weter.
The reason one wants to know the clean water permeability is to get an idea of the membrane
module productivity to estimate how many to purchase. But the module productivity has
nothing to do with the clean water permegbility! It depends on the pressure, feed flow rate,
recovery rate, fouling rate, backwash frequency, and temperature and probably we'll find that
the phase of the moon has a mgor impact when we really understand the process.
Manufacturers measure the clean water permegbility so tha they can tell you something
about the membrane. Its easer and more direct than giving lots of pilot test data from
different water sources that ill may be ingpplicable to your particular Stuation and may
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lead you to believe ther product is not as good as another. The trouble is that UF is so
profoundly dependent on the feed water quadity that it is complicated to predict how a UF
membrane will peform. The only way to get the best membrane for the job is to pilot test a
few different types and MMCOs. Luckily, there are more and more documented pilot tests
available now that may involve testing a feed water Smilar to the one you need to treat. The
AWWA Membrane Conference Proceedings from the last few years have severad case
sudies. The manufacturers will aso have documented case studies and will be able to help
you choose a few good membranes to tes.

3.3 Process Design Considerations

UF is most aways operated in a crossflow mode. There are references to operating in dead-
end mode (see Chan et. d., 1997), but these systems are designed to handle a wide range in
water qudity. They are automated to switch to crossflow mode when turbidity or some
other monitored parameter exceeds the setpoint. Figure 3.3 compares the averages of
productivity for all seawater (SEA) and brackish RO, NF, UF, and MF membranes listed in
chapter 10. UF membrane “clean” water permegbility is about twice that of NF membrane
and 2.5 times that of brackish water RO membrane. In practice, however, these high flow
rates are only redized with feed water of the same quality as is needed for RO and NF
treetment. UF is not normaly used on such clean water, though. With high turbidity water
(in excess of about 15 NTU in the Chan study), concentration polarization becomes a limiting
factor in UF productivity (for a perspicuous discusson of concentration polarization and UF
see’ Perry and Green, 1997, p 22-53).

100

10

Sea RO NF UF MF

Figure 3.3.—~Comparison between membrane productivity for seawater and brackish water RO, UF, and
MF membrane as tested by the manufacturers. Productivity units are m*m2day™.

Concentration polarization is the build-up of materia a the membrane surface. In MF, this
materid is blown out periodicdly in the backwash. In RO and NF, it is minimized by
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extengve pretrestment, high flow rates and by usng feed channd specers desgned to
promote turbulence. UF systems incorporate a combination of these draiegies. The sysems
are operated in crossflow mode a high shear rates and low pressure; feed channd spacers
are desgned to promote turbulence and the sysems are periodicdly backwashed. High
recovery is achieved by redrculaing the concentrate sream to the feed tank, back into the
feed line or into ancther sage of membranes. FHgure 34 illudrates the three UF process
desgns with prefilters permeate backwash, and concentrate recyde

3.4 Process Instrumentation and Evaluation

There are three purposes for ingrumentation in UF treatment processes These are to
monitor:

Hydraulic  performance,
. Retetion peformance, ad
Genad water qudity.

Hydraulic monitoring requires messurement of the feed and permede pressure, feed,
permegte, recyde and backwash flows, and temperature of the feed sream. Retention
monitoring requirements depend on the source water and trestment objectives. Operators
should be adle to tdl, with a glance & the monitoring indrumentation, whether the product
waer is within edficaions or not. Surface water trested for drinking purposes should be
monitored for turbidity and patide count of the feed and pemedte Generd water qudity
monitoring for UF is the same required of any drinking water process to provide documenta-
tion that the water meets Sefe Drinking Water Standards This should indlude & leest
conductivity, pH, and chlarine resdud. Table 3.1 summarizes monitoring equipment for a
UF waer trestment sysem by purpose

UF is evauaed in a number of ways depending on the trestment objectives  Table 3.2 lids
performance parameters used in various UF pilot studies reported recently. These are
explaned in gregter detail folowing the table Some, such as the net permeste volume per
unit energy or average power consumption would only be monitored during a pilot Sudy to
optimize sysem opedion. Others such as the heterotrophic plate count (HPC), Giardia ad
Cryptosporidum enumeration, Totd Coliform (TC), and Badteria Virus Asssy (BVA) would
be required of any drinking water treetment plant. The rest are necessary to monitor
performance of a UF sydem.

Transmebrane  Pressure  (TMP)
TMP should be monitored continuoudy or & leest twice a day. In automated sysems the

backwash cyde is initited ether on a timed bass or by a spedific increese in the TMP. It is
caoulated as follows from three pressure measurements.
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TMP = 05, + P) - P,

Where: P; = Feed pressure
P. = Recycle pressure

r

Eqg. 3.1

P, = Permesate pressure
Table 3.1 .-UF instrumentation requirements

Function Parameter Feed Permeate Recycle Concentrate Backwash
Hydraulics Pressure X X X

Flow X X X X

Temperature X
Retention Turbidity X X

Particle Count X X
Water quality Conductivity X

pH X

Chlorine Residual X

Table 3.2—UF performance evaluation parameters used in recent case studies
Obiective Performance parameters Reference

Optimizing operation Net permeate vol/unit energy Marriott, Clark and
using backwash time and Net permeate vol/average Laing, 1997.

powedered activiated carbon (PAC)
addition as variables

Removal of color and TOC from
surface water w/ and w/o chemical
addition.

Testing pretreatment for RO in
recovering waste water from
petrochemical plant.

Determining effect of charge and
coagulant dose on NOM Removal
and fouling rate.

Color, TOC, iron, bacteria removal.

Microbial removal and integrity
verification.

power requirement

Water quality, TMP, and run
length.

Permeation rate and turbidity.

Permeation rate, Uv@254 and
TOC.

Water quality, TMP,
permeation rate

Permeation rate, particle count,
turbidity, SDI, TMP, TOC,
UvV@254 HPC, TC, BVA,
Ctypto, and Giardia
enumeration.

Scanlan et. al., 1997.

Wong et. al., 1997.

Fu and Dempsey, 1997.

Chan et. al., 1997.

Jacangelo, Adham and
Lainé, 1997.
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Net Permeate Flow (Qp,.,)

Q pner Is Used to evauate performance using different backwash frequencies and durations. It
accounts for product water used during backwash and cleaning. It should be caculated from
actud flow raes, not the temperature normadized flow.

Qpner = 9p = Opw = &c Eq. 3.2
Where: Q, = Tota product flow (Lhr'm?)
Qpw = Product used for backwashing (Lhr'm?)
Qc = Product used for deaning (Lhr'm?)

Normalized Permeate Flow (Qs,)

Permeete flow may be normaized for temperature to dlow comparisons over time with large
temperature fluctuations. This is not as critical as with NF and RO processes, though,
because UF is not operated a its full permesation capacity. Manufacturers generaly provide a
temperature normalization equation specific for each type of membrane they produce that
adjusts for the change in viscosty of water and changes in the membrane with temperature.
The following equation corrects for changes due to viscosty only (Streeter and Wiley, 1985).

QP x g ~0.0239(T-20)

— = fnet Eq. 3.3
Cer Area q

Where: Qp, = Permeate flow (Lhr'm?) adjusted for viscosity a temperature T
Qpwr -  Net Permeste flow (Lhr'm?)
T = Temperature (“C)
Area = Membrane area (m?)

Net Permeste/Net Energy (Qp/E,) and Net Permeate/Average Power Consumed (Q,,/W,,,)
Qp/E, and Qp/W,,, ae parameters used by Marriott and associates (1997) to optimize a UF
process using backwash frequency and duration, permestion rate, and PAC addition as

vaiables. The energy and power terms, as defined in the reference, are given below. Qp, is
as described above.

E =E, +E, = EPdeAtd * Z:ijijAtbf Eq. 34
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Wee = “ Eq. 3.5

Whae E = Pump enegy (joules)
P =  Pressure (Pascdl)
Q = How rae during time At (m’s)
At = Time period (sec)
Wae Average power consumption (watts)

,_,
[l

Totd time during each cyde (sec)

Summations are of one second intervals (or any other convenient time interval) over the
duration of the test. Subscript “n” means “net,” “bf” refers to the backwash cycle, and «“d”
refers to production cycle .

Usng compound parameters such as these helps to normdize cost/benefit tradeoffs for
different scenarios. The volume per energy term is based on the tota energy required. An
efficient process would have a high Q,/E, vaue. The volume per average power term is
based on the power consumption averaged over the same time period. |If the process is
efficient and timely, then the Q,_/W,,, vaue would dso be high. Operating with a very
conservative permegtion rate and backwash cycle would be reflected in a high Q,/E, vaue
and reaively low Q,/W,,, vaue. Even though the syslem would operate smoothly, it would
be not be operating to its full potentia-

3.5 Integrity Testing Methods

If a UF membrane is the main barrier between pathogenic organisms and the public, it is
reassuring to be able to monitor its integrity. On-line monitoring would be the most
desrable, but it is difficult to make a direct corrdation between measurable parameters and
the presence of pathogens. Jacangelo and associates (1997) reviewed a number of methods
classfied as direct or indirect methods, though the digtinction between the two classes is
raher gray. Direct methods monitor for a change that is directly tracegble to a flaw in the
membrane module and/or system. Examples of direct monitoring are ar pressure hold and
bubble point testing. Indirect methods monitor changes that infer a flawv in the membrane
and/or sysem such as paticle counting and turbidity monitoring.

The objective of the Jacangeo study was to determine the ability of UF and MF membrane to
remove microbes. One spird wound, one tubular, and four hollow fiber membranes were
compared on five different source waters. The membranes were subjected to pin pricks and
cut fibers during the integrity testing described in Jacangelo's report. Only the direct
methods of ar pressure hold and bubble point testing were able to detect the induced flaws
in the spird wound membrane. The problem is that a spird wound membrane has a
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Table 3.3.—Integrity testing and monitoring techniques for UF membrane

Technique

Description

Comments

Air pressure hold test

Sonic  sensing

Bubble point test

Particle counting

Particle monitoring

Turbidity monitoring

Silt density index

Permeate side of the membrane is drained and pressurized with

air. Pressure is monitored for 10 minutes.

Sound wave sensors are attached to the membrane module
during the air pressure hold test to listen for leaking bubbles.

Mainly used for determining MF pore size. UF membrane pores
are too small. The method can be used to detect broken fibers

in a bundle, though.

Light scattering used to enumerate particles in one or more size

ranges.

Measures fluctuations in light intensity, output is an index of
relative water quality. Less complicated and expensive than
particle counters.

Measures degree of light scattering by suspended solids.

Measure of fouling potential. Calculated from the difference in
time required to filter 100 ml at constant pressure through a
0.45um filter at the start and end of 15 minutes.

System must be shut down.

System must be shut down. Extraneous noise could interfere
with the test.

Module must be taken offline. Cannot detect leaks in the
system piping and gasketing. Only good for fibers.

Low upper limit on particle counts: feed particles are too
numerous to count. Not sensitive enough for small flaws.
Need correlations between particle size and
bacteria/virus/spore concentrations.

High upper limit, but feed may still exceed limit. Not sensitive
enough for small flaws. Need correlations between particle
detection and bacteria/virus/spore  concentrations.

Not sensitive enough for small flaws. Need correlations
between turbidity and bacteria/virus/spore concentrations.

No correlation between SDI and presence of
bacteria/virus/spores. Not sensitive enough to detect small
flaws.

(Based on Jacangelo et. al. 1997).



far greater surface area then the hollow fiber and tubular modules tested. In this way the
goird wound module is a good model for a large membrane sysem of any configuration. A
andl flav in a large sygem will be difficult to detect by any of these methods

3.6 Concentrate Issues

UF concentrate conggts entirdy of backwash and deening water.  The volume of wade
depends on the frequency of backwashing and deaning. A survey of full 9ze UF and MF
plants reveded a range in recovery raes of 70 to 99 percent. Extremdy high recoveries
without additiond trestment of the backwash, can result in build up of pathogenic organisms
in the sysem and is not recommended for drinking water trestment. Scanlan and associates
(1997) had trouble with accumulaion of dgee in ther backwash solution. They had saved it,
though, for batch treetment a the end of raw water testing. Algae growth can be prevented
by kegping sunlight out of the sysem. If only a portion of the backwash is congantly
recyded to the feed, the problem of pathogen build-up and dgee growth should be mini-
mized. Since the minerd make up of the backwagh water is amilar to the feed source, it can
be discharged to a sdtling pond, disnfected, and then recirculated to the feed sream or
discharged to the source. Some plants use the backwash for irrigation (Jacangdo, 1997).

Its high naurd organic matter content mekes it an excdlat fetilizer.

Cleaning solutions neaed to be neutrdized before digposd. Depending on the solution used,
they could be discharged to the sewer or disposed of with the backwash. Typica  deaning
solutions are sodium hypochlorite, sodium hydroxide, hydrogen peroxide, or detergents.

3.7 UF Case Studies

Examining cese dudies of an unfamiliar process is a good way to illustraie how the process is
used and what kind of problems may come up when testing the process  The fallowing are
gudies reported in the AWWA Membrane Technology Conference Proceedings from 1995
and 1997.

371 Removing TOC and Color

Scanlan and assodiaes compared MF and UF with conventiond sedimentation and dissolved
ar floatation (DAF) for tregting mountain runoff with low turbidity, moderate akdinity, but
high color and TOC to produce drinking water for the dty of Cheyenne, Wyoming. Their
objective was to remove patides dignfection bi-product precursors (DBPs), color, and
oluble manganese with minimd chemicd  addition. Table 34 shows the vaious treatment
combinations

A Memcor, 0.2 - 05 micron, MF sysem with automated backwash usng ar and water was
used. Between teds, the membranes were deaned with citric acd and caudtic. The Koch,
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Table 3.4.—Treatment alternatives for Cheyenne, Wyoming

1 2 3 4
Alum or Ferric Alum or Ferric
Flocculation Flocculation Strainer Alum, Ferric or PAC
Tube settler Solids floatation 200pym bag filter Strainer
Dual media filter Dual media filter UF MF

0.05 pym, UF system was backwashed a 30 minute intervals with a water/hypochlorous
acid/caudtic solution and cleaned between tests with a proprietary caudtic solution. Because
of the sysem configurations, the two systems were operated on different principles. Congtant
permeate flow was maintained on the MF system, while constant pressure was maintained

on the UF system. It would be best if both systems could be operated in the same manner,
because when the pressure is increased to maintain a given permegtion rate, fouling becomes
more difficult to remove with ordinary backwash cycles. One must work with what one has
though; since they could not compare TMP changes or energy usage differences
meaningfully, they compared run length and volume and quality of weater produced.

During the test, the water was andyzed for dkdinity, turbidity, color, chlorine, manganese,
TOC, totd trihdomethane (TTHM), and particle counts in the range of 2 to 15 pm, the
approximate sze of Cryptosporidium and Giardia. Their findings are listed below.

All the treatments reduced turbidity to 0.15 NTU or less.

All treatments did a satisfactory job of reducing color, though increasing ferric
sulfate doses resulted in increased color removd.

MF and UF had 2.6 and 3.6 log remova of particles, respectively, compared to 1.5 to
2.2 log remova with sedimentation and DAF.

UF and MF removed sgnificant amounts of manganese without chemicd addition.
Sedimentation and DAF removed manganese to the same extent when aum was
used as coagulant.

UF and MF were not able to remove TOC to the target 45 percent level. Even with
50 mg/L coagulant or PAC, MF TOC removad increased to only 36 percent. DAF
and sedimentation were able to remove 44 percent TOC with the same coagulant
dose and 49 percent with 70 mg/L.

MF had longer run times than UF. The UF sysem was unable to maintain the design
permestion rate, but did perform consigtently a 1/4 the design rate.

In this case, the UF membrane was unable to perform as desired. but if they had tested a UF
with a much smdler MMCO (0.05 pm= 100,000 Daltons). or used PAC pretreatment with the
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UF, they could have come to completdy different conclusions. Here. the objective of
ataning high water qudity with minima chemicad addition will not be met because the
gpparent winners of the test are the conventiona sedimentation or DAF processes with 50 to
70 mg/L dum or ferric sulfate.

3.7.2 Enhancing UF Organic Removal With PAC

In another example, a group a the University of Illinois piloted a UF system in conjunction
with a floc blanket reactor (FBR) and PAC to remove organic contaminants (Schirnmaller,
1995). Organic molecules are adsorbed onto PAC at a rate dependent on the concentration of
organic compounds and the retention time. As organic concentration increases in the UF
concentrate stream, the PAC can be more fully utilized. The extended retention time in the
FBR dso hdps improve PAC utilization. Figure 35 illudrates the configuration of such a
sysem. The PAC is injected just ahead of the UF system. PAC that remains in the rgect
stream is recycled back to the UF. When the membranes are backwashed, the PAC that has
built up on the surface is recycled to the FBR. Solids are removed from the FBR as needed.
It turns out that the PAC in the UF feed stream actuadly dows the rate of flux decline. This
could be due to the scouring effect of the PAC particles, and/or the PAC could improve the
permesbility of the filter cake layer by making it less compressible.

Groundwater from Urbana, Illinois, was used as feed water for this study. It had 2.5 mg/L
TOC and turbidity from 0.1 - 1 .O NTU. The FBR €ffluent was trested with hollow fiber UF
membrane with 100,000 Daton MMCO. The concentrate was recycled to the UF feed tank.
After reaching steady state performance, the FBR removed about 1 mg/L, and the UF system
removed another 0.75 mg/L for a final reduction from 2.5 to 0.75 mg/L, an overdl 70 percent
reduction in TOC.

3.7.3 Testing UF as Pretreatment for RO

Wong and associates (1997) describe a pilot test to recover waste water from a petrochemical
plant. This plant has three waste streams. the cooling tower blowdown (CTB) and the
organic and inorganic waste water treatment system effluent (OWWTS and IWWTS
respectively). Since the IWWTS has very high TDS, the OWWTS and CTB were sdlected
for recovery and reuse. An eaborate pretrestment system was designed using potassum
permanganate oxidation and greensand filtration to precipitate and remove manganese, iron,
and cobdt, followed by a GAC and cartridge filter to remove organics and particulates. UV
irradiation was used before the membrane systems for dignfection. They conservatively
tested and optimized each process in turn dl the way up the line. The GAC filter was taken
out of line to see if it was realy necessary. but that caused an increase in the UF TMP so the
GAC was returned to the process stream.

The UF system used was designed for a waste water treatment plant. but not such a treatment

plant as this The feed to the UF system was of such high qudity that they where gble to
replace the permesate flow redricting valve with a partidly open globe valve thereby
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increasing productivity by 45 percent. This in turn improved the RO system performance by
17.5 percent through providing an optimum feed flow rae. The sysem operated consistently
for the entire 2000 hour test. The only adverse effect on the UF system was the formation of
a black layer of materid on the membrane surface that could not be removed with the usud
NaOCl deaning. It was removed successfully with HC1 and NaHSO,, though.

This system was conservatively designed with the idea that components could aways be
excluded from the find desgn if they proved unnecessary, which is dways better than

finding the design won't work because proper pretreatment is not in place. UF systems do
not need to have such dringent pretreatment systems, but there are trade offs. The UF system
would probably have operated satisfactorily at a reduced permestion rate without the GAC,
but then more membrane area would be needed to meet the RO system feed flow

requirements.  In this case, it was more economica to keep the GAC in the design and
operate a a higher UF permedtion rate.

3.8 Conclusions and Research Needs

From the case studies referenced here, it seems that gpplications of UF for waste water
recovery, microbid remova insurance, and pretrestment for RO and NF are growing in
numbers and interest. Sll, there are shortfals in three mgor aress.

Membrane Characterization - Standard methods need to be established for evaluating
UF membrane retention characterigtics. Preferably, a method smilar to that
described above will be adopted where a range of szes of differently shaped
molecules would be tested and the whole retention versus molecular mass curve for
each shape would be used to describe the membrane.

Membrane Specifications - UF membrane specifications are diverse and confusing.
Standard methods for evauating and reporting permeation rates need to be
developed. The standard method should include specifications for operating
pressure, flow rate, temperature, and water composition.

Integrity Monitoring - There does not seem to be a reliable on-line method for
integrity  monitoring. If a method cannot be found, then correations should be
developed between microbid activity and a parameter that can be measured reiably
on-line.
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Chapter 4
NANOFILTRATION AND REVERSE OSMOSIS

4.1 Process Fundamentals

Nanofiltration (NF) and reverse osmoss (RO) are unlike the previous filtration processes
discussed. MF and UF use pressure merdly to provide convective flow of liquid through the
membrane. NF and RO require hydraulic pressure as well to overcome the osmotic pressure
of the feed solution. Osmosis is a naturd process whereby water is transported through a
semi-permesble membrane from a solution of low concentration, to one of high concen-
tration. Plants use this phenomena to draw in water from soil. Reverse osmosis occurs when
pressure in excess of the osmotic pressure is exerted on the high concentration sde of the
membrane inducing pure water to diffuse through the membrane to the low concentration
Side, as depicted in figure 4.1.

The osmotic pressure of a solution, T, is the pressure that is exactly enough to prevent
osmoss from occurring. It is approximated by the following equation:

T = yInRT Eqg. 4.1

Where:

number of moles of ions per mole of solute,

the universa gas congtant, 8.314 m’ Pa°K™' mole-',
OK,

ionic grength of the solution,

activity coefficient of the solution.

1
=22 Z) Eq. 4.2

<= —4=ms
I

= concentration of the i species,
Z, = chage of the i species.

[¢]

-

logy=A Z*Z’L\/fﬁ—B 1} Eq. 4.3

>

0.5091 for water at 298.15°K,
0.2 for monovaent species,
. ae the charges on the anion and cation.

N @
M
N
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A rough approximétion is
7 (1b/in’) = 0.0 1 * TDS mg/L Eq. 4.4

Non-ionized solutes, such as sugar or other organic molecules, have only one mole of
particles per mole of molecules and therefore have a fraction of the influence on osmatic
pressure that solutes which dissociate in solution, such as NaCl, have. A solution with one
gram of NaCl per liter would have an activity coefficient of 0.877, ionic strength of 0.017,
2 moles of ions per mole of solute, and an osmotic pressure of about 74 kPa (10.8 Ib/in’).

The key descriptive parameters for RO and NF membrane are their water and sdlt transport
coefficients.  The transport coefficients determine the amount of water or sat that passes
through, or permestes, a unit area of membrane over a given range of sdinity, pressure,
temperature, and pH. Water transport is often caled the “flux” and the sdt transport is
usualy discussed in terms of the sdt reection rather than the sat passage. But flux and
rgection are dependent on the operating conditions, while the transport coefficients are
supposed to be intrindgc qudities of the membrane. Actudly, the transport coefficients are
aso dependent on the operating conditions, but over the norma range of operation, the
effects are minimd. Generdly, it is assumed that the trangport coefficients can be used to
compare membranes operated under fairly smilar conditions.

The water transport coeffkient, normaly denoted as “A,” measures the permestion, or flow,
of water through a membrane for a unit of applied pressure.

AP - AT
A= ——( 7 ) Eq. 45

w

Where:
A water transport coefficient in m sec'Pa’’,
F, water flux, or volume of liquid passng through a unit area of
membrane expressed as m® m? sec™
difference in pressure across the membrane in Pa,
difference in osmotic pressure across the membrane in Pa

AP
An

The st transport coefficient is the rate at which dissolved sat passes through the membrane.

(C,-C,)

) C,.V, Area Eq. 4.6

4.3



C, = concentration of sdAt in the product stream in mol/L,

C. = concentration of sdt in the concentrate stream in mol/L,
V., = volume of concentrate produced per unit time in m*/sec,
Area active area of the membrane in m?,

C-C, = difference in sdt concentration across the membrane in mol/L,
= st trangport coefficient for the membrane in m/s.

SAt rgection is the percentage of sdt that does not pass through the membrane:

Cc, ~C
R=—L_"r = ) 100 Eq. 4.7
/
Where:
C, = concentration of salt in product water in mol/m’,
C, = concentration of sdlt in feed water in mol/m’.

4.2 Module Configuration

The most common commercia configurations for RO and NF eements are spird wound and
hollow fine fiber (HFF). They are smilar to those shown in figure 1.3. The man difference
between HFF dements and those depicted is that HFF fibers are like strands of hair. HFF
modules contain the largest amount of surface area per unit volume of any configuration;
there are over 840 m? in a 20 x 122 cm module compared to 37 m? in a Smilar spird wound
eement. The flux for HFF membrane materid is only about one tenth that of spird wound
membrane, but because of the tremendous amount of active surface area per module, HFF
modules have three times the productivity of spird wound elements. For this reason, a
typicd spird wound system for treating brackish water usualy has two pardld sets of
pressure vessdas, containing 6 elements each, in series with two or three stages of vessds,
while HFF systems are generdly configured with pardle vessds of one or two dements each
and have only one stage. Figure 4.2 shows typicd spird wound and HFF membrane systems.

4.3 Pretreatment

RO and NF are intended only to remove dissolved sdts. Idedly, the feed water to these types
of sysems should have turbidity levels under 1 NTU and st dengty index (SDI) leve less
than 5. HFF modules have even higher standards of pretreatment; they require under

0.5 NTU and SDI under 3. In addition, thin film composite membranes are not tolerant of
free chlorine or other oxidants, such as ozone, in the feed water. Generdly, manufacturers
recommend less thar 000 mg/L- hours of contact with free chlorine. This means thet the
membranes are warranted for up to 1000 hours of contact with water containing 1 mg/L free
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(A) Two stage spiral wound membrane system.
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Figure 4.2.-(A) Spiral wound membrane systems require 2 stages of 6 element pressure vessels to attain a 75 percent recovery rate.
(B) Hollow fine fiber systems are designed with 1 element per pressure vessel and only 1 vessel in series.
With this 1 stage configuration they are capable of a 50 percent recovery.




chloring, or 200 hours with 5 mg/L.. Biologica contamination and large organic molecules
should dso be removed in the pretrestment system as they tend to accumulate on (or foul) the
membrane surface and cause a decline in performance. Of course, such pristine conditions
are difficult to attain, but should be gdrived for in desgning a pretrestment sysem. At the
very leadt, there should be some method of disnfection and particle filtration. There are
sysgems tha incorporate chemicd precipitation methods for darifying the RO feed water, but
often the added chemicds cause fouling problems in the membrane sysem. The red beauty
of the membrane separation process is that it can be tailored to remove only what is necessary
without adding more undesirable chemicds to the product water. The membrane processes
described above can provide excdlent pretrestment for NF and RO. Aside from possible
clarification chemicas, there are a few chemicas that are commonly used to enhance NF and
RO membrane performance and longevity. Acid is generally added to adjust the feed pH for
celulose acetate (CA) membranes. Anti-scaants may dso be added to prevent scaling
(precipitation of dightly soluble sdts) in the concentrate stream.

4.4 Monitoring Performance

Temperature, pressure, and feed concentration generaly determine the productivity of an NF
or RO sysgem. The membrane specifications in table 4.1 give the manufacturers limits for
these parameters. These three parameters gppear in the osmotic pressure equation, indicating
their obvious importance in the process, but they dso affect the membrane itsdf. You may
be able to imagine what happens to a plastic wrapper in the microwave oven. Membrane in
hot water behaves in the same way. It becomes loose and deformed, or even perforated, by
the mesh spacer materid, and the glue lines wesken. Water and sdlts are transported at a
higher rate. Excessvely high pressure can aso cause the membrane to be deformed by the
mesh spacer. Any fouling materid on the membrane surface becomes compacted under
pressure, resulting in a less permeable and more perastent layer. If the feed concentration
should become higher with time, with no change in other desgn parameters, there could be
problems with scding or compaction, leading to possble loss in productivity. For al these
reasons, it is important that the following parameters be monitored with instrumentation on
al NF and RO systems, if posshle:

Feed, concentrate, and product conductivity for each stage.
Feed, interstage, and concentrate pressure.

Feed temperature.

Feed pH, turbidity, and free chlorine concentration.

Conductivity is used as an edimate of concentration for red-time performance tracking.
However, since performance is dependent on a number of factors, it is inadequate to track
any single parameter. Ingteed, normaized permeete flow (NPF) and the AP across each
pressure vessd are used to track performance. NPF is the permeate flow normalized for feed
concentration, temperature, and applied transmembrane pressure.
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Table 4.1.-Typical NF and RO performance specifications

Manufacturer: A B B B" C
Process Seawater RO Brackish RO Brackish RO Brackish RO NF
Configuration Spiral Wound Spiral Wound Hollow Fine  Fiber Spiral Wound Spiral Wound
Membrane polymer Polyamide Composite Polyamide Aramid Cellulose ~ Acetate  Blend Composite Polyamide

Area

Minimum salt rejection
Permeate flow

Max applied pressure

Max feed flow

Max operating temperature
Feed water pH range

Max feedwater turbidity
Max chlorine concentration

Single element recovery

Max pressure drop per element

27.67 m (3061#t) !
99.6%

19 m lday 5 kgal/ddy)
6.3 MPa (1200 Ib/in )
Process dependent
45 °C (113 “F)

4-11

1.0 NTU

0

17%

Process dependent

3716 m? (400 ft)
99.0%

454 milday (12 kgal/day)
4.16 MPa (80D Ib/in?)
264 Umin (75 gal/min)
45 °C (113 'F)

3-10

1.0 NTU

<0.1 mg/L

15%

69 kPa (10 Ibfin )

845.4 m? (9100 ft3)
95.0%

140 m’/day (37 kgal/day)
414 MPa (600 Ibfin?)
176 L/min (46.5 gal/min)
40 °C (104 “F)

4-11

1.0 NTU

0

50%

69 kPa (10 Ib/in?)

49 m? (528 ft})

98%

397 milday (105 kgaliday
4.14 MPa (600 Ib/in?)
1378 L/min (364 gal/min)
40 °C (104 F)

4-6

1.0 NTU

1.0mg/lL

20%

104 kPa (15 Ibfin)

37 m? (400 13

70% NaCl, 95% MgSO
47 m¥/day (12.5 kgal/day)
17 MPa (250 Ibfin?)

265 Umin (70 galimin)
35 °C (95" F)

3-9

1.0 NTU

<0.1 mg/L

15%

Process dependent

Data from manufacturer's

literature.



NDP
NPF = F, — % TCF Eq. 4.8

init

NDP = P_-P -P, Eq. 4.9
Where:
F, = product flow,
NDP,, = net driving pressure a startup,
NDP,,, = current net driving pressure,
P, = applied pressure,
P, = osmoatic plus the hydraulic back pressure of the permesate,
P, = osmotic pressure of the feed water caculated as above,
TCF = temperature correction factor calculated from an equation

supplied by the manufacturer. It has the effect of
decreasing the NPF above 25 °C and increasing it below
25 °C. At 25 °C, the TCF is equd to one.

Whenever there is a 10 percent change in NPF or AP, or a sgnificant change in any of the
individuad operating parameters, some corrective action, such as ringng, cleaning, or sysem
maintenance, is required. Sudden changes during normal operating mode usudly indicate a
mechanica problem with the sysem. Sudden increases in AP can indicate a blockage in one
of the pipes or in the lead end dement. Sudden decreases usudly mean that one of the
O-rings which prevent feed water from lesking around the membrane (and thus avoiding
treatment) has deteriorated. In any casg, it is something that needs to be addressed right
away. In the author's experience, most of the parameters that are monitored stay farly
condant until the system needs attention (backwashing media filters, replacing cartridge
filters, replacing O-rings, etc.). Changes that indicate a problem with the membrane may be
gradud, such as a dow creep in AP or steady increase in product flow. Table 4.2 ligts the
changes that can occur, possble causes, and solutions.

It is posshble to spend ones entire life in fascination with the various ways RO membranes
can be ruined; those listed in table 4.2 merely scraich the surface. More detail can be found
in chapter 8 on membrane cleaning and preservation. Remember, pretreatment, close
monitoring, and timely cleaning are the keys to longevity in membrane sysems.

4.4.1 Effect of Operation Parameters on Performance
Membrane performance depends on the chemica make up of the feed water, but given a

sandard feed water, performance varies with pressure, water temperature, level of water
recovery, and the oxidation potential of the feed water. The first three of these factors are
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Table 4.2.—Troubleshooting guide for NF and RO systems

Symptom

Possible problems

Solutions

Sudden 1 AP, no change in
rejection.

Sudden | AP, {rejection

Gradual 1 NPF 1st stage
may be a slight 1 rejection

Gradual | NPF 2nd stage
with | 2nd stage rejection

Gradual | NPF 1st stage
with | 1st stage rejection

Gradual 1 NPF 2nd stage,
with | 2nd stage rejection

Clogged cartridge filter
Blocked pipes, or front end of
membrane element

O-fing or brine seal failure,
cracked permeate tube

Biological or particulate  fouling

Scaling

Lead end degradation caused
by reaction of free chlorine with
transition metals, or advanced
biofouling

Advanced scaling

Replace cartridge filter, Check
flows and front end of
membrane.

Isolate point of failure by
probing permeate tube with
conductivity sensor, then
replace defective part.

Clean 1st stage with high pH,
high temperature solution.

Clean 2nd stage with low pH
solution at standard operating
temperature.

Check dechlorination system,
check for sources of iron
directly ahead of membrane
system. Can sacrifice 1st
element to protect rest of
system. If problem is
advanced biofouling, replace
element and check prefiltration
and disinfection system.

Replace element and check
pretreatment system. May
need NF.

related to the feed water composition. The lagt is rdlaed to the materid used in the
membrane. Figure 4.3 illustrates how applied pressure, feed water temperature, and water
recovery affect RO membrane flux and water qudity. The graphs are generdized curves
intended to show trends; they are not based on actua data points.

Effect of Pressure

The graph in figure 4.3 and the equation for “A” show that water flux is directly proportiona
to gpplied pressure. After a certain point, though, higher pressures cause problems that result
in a dedine in water flux. At high pressure, the feed water is forced againgt the membrane at
a higher veodity, forcing a greater number of foulants in the feed stream to interact at the
membrane surface. Materia that might flow out of the sysem at lower pressure gets
impacted onto the membrane surface and hung up in the spacer at higher pressure. The added
layer causes a decline in water flux and may aso ad in deterioration of the membrane
materid and provide protection to bacterid colonies.

4.9



(@) b ]

Membrane Product

Flux Quality
Pressure Pressure

(c) (@)

Membrane Product

Flux Quality \\
Temperature Temperature

(¢) 0

Membrane Product

Flux Quality \
Water Recovery Water Recovery

Figure 4.3.—The effects of applied pressure, feed temperature, and water recovery on
membrane flux and product water quality of RO membranes. (From Riley, 1990.)

Scding problems increase a high pressures. If the water flux is greater than the system is
desgned for, concentration polarization can cause precipitation of dightly soluble sdts a the
membrane surface. Concentration polarization is the norma phenomena of sdt build up a
the surface of a semi-permeable membrane. As the concentration builds, the loca osmotic
pressure increases. Under norma operating conditions, ions diffise away from the mem-
brane surface and the bulk flow carries them out of the system. But a higher operating
pressures, a higher surface osmotic pressure is required before diffuson away from the
membrane can take place, thus increasing the potentid for scaling.

Membrane compaction and deformation are caused in part by excessve pressure. In the firg
sages of compaction, the membrane structure is compressed, redtricting the flow of water
and sat. The result is a decrease in water flux accompanied by an increase in product qudity.
If the condition continues, the membrane can be forced into the mesh of the product water
carier, causng minute tears to form (Kagkinen and Moody, 1985). An irreversble stage of
compaction begins, characterized by an increase in water flux as well as an increase in st
passage. The time factor for compaction depends on other operating parameters. High
temperatures, high pH, and the presence of oxidants will speed up the process.
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Effect of Temperature

The effect of temperature on RO and NF membranes is the result of an increase in enthapy
of the system. Bonds within the membrane matrix are more relaxed, and sdt molecules are
more active a higher temperatures (225 “C). Water passes through the membrane with
lower applied pressure than is required at lower temperatures. To a certain extent, sdt flux is
aso increased as temperature is increased, but the effect is not important at norma operating
temperatures.

Membrane manufacturers provide a table or formula for determining TCF (temperature
correction factors). The TCF isequd to 1 .00 at 25 °C and is proportiond to the change in
pressure needed to maintain the 25 °C flux rate. Some manufacturers divide by the TCF to
equate flux a one temperature to flux a 25 °C, in which case the TCF is less than 1 .00 for
temperatures below 25 °C and greater than 1 .00 above 25 °C. Others choose to multiply flux
by the TCF to correct for temperature so their TCFs are inverted. Just remember that a low
temperatures the membrane flux will be lower, and to compare it to a high temperature flux,
one must increase the low temperature flux vaue.

Mog cdlulosc and thin film composite membranes lised in chapter 10 have maximum
temperature limits of 40 to 45 °C, which should be adequate for most surface and
groundwater sources. Streams at higher ambient temperatures should be used in a heat
transfer process before treatment. Excessive heat in the RO system can cause a variety of
problems. Carbonate scaing is more likdy a higher temperatures, membrane compection is
enhanced, and fouling caused by increased water flux is aso more likdy. Mot membranes
can handle feed water at temperatures as low as 1 °C without problem. The membrane
matrix becomes more rigid at low temperatures and water flux decreases.

Effect of pH

The pH of the feed water can affect the membrane structure and the scae formation potentia
of the concentrate stream. Cellulosic membranes have a narrow operational pH range of 4 to
6. Some membranes have pH ranges as narrow as 5.5 to 6.0 (see tables 10.2 through 10.6).

If exposed to a pH outside this range, hydrolysis occurs. Bonds in the membrane metrix are
broken and replaced with hydroxyl ions, leaving holes in the matrix (Murphy, 1990). Thin
film composite membranes generally have a much broader operational pH range, some as
large as 2 to 11. Ceramics and metallics are unaffected by pH.

The pH of the feed water may need adjustment to control scaling of the concentrate con-
veyance sysem. For example, Slica solubility incresses dramétically above pH 7.7, and at
higher temperatures. A slica scaling problem could be controlled by either raising the pH or
the temperature of the feed water. Cacium carbonate, on the other hand, is more soluble at
low temperatures and a a pH less than 8.0. A carbonate scding problem can be relieved by
lowering the pH, temperature or adding anti-scalants. However, if the concentrate is
saturated in both silica and carbonate, changes in temperature or pH can cause one or the
other to precipitate. Care must be taken to find the best condition to prevent scaling.
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Tolerance to Oxidation

Oxidants are added to water supplies to control biologica growth, to improve taste and odor,
to remove iron and manganese, and to speed the decomposition of vegetable and anima
matter (Weber, 1972). In the padt, chlorine has been used very reliably. The CA membranes
are chlorine tolerant. Non-cellulosic thin film composte membranes are not tolerant to
oxidation; yet some method of biologica treatment is gill needed. Systems that use chlorine
with thin film composite membranes require dechlorination just ahead of the RO unit.

Ozone, an aggressive oxidant, is useful for color removd, taste and odor removad, disnfec-
tion, iron and manganese remova, phenol oxidation, and cyanide oxidation (Weber, 1972).
Ozone is bubbled into the feed water dlowing sufficient time for reaction. Ultraviolet light
is used to remove excess ozone before the feed water enters the membrane modules
(Zoccolante, 1990). UV irradiation dso can be used as a dignfectant, but is only active
while the water is exposed to the light. Organisms that survive exposure can recontaminate
the sysem. When used with ozone, however, irradiation has a synergidtic effect.

4.5 Post-treatment

Water produced from RO or NF processes is not exceptionaly good for drinking. Depending
on the level of desdination, it may be corrogve to didribution lines. It is necessary to add
back some of the hardness by adding lime, which is another reason for usng NF if possble
Adding lime will adso raise the pH, which is necessary if CA membranes were used. Water is
precticaly de-aerated in the RO and NF processes, SO some aeration is needed to improve
flavor. Findly, chlorine is added to maintain the required resdud disinfection prior to
digtribution.

4.6 Applications

The use of RO membranes on a large scde for water trestment originaly began in the 1960s
usng CA membrane to remove sdts from brackish water or seawater. The applicaions
evident in the 1990s include the traditional potable water applications, industrid and waste
water trestment, boiler feed water purification, irrigation return flow remediation, and
production of ultrgpure water for the pharmaceuticad and dectronics industry. Commercid
applications have grown in diversty as lised in table 4.3.

Severa manufacturers in the U.S. were surveyed to find out how their membranes are being
used. A compilation of two of the top manufacturers (Dupont and Fluid Systems) indicated
that the they sold close to 5 1 percent of the systems to prepare potable water and 49 percent
of the systems for “other purposes.”

The information provided by these two companies has been compiled and organized in

table 4.4 and figure 4.4. A complete ligt of the information is provided in gopendix A.
This is not intended as an extendve survey of manufacturers, however, this liging of over
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Table 4.3.—RO and NF applications

Application Purpose
Potable water
Municipalities, cities, and towns Drinking water, bathing, laundry
Resorts, hotels, and motels Drinking water, bathing, laundry
Offshore drilling and production platforms Drinking water, bathing, laundry
Mobile home parks Drinking water, bathing, laundry
Realty developments Drinking water, bathing, laundry
Island communities Drinking water, bathing, laundry

Industrial applications

Rinsing electronic components High quality, uncontaminated components
Boiler makeup Increases heat transfer by reducing scaling
Process water Reduces waste, improves quality of process
High-purity ~water Formulations, rinsing and cleaning metals,

polymerization reactions
Electrodeposition paint processing Recycle stream reduces waste water

Special applications

Pharmaceuticals Create a pure product
Medical Hemodialysis, separating proteins
Concentrating cheese whey and juice dehydration

Laboratories Reduce TDS

Car washes Prevent spotting

Small cooling towers Reduce contaminant
Humidifiers Prevent scale

Flower growers Better yields and quality
Water bottlers Reduce salinity

Ice rinks Smoother ice

Fish farms and hydroponic farming Consistent quality

Photographic  wastes

Campgrounds Potable

Soft (bottled) drink manufacturers Remove organics, better taste

Ice manufacturers Reduce TDS

Private home systems Improve quality

Landscaping gardens, golf courses Reduce TDS, improved plant growth
Removes alcohol Preserves flavor

Source: Dupont's Guide to Products and Properties, Amjad, 1993
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Table 4.4 Capacities and number of systems

Average
capacity Number of Capacity Number of systems
Application (1,000 gal/d) systems (% of total) (% of total)
Other applications:
Commercial 99 21 1.1 6.4
Electronics 330 64 3.7 19.4
Power 609 8 6.9 2 .4
Industrial 722 28 8.2 8.5
Boiler feed water 890 33 10.1 10.0
Waste water 1,119 7 12.7 2.1
Subtotal 42.7 48.8
Potable water:
Potable - Brackish 910 27 10.3 8.2
Potable « Seawater 1,311 131 14.8 39.7
Potable = Groundwater 2,850 11 32.2 3.3
Subtotal 57.3 51.2
Total 8,840 330 100.0 100.0

300 ingtaled applications is assumed to be a reflection of the variety of gpplications for these
processes. Many smdler firms exig and may be seeing different trends in their sdes.  More
detaled information which fully andyzes the world market may be avaladle from the
Wangnick Conaulting report from Germany (liged in the bibliography).

Severd broad conclusons can be made regarding this compilation. Three of the top four
capacity applications are associated with the production of potable water. Treatment of
groundwater uses the highest amount of RO membranes at 32 percent of the total capacity.
After potable water, the largest applications are wastewater, boiler feed, industria, power,
electronics, and commercid agpplications. Potable sea water had the largest number of
sysems put in place with nearly 40 percent of dl the systems. Next was the eectronics
field a 19 percent, then boiler feed water at 10 percent.

Manufacturers are sorting out the market niches for RO membranes. One manufacturer has
dropped development of new gpplications and no longer sdlls spira wound CA membranes.
They now concentrate on their most profitable hollow fine fiber membranes for sea or
brackish water purification sold primarily in Europe and the Middle East. Another
manufacturer indicated that the current driving force of expangon in the industry was
probably municipa water treatment.
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The other applications serve as a flourishing testing ground for new approaches to problems.
A review of the recent aticles in the Chemicd Abdiracts indicates that many countries, in
paticular India, Korea, and Japan, are highly involved in RO research.  Surveying the
literature provided by the manufacturers points out that globa application of this technology
was strong in the early 1980s and continues to expand throughout the 1990s.

4.7 NF or RO?

The RO and NF membranes avalable today are very amilar. It seems that, rather than
marketing “RO” and “NF’ membranes, manufacturers are producing different membranes to
cover a wide range of rgection characteristics. For this discusson, any membrane with
greater than 95 percent regjection of sodium chloride is consdered an “RO” membrane, those
with between 45 and 95 percent rgection of sodium chloride are considered to be “NF”
membranes. So, how does one choose which to use for a particular Stuation? The following
questions can be answered with a good water andyss and will help with the decision.

. What isthe TDS? If the TDS is over about 1,500 mg/L, RO will probably be best.

. What is the target product water quality? If areduction in TDS greater than ~
90 percent is needed, RO will be necessary.

. What is the percentage of multi-valent ions? If the TDS is made up of mogtly
multivalent ions, NF may be bes.

. Which congtituents exceed primary or secondary drinking water standards?
RO permeste can often be blended with water from another source, but if there are
contaminants that will exceed drinking water standards even when blended with RO
permegte, the cost of treating the blend water must be considered. If the codt is high
and/or there is a high percentage of multivaent ions, then NF may be a better choice.

. Arethere size and cost restrictions? Sysems can be designed to minimize any
parameter, but there are tradeoffs.

. What are the concentrate disposal options? In some locations with only margind
water qudlity, surface disposal may be possble if the concentrate TDS is not too
high. What is “too high” depends on the local soils, amount of precipitation, and
type of plants to be grown in the area. In other locations, concentrate volume will be
the most important factor.

The options for tailoring a membrane system to meet the specific objectives for cost and
concentrate stream characteridtics a a fictitious Ste are explored in figure 45. Sdinity of the
feed water is 1800 mg/L TDS, 28 percent of which is multi-vaent. The source water aso
exceeds the secondary drinking water limit for manganese (0.05 mg/L) by 0.5 mg/L. NF
membranes with three different rgection characteristics are compared with RO using three
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Figure 4.5.—Comparison of cost statistics for various membrane treatment options. Costs are based on
producing 2,000 m*day with a target TDS of 500 mg/L. The raw water is assumed to have 1,800 mg/L TDS,
28 percent multi-valent, with 055 mg/L Mn (secondary standard is 0.05 mg/L). B is blend with raw water.
RB is remediated blend, meaning the Mn in the blend water has been removed using green sand. NFB is
blend with NF-A product water which would have 788 mg/L TDS and less than 0.05 mg/L Mn.
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different blending options to assess differences in the concentrate stream volume, concen-
tration, total mass of sdt produced, congtruction cost, O&M cog, and plat Sze. The
membrane characteridtics used in this comparison are ligted in table 4.5.

Table 4.5.—Membrane characteristics used in treatment option comparison.
Assumptions: 80 percent recovery, feed water has 1800 mg/L. TDS; 28 percent
multi-valent ions, 0.55 mg/L manganese

NF-A NF-B NF-C RO-D
Element productivity m%day 28.3 47 39 34
Mono-valent rejection 40% 70%’ 90%’ 98%’
Multi-valent rejection 98% 95% 95% 99.5%

" Rejections are estimates based on laboratory tests.

The options of usng sdective NF membranes for trestment of water to be blended with
product from membrane NF-C, or RO-D, produce the lowest tota concentrate volume. If
the concentrate stream had to be disposed of in an evaporation pond or brine concentrator,
low volume would be an important consderation because it controls the cost of disposal.
However, these two options aso require the largest number of dements and are among the
most expengve to build.

Because of the low blend ratio, membrane NF-B with NF-A blend option has the lowest
concentrate TDS, but the highest volume. In this scenario, the product of membrane NF-B
has a concentration of about 400 mg/L, just dightly below the standard of 500 mg/L.
Treatment of the blend water with membrane NF-A alows a 23 percent blend rate, but then
the concentrate stream is augmented with that of the NF-A system which is aso operated at
80 percent recovery. However, if the concentrate stream TDS is low enough thet it can be
used for irrigation, svimming pools, or discharged to surface water, the higher construction
cost and larger plant size would be out weighed by the lower disposal cost.

4.7.1 RO and NF Cost Comparison

There are two key interrdated cost controlling parameters for RO and NF.  Both of these, the
operating pressure and the membrane capacity, are dependent on the difference in osmotic
pressure (or TDS) between the feed and product water. Figures 4.6- 4.8 show the change in
cost for three types of NF and brackish water RO treatment systems with increasng sdinity
and volume. Figure 4.6 shows change in cost with total capacity, including blend volume.
Feed water is assumed to have a TDS of 1,800 mg/L for al membrane types except NF-A,
which is assumed to have 1,100 mg/L. NF-A would not be able to produce the target TDS of
500 mg/L from such a high sdinity weter. Capacity is directly related to membrane area,
which explains the linear aspect of the capacity-cost relationship. The hierarchy of the curves
is a function of blend ratio. If cogts for plants with equivdent membrane area were com-
pared, the hierarchy would be determined by operating pressure.
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In both figures 4.7 and 4.8, costs are calculated to produce 7,569 m’® per day (2 million
gdlons per day) assuming that TDS is the only problem with the source water and that the
product can be blended back with raw water to achieve 500 mg/L TDS. In figure 4.7, the
curves level out a the point where the TDS is too high to dlow blending. Notice that the
RO curves take two sudden jumps at about 1,100 and 2,600 mg/L. This is because of the
additiond equipment codts involved with operating a higher pressures, such as higher qudity
pumps and high pressure piping. The NF membrane pressures do not exceed

1,700 kPa (about 250 pd). At low concentrations, shown in grester detal in figure 4.8,

the NF-C 4ill has a dight advantage over RO because of the lower operating pressure.

One might wonder why the lower regjection NF membranes would be used if they are more
expendve. Concentrate digposal cost is not accounted for in this cost comparison, but as
discussed above, NF-A concentrate is more likely to be acceptable for surface discharge or
goplication than RO concentrate. Also, when there is the potentid for scding, RO feed water
would need more pretrestment than if a selective membrane, such as the NF-A, were to be
used. To bring the total cost of desdting trestment down, scenarios such as these need to be
andyzed thoroughly. There is a limit to the economies available if each process is evaduated

separately.

But when the complete trestment process is evauated as a whole, from pretrestment to
concentrate digposd, there may be large economies tha arise from having the flexibility to
choose a dedign that fits the disposd options available,

4.8 Research Needs in NF and RO

Development of more robust systems. Improvements in water transport and sat
rgection ae meaningless if they are accompanied by increased fouling potentid.
The newer thin film composte membranes do have superior transport qudities but
they are extremdy sengdtive to fouling and difficult to dean (Chapman Wilbert,
1997). A new design is needed that promotes sdf-maintenance of the membranes,
perhaps an improved spacer, and/or membrane materia that has a lower fouling
potentid.

» A new method of deding with biologicd fouling is needed. If organisms cannot be
kept from the feed dtream, there will be biologica fouling that will be difficult, if not
impossible, to remove without destroying the membrane. There are two possible
approaches to this problem: either find a way to keep the biofilms permegble so that
they cause a minima increase in resstance to water transport, or find a way to
induce the biofilms inhabitants to leave on ther own. Progress is being made in both
of these areas. Hopefully, it won't be too long before research bears fruit in
goplication.
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Concentrate utilization is urgently needed. There must be beneficid uses for
concentrated sat solutions. When people spend $30.00 or more for 10 oz. of Sdt
Lake minerd supplements it is hard to believe that RO concentrate is usdess. It may
take sdlectively removing some components and adding others. We need to get some
nutritionists working on this problem.
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Chapter 5
ELECTRODIALYSIS

5.1 Definition

Electrodidysis, ED for short, can be described, in the most generd terms, as a process that
moves ions (charged molecular species) from one solution to another, employing an eectrica
potential as the driving force and usng some sort of semipermeable membrane as a separator.
This process can be used for concentration, dilution, or segregation of ionic species. The
classcal reference on dectrodiayss of water, for breadth of gpproach and depth of research,
IS the book by Wilson (Wilson, 1960).

5.2 Background

A primitive form of dectrodidyss has been used for sdt remova from solutions snce the
beginning of the twentieth century, primaily in the laboratory. With the invention of the
gynthetic ion-exchange membrane in 1948, it became a practicd means for water
dedindion. Electrodiayss was publicly demondrated in 1952 (Lawrence, 1952). The
introduction of current reversal eectrodidyss in the early 1970s made operation with no
chemica addition possble.

5.3 Membranes

The synthetic ion-exchange membrane contains fixed charges usudly of only one sort
(positive or negative) attached to a polymer backbone. Because of the fixed charges, the
meterid is usudly highly hydrated. The membrane has pores of molecular dimensions,
undoubtedly irregular in shape and size, bounded by fixed charges of one sort filled with
water containing the mobile ions having a charge opposite to that of the fixed charges. In the
membrane, ions of opposite charge to the fixed charges are cdled “counterions’ and ions of
the same charge as the fixed charges are cdled “coions” There is a low concentration of
coions in an ion-exchange membrane.

One materid commonly used in making ion-exchange materids is syrene, C,H;, which has
the following dructurd formula
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Syrene is a commonly available organic compound, currently available a a bulk price of less
than $0.40 per pound. It is a pungent, volaile aromaic liquid a room temperaure. Under
farly gentle conditions i.e, a temperaures dightly above room temperaiure and & room
pressure, and with a suitable catdyd, this can be converted to a linear polymer of high
molecular waght. The linear palymer, a theemopladic, has the dructure like a chan of
beaeds The chan is drawvn as a draght line for convenience. Subject to deric limitations,
farly free rotation around the Sngle carbon-carbon bonds is expected.

-HC—CH -HC—CH -—HC-CH —HC—CH—HC- C ~CH, -

slelslslole

Divinyl benzene, C,oH,,, a farly common organic compound, is Smilar to dyrene but it
contains a second vinyl group attached to the ring. It hes three isomers, the para isomer is
shown.

Divinyl benzene

This is usad as a crosslinking agent for Syrene-based polymers. The sketch bdow shows
two polystyrene chans with a sngle crosdink.
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—HC—-~CH,— HC-CH, -~ HC—-CH,— HC~-CH,— HC—-—CH,— HC—CH, —

I I | |
P /‘ = P =
— HC—CH,— HC|:—— CH,— HC—CH,— H?——CHZ— HC‘,‘—CHZ—
' X | X
1 !
= 4
Crosginking mekes the polymer thermaosdtting, causng hardness in the polymer and
decreased solubility, depending on the mol ratio of divinyl benzene to Syrene
A third compound is normaly added to the chemicd mixture before polymerizaion to
improve this polymer for use as an ion-exchange membrane, a maeaid soluble in the

styrene/divinyl benzene mixture, but incgpeble of polymerization. Such a maerid is diethyl
benzene, C,H,..

HzC—CHs

Diethy! benzene:

Hzc—CHa

This will cause the resiting polymeric nework to be more open and will increese the water
content of the finished membrane

A alfonae group can be added to a benzene ring of the polymerized crosdinked polystyrene
by expoang it to srong ulfuric add.
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Typicdly, there will be dightly less than one sulfonate group per benzene ring. This reaction
supplies a fixed negative charge to the polymer and converts a piece of plagtic into an ion-
exchange materid. When equilibrated in water, the materid, though dectricdly neutrd, has
mobile pogtive charges and fixed negative charges. Note that the hydrogen ion is not
associated with a particular sulfonate group but is reasonably free to wander about in the
aqueous phase of the membrane. lons in the pores of the membrane can, subject to
guantifiable rules of mass trangport, exchange with ions in solutions surrounding the
membrane. Of particular importance to ED, motion of ions is influenced by dectrica
potentids applied across the membrane.

In a manner analogous to the credtion of this membrane, the polymerized polystyrene can be
treated with a tertiary amine to produce a membrane with a fixed postive charge.

Strength and flexibility are gained by casting this polymer mixture on a faoric backing. By
such means, one aobtains an ion exchange materid in sheet form suitable for use in
electrodiayss. The resulting product can be cdled a “cation-passing,” *“cation-exchange,”
“cdiontrander,” or, amply, “cation” membrane. All these terminologies are used in the
literature and in the fidd. Curioudy, snce the membranes are named after the mobile species,
a cation membrane is actudly a polyanion.

High conductivity ion-exchange membranes usudly have a high water content. They are
tranducent and generdly tan in color, somewhere between ivory and brown. When exposed
to dry air, high water content membranes lose water and can lose physical integrity. Under
this condition, the membrane turns opague due to small cracks in the polymer structure.

A variety of other approaches can be used to generate ion-exchange membranes. In addition
to the procedure described above, “homogeneous’ membranes can also be produced by
sorbing monomer, like styrene, into existing polymer films such as polyethylene.
“Heterogeneous’ membranes can be made by using a binder to adhere findy divided ion-
exchange paticles to each other and, if desired, to a fabric. Kesting (197 1, chapter 7)
describes a number of approaches to manufacture ion-exchange membranes.

5.4 Membrane Properties

A number of properties of ion-exchange membranes can be measured. Those of interest to
the eectrodiayss process are resstance, permsdectivity, and flexural or burst srength.
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Electricd resstance in a membrane is analogous to eectrical resstance in an eectronic
conductor. It is the ratio of potential drop to current passed. The difference is that in the
membrane, current is being carried by ionic species rather than by eectrons.

Permsdlectivity is the ratio of the current carried by the mobile, or counterions, to the tota
current. While it might appear that dl of the current should be carried by the counterions,
there is usudly a smdl fraction which is carried by ions of the same charge as the fixed
charges in the membrane. For a given membrane, permsdectivity may be ggnificantly
affected by the concentration and ionic compostion of the solutions in which the membrane
is immersed. Temperature and pressure, in the range used in water desdination, have little
effect on it.

Flexural strength is a concern only when one looks a use of the membrane in ED equipment,
described below. Typicdly, a membrane is optimized in terms of polymer/crosslinker/non-
polymerizable ratios to give good trangport properties. Then it is left to the equipment
engineer to desgn a system which can contain and support the resulting membrane. Because
the pressure applied across a membrane in an ED system is very modest, membranes are
rarely taken to the point of bursting. However, the burst strength test is a useful means of
qudity control on membrane manufacture and a convenient measure of membrane
degradation in use. Lior (1986, chapter 2.7) provides details of performing these tests.

5.5 Electrodialysis Process

The basis of the process is straightforward.” When dissolved in water, sdts, acids, and bases
dissociate into ions. An eectrica fidld can be produced across a solution by immersing a
par of dectrodes into an ionic solution in a container or cell and applying a direct current
potentid difference to the electrodes. This produces a genera motion of ions. As indicated
below, negatively charged anions, like chloride ions (Cl-) or hydroxide ions (OH-), migrate
toward the anode, and positively charged cations, like sodium ions or magnesium ions,
migrate toward the cathode. In a solution of sodium chloride, about haf the current is carried
by cations, migraing to the left in the diagram, and hdf by anions migrating in the opposite
direction. This discusson focuses on the motion of the ions. What occurs a the eectrodes
will be covered later.

"' To avoid a frequent repetition of “usualy,” “often,” or “generally,” the text below is written to
express the common phenomena. The author recognizes that there are frequent exceptions.
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In such a solution, an ion-exchange membrane acts as a one-way dreet, permitting migration
of ions of only one charge. If a cation membrane is inserted between the eectrodes, one will

observe a depletion of cations (and thus of sdt) on the sde facing the anode and an increase

of cations on the gde facing the cathode.
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If an anion membrane is inserted in the cell between the cation membrane and the anode, one
will observe a genera depletion of sdt in the compartment between the membranes.

o _I@ —@
Cathode @"Cf | —® Anode
% o
C. A A M

If the membrane postions are reversed with respect to the dectrodes, passage of current will
cause an increase in concentration of sat within the compartment.
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In an dternating series of membranes, three membranes are shown below, we find a diluting
compartment next to a concentrating compartment. The grouping condsting of a cation
membrane, a diluting compartment, an anion membrane and a concentrating compartment is
the fundamentd building block, termed a “cdl par,” of which an dectrodidyss dack is
made.
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Conceptudly, it is only a smal step from one cdl pair, as shown above, to the large number
of cdl pars between one par of dectrodes which comprise an dectrodidyss stack.

At the dectrodes, dectrochemica reactions occur. These reactions change the current from a
flow of dectrons to a flow of ions. The most common reections are the following:

At the cathode: 2H® +2¢” -~ H, (g

- i -
At the anode: 20H" - H)0 + 302 @ + 2e

2C1- - Cl, (g) + 2"
or
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The effect of the eectrode reactions is minimized by usng a large number of cdl pairs
between one pair of eectrodes. However, a certain amount of gas is evolved that must be

disposed of.

5.6 Electrodialysis Apparatus

Commercid dectrodidyss gpparatus is operated on a continuous flow bass. The description
above is for a batch cdl, but smilar principles apply to continuous gpparatus. Mason and
Kirkham (1959) provide a very thorough analytical trestment of eectrodiayss as a process.
Another good generd reference on eectrodiaysss is the article by Solt (Meares, 1976). See
aso (Li, 1972).

A vaiety of commercid systems are available. The physica structure of the eguipment is
quite varied. These are based on membranes having an area of 0.5 to 1.5 square meters. The
compartments between the membranes are formed by gaskets or spacers between 0.5 and

1 mm thick. These gaskets support and separate the membranes and control and direct the
flow of water through the compartments. As many as 600 cdll pairs may be placed between a
pair of eectrodes. When the entire assemblage is placed between a pair of compresson
blocks, the result is the basic building block of an éectrodiaysis system, usudly termed a
“gtack.” For no obvious reason, the membranes in American eectrodialyss stacks are
oriented horizontadly and those in stacks made in Japan are oriented verticaly. The resdence
time of water in the stack is a smal number of seconds.

Some sructurd details may be of interest. Water is fed into and removed from the
compartments by holes cut in the membranes and the frames of the spacer which are digned
to form manifolds, In the areas which connect the open area of the compartment to the
appropriate manifold, the membranes need to be supported to prevent leskage from the
manifold to the aternate compartment. Two general forms of pacers are in use. The “shegt
flow” spacer is an open frame containing a net like materid which adlows passage of water
pardld to the membrane surfaces and passage of current normd to the membrane surfaces.
Fluid flow is essentidly pardld to the long dimenson of the sack. The other sort of spacer
IS the “tortuous path” spacer in which the flow path bends back and forth on itsdf yielding a
path length which is aout four to eight times the length of the longer dimenson of the
membrane. This type of spacer contains “turbulence promoters’ which are haf the thickness
of the spacer in height and designed to promote mixing a the membrane surface. Because
they are chemicaly more gtable, cation membranes are used next to both the cathode and the
anode. A more robug, i.e., thicker, membrane is used next to the eectrodes.

While it is not the purpose of this paper to provide sufficient detail to dlow the reader to
desgn an dectrodidyss sysem, some quantitetive relaionships may be useful. A large
number of variables must be set in design of an ED plant, which is best done by the
manufecturer of the equipment. The following etimating equations are given to show the
relationship of required area and power for a given desdingtion. The cell pair area, A, is

given by
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Ve Eq. 5.1

_ CaF Ry LF,

and the power, P, in watts, is given by

V.C, FLF,
€

P = Eq. 5.2

Variadles in these equations are explained beow. The factor % is constant.

F =96,500 As/eq

Certain variables depend on the application; i.e, wha is the sdinity of the feed, how much
this is to be reduced, and how much water is to be treated.

C, = inlet feed concentration, eq/m?
n..n _ feed concentration -~ product concentration
£, = "cut" =

. , dimendonless
° feed concentration

F, = feed rate, m¥s

Other variables are determined by the equipment used:

e = current efficiency, dimensonless

R, = redstance per cel par, Q-m*
Vp = cdl par voltage, V

For estimating purposes, one can take e = 90%, R, = 0.01 Q,mz, and vy, =2 volys The
gpproximation for area in equation 1 becomes inaccurate for cuts greater than 50 percent. If a
cut of 75 percent is required. for example, it is best to assume that there will be two stacks
each operating a 50 percent and total the area required.
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5.7 Electrodialysis Operation

Passage of current through the stack causes ion remova from the solution being desdted. The
ion remova occurs right a the membrane solution interface. Almost 100 percent of the
current in the membrane is carried by the counterions, while only about 50 percent of the
current in the solution is carried by ions of the same charge. This leads to lowering of
concentration a the interface. This deficiency of ions a the interface is made up by
convective mass transfer and diffuson from the bulk solution. The rate of convective transfer
determines the maximum current flow through the stack. Thus, consderable desgn effort has
gone into the problem of improving convective mass transfer to the membrane surface, and
fluid veocity through the compartment is an important desgn variable. Marin¢i¢ and Letz
(1972) reported detailed studies on the effect of turbulence promoters on mass transfer to a
flat surface like that of the ED membrane,

As the solution passes between the membranes bounding the diluting compartments, sdt is
gradudly sripped from the solution. This st is trandferred into the concentrating
compartments. As one moves down the path from the feed end, the cdl par resstance
gradudly increases, and since the driving potentid is congtant, the current dendty dowly
decreases. In practice, the system is usudly designed so that the sdt concentration in the
diluate is decreased to no more than one hdf in a sSngle Sage, i.e,, between a single pair of
electrodes. A sufficient number of stages is used to get the desired total degree of
desdination.

If the same spacers are used for the diluting and concentrating compartments, then the same
flow velocity is normaly used to keep the pressure drop across the membranes to a
minimum. If the concentrate stream were discharged directly after a sngle pass, one of the
best features of eectrodiayss would be lost. Very high recoveries can be obtained by
recirculating most of the concentrate stream, i.e.,, by operating in the feed-and-bleed mode.

A compardively recent development has been eectrodialyss reversa, often abbreviated to
EDR. In this process, the polarity of the gpplied voltage is changed periodicdly, every 15
minutes or s0. Reverang polarity converts the concentrating compartments to diluting
compartments and vice versa. This means that the plumbing connections need to be reversed
and for a few seconds after reversal, the product is out of specifications. The eectrodes need
to be able to function as both anodes and cathodes. What these modest inconveniences
provide, however, is a sef-cleaning stack. Any solid matter which may have been pushed
againg the membrane surface by the current is now carried in the opposite direction away
from the membranes.

5.8 Electrodialysis Applications
The principa gpplication of eectrodidyss in the United States is for the desdination of

water. Other gpplications include whey deashing (desdting) and recovery and concentration
of metds from spent plating solutions. In Jgpan, the principal use has been for concentration
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of sdts in sea water to produce table sdt. An extengve ligt of references showing the breadth
of applications is given in the chapter on eectrodidyss in Welssherger and Rossiter (1971).

Wangnick (1994, 1996) provides data on the worldwide application of eectrodiaysis for
water desdting. The tota capacity of land-based ED desdting plants with a product capacity
of 100 cubic meters/day (26,400 U.S. galons/day) in 1996 is reported to be 1.16 million
cubic meters per day (307 million U.S. gdlons per day). The 1994 report lists a total of 828
plants with a product capacity of 100 cubic meters/day, of which 13 are reported as out of use
or removed. The 1996 report lists a total of 389 plants with a capacity of 500 cubic meters
per day, including hybrid process plants of which 7 are reported as out of use or removed. Of
the 389 plants, 327 are ligted as reversal plants. The great mgority of these plants have been
supplied by Ionics, Incorporated. Recently, a number of plants have proceeded from Asahi
Glass Co., Ltd. Other suppliers over the last three decades have included Asahi Chemical
Co., Ltd,; Christ AG; Deutsche Babcock Anlagen AG; Ebara-Infilco Co., Ltd./Tokuyama
Soda Co., Ltd.; FISIA SpA; Japan Organo Co., Ltd.; Mitsubishi Heavy Industries, Ltd.,;
Nippon Rensui Co., Ltd.; Permutit Company, Inc.; Portals Water Treatment, Ltd.; Shinko-
Pantec Co., Ltd.; and Société Recherche Technique et Indudrilie. Whether some of these
companies ae dill producing or sdling dectrodidyss equipment is not known.

5.9 Electrodialysis Economics

Electrodidysis costs are difficult to generdize. They are specific to feedwater and sendtive
to the economic climate in which the plant is built. Probably the best generdization is that

below a feed sdlinity of 3,000 mg/L ED can be compstitive with and may be economicaly or
operationdly advantageous over RO.

A very detaled study on operatiion and costs of dectrodidyss plants in the United States is
that done by DSS Engineers (Latour, 1980), Volume Ill. This group visted each ED plant
and interviewed the operators on ste. While dightly dated, this study goes into consderable
detail. For comparison of processes, this group reported on 13 RO plants in Volume |1 of the
same dudy.

More recently, results of a survey based on responses to a one-page questionnaire received
from 17 owners of eectrodialyss reversa plants are presented by Letner (1997). This study
aso covers RO and membrane softening plants.

An interesting comparison of plant performance and cost for ED, RO, and NF under a sngle
set of operating conditions will be provided by the Port Hueneme demondration plant. This
plant, described by Thompson et al. (1997), contains a train of each of these processes
designed to reduce water with total dissolved solids of 1,015 ppm to 370 ppm. In the case of
RO and NF, the product sdinity will be obtained by blending with bypass water. Operation
is expected to begin in 1998.
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Chapter 6
PRETREATMENT PROCESSES

The importance of pretrestment prior to membrane separations cannot be stressed enough.
Membrane performance and life expectancy depend heavily on the quality of the feed water.
Idedly, feed water to RO and NF systems should be clean, containing nothing but dissolved
sts. In redity, many of these sysems are run with a lower quality feed water, which causes
problems with fouling, decreased capacity, and increased cleaning and replacement costs. An
extensgve comparison of pretrestment technologies is beyond the scope of this work, but
pretreatment is so important that a summary of common problems and technologies for
remediation is offered.

6.1 Particulates

Cartridge microfilters are designed to remove at least 90 percent of particles larger than their
nomind rated 9ze. Mogt are depth filters, which trap particles within tortuous passages as
the water runs through. They are dead-end systems that process dl the water passing through
after an initid wetting period. When the back pressure reaches a specified level (65 to 240
kPa), the filters are replaced. Particulates are disposed of with the filter as solid wagte.
Cartridge life expectancy depends on the particulate loading and the flow rate. Costs for
cartridge filtration depend on the micrometer rating, sze, replacement rate, and type of
catridge housng.

6.2 Colloidal Fouling

Colloids are meta oxides, soaps, detergents, proteins, organic matter, slicates, and clay
usudly found in surface water. These substances generally have a negative surface charge.
Water molecules and positively charged ions form a double charge layer around colloiddl
particles. Podtive molecular poles and cations are atracted to the surface of the particle.
The negeative poles of water molecules around the particle cause a repulsve force between
particles. Conditions of high pressure and ionic concentrations a the membrane surface
cause these repulsive forces to be overcome and attractive van der Waals forces then cause
the particles to codesce. The reault is the formation of a colloidd dime on the membrane
that is difficult to remove. For this reason, the SDI (St dendty index), a measurement of
colloid concentration, should be no higher than 5.0 for spird wound membranes and no
grester than 3.0 for HFF membranes. See van Olphen (1977), ller (1979), or Hiemenz (1986)
for more extensve discussons of colloid and surface chemidtry.
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6.2.1 Avoidance

Snce calloids occur neturdly in surface water, one way to avoid the problem of  colloidd
fouling is to locate intake pipes in wdls adjacant to the surface water source. In this way, the
s0il and rock can be used as a naturd filter. This method is used a some seawater RO plants.
By usdng the beach sand as afilter, both SDI and turbidity of the intake water are reduced.

6.2.2 Flocculation, Settling, and Filtration

Calloids can be removed by co-predpitation with AI(IID), Fe(lll), or Si(IV) hydroxides The
negaively charged colloids are surrounded by the metd cations and thus form a nudeus for
thar predpitaion. The same thing happens when lime is used for softening. When polymer
Is added for coagulation the long chains can att as bridges linking calloidd partides and
adng in floc fomation (O'Melia, 1972).

Effectiveness of colloid remova is dependent on pH, the concentration of colloids and the
charge of the metal cation used in co-precipitation. Higher charged cations, such as Fe(1l)
and Si(TV), ae more efective than sodium and Magnesum (with +1 and +2 charges). The
optimum pH depends on the precipitant. The optimum pH for AI(OH); precipitation is about
6 while thet for Fe(OH), is 8.

6.2.3 Diatomaceous Earth Filtration

DE (diatomeoeous eath) is the fosdlized remans of gliceous sdls of maine origin. It is
composd of grains with diameters from 5 to 100 um. Cdlloids, emulsfied ails, and other
hydrocarbons are adsorbed onto the rough, porous surface of these grains (Degrémont, 1991).
Diatomaceous earth may be treated with a substance such as dum to enhance surface
retention of amdl patides jus as micobid dimes enhance reention in sand filters (Bdl
and Himes, 1982). However, DE filters are prone to plugging if the feed water bas an SDI of
6 or higher (Permasgp Enginearing Manud #506, 1982).

6.24 Ultrafiltration

Ultrdfilters with MWCOs between 200 and 20,000 Ddtons can be usad to remove slica and
colloids These filters are operated & low pressure and high redrculation rates o that fouling
Is not as much of a problem as it would be with RO membranes. Some are durable enough to
be deaned under harsh conditions that RO membranes cannot tolerate.

The adbosence of dudge and the compactness of the process are some of the benefits of usng

UF as opposed to the traditiond precipitation processes. UF requires the same type of
equipment as RO. In fact, depending on the feed water compogtion and the type of
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membrane used, ultrafilters could be incorporated into the RO system ahead of the RO
membrane. Booster pumps may be needed to get the pressure up to the leve required for
RO.

6.3 Iron and Manganese

Iron is found in groundwater and deep surface water low in dissolved oxygen. It may be in
either the soluble ferrous state (Fe'); the ferric sate (Fe™); in inorganic complexes with
dlicates, phosphates, polyphosphates, sulfates, cyanides, and others, or organic complexes
with humic, fulvic, and/or tannic acids (Degremont, 1991). Underground water usudly has
iron as ferrous bicarbonate. When dissolved ferrous bicarbonate is exposed to air, the iron
may become oxidized to the ferric gate in which it forms an insoluble hydroxide thet is
difficult to remove from membrane surfaces. Manganese is usudly found with iron and
behaves smilarly.

6.3.1 Oxidation/Filtration

Iron can be precipitated by increasing the oxidation potential and/or the pH. When iron
concentration is between 5 to 10 mg/L. and no other problems exist with manganese, color,
turbidity, or organic acids, the iron can be precipitated by oxidation with ar. The rate of
reaction is directly proportiond to the pH and dissolved oxygen content. After oxidation, the
trested water requires filtration with media capable of removing 0.5- to 1 -mm particles.

If iron concentration is higher or other contaminants are present in the water, a coagulant

such as duminum sulfate or ferric chloride is added to enhance removd of organics. A
settling tank between the oxidation and filtration steps is used to remove larger precipitates.

6.3.2 Iron Removal With Lime Softening
When softening is required, iron can be removed in the same step. At a pH of about 8,
precticaly all iron is precipitated as FeCO,.

6.3.3 Biological Removal

Under the right conditions, certain bacteria will convert Fe** to Fe(OH), within or on the
sheeths surrounding their bodies. The optimum conditions are;

Dissolved oxygen 0.2t00.5mg/L
PH 6.3
Redox potentia 100 mV

Any H,S should be removed by aeration prior to the fermentation tank (Degremont, 1991).
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6.3.4 Oxidation Of Manganese With MnO,

The reection rate of oxidation of Mn?** with ar is too dow to be practicd; manganese dioxide
(MnO,) works much fagter. When mixed into a sand filter, MnO, rescts with Mn?* by the
folowing reaction:

Mn?* + MnO, - MnO,-Mn*>* Fag Rae Eq. 6.1
MnO,-Mn* + 0, - 2Mn0O, Sow Rae

In this way, manganese is hdd in the sand filter, giving oxygen in the water a chance to
oxidize it. Eventudly, the filter bed becomes saturated with manganese dioxide, leading to
the formation of Mn,0O,, and the bed mug then be regenerated with potassum permanganae
(KMnO,). The regeneration follows the reaction:

Mn,0; + 2MnO, + 2H,0 ~ 5MnO, + 4H" Eq. 6.2
Theoreticdly the required ratio of KMnO, to Mnis1.9: 1 .0.

Potassum permanganate or ozone can be added directly to the weter to oxidize Mn?* in the
same manner. The raio of KMnO, to Mn?* is 1.9: 1; the ratio for ozoneis0.9: 1.0. The
addition of excess oxidant will produce MnO,’, which tums the water pink (Degrémont,
1991).

63.5 Biological Manganese Removal

Manganese can be removed by biologicd processes smilar to iron remova. However, they
cannot be removed in the same bioreactor. Bacteria that accumulale manganese do 0 in an
environmat with a redox potentid of & leest 400 mV. At lower potentids, MnO, will be
dissolved into Mn*" ingtead of the reverse. Culturing a suffident bed of manganese-
accumulating microbes takes about 3 months (Degrémont, 199 1).

6.4 Scaling

Scding is caused by the predipitation of dightly soluble sdts such as MgCO,;, CaCO,,
CaSO,, BaSO,, SrSO,, Cd?, and SiO, within the membrane module and the concentrate
removd sysem. Solubility of these sdts depends on temperaiure and pH. Higher
temperatures and pH fadlitate precipitation of carbonates and sulfaies The concentration of
thexe «dits in the feed mugt be low enough thet the concentration in the rgect is dill bdow
sturation.

The LS (Langelier Sauration Index) is the $andard meesure of scding potentid given by the
amplified  equation:
LS = pH; - pHy Eq. 6.3
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The pH, is the pH of the reject; the pHj is the saturation pH of the reject stream calculated
from total dissolved solids, temperature, cacium concentration, and dkdinity of the feed
water and the percent recovery. If the LSl is negative, CaCO, tends to dissolve; if it is
postive, CaCO, tends to precipitate. The LSl is not a quantitative measure. It does not
predict scding, only the tendency toward scaling or corroson. Some manufacturers void
their guarantee if membranes are used with a pogtive LSl; others recommend limits.
Because of reaction time, and the fact that the actud amount of CaCO, over the saturation
leve may be smdl, running an RO or NF system with a dightly postive LSl may be possble.

Softening techniques to lower the LSl involve shifting the carbonate system by:

Addificaion - converts HCO, to CO,;

Addition of lime and soda ash « causes precipitation;
lon Exchange - replaces cations with sodium; and
NF - removes dissolved divalent sdts.

6.4.1 Acidification

The addition of HCI or H,SO, causes the reduction of bicarbonate ion to water and carbon
dioxide. At aimospheric pressure, the CO, bubbles out of solution and is no longer available
for carbonate production. Bicarbonate is a potent buffer, the amount of H* required to change
the pH is logarithmically proportiond to the concentration of HCO,.

After acidification has forced the bicarbonate ions out of solution, the metallic cations are
balanced by CI" if HCI was used, or SO, if H,SO, was used. Sulfuric acid is stronger than
hydrochloric acid, so the pH can be lowered with a smaler amount, but the fact that SO, can
cause scding problems with barium, lead, and calcium should be taken into congderation.
6.4.2 Lime Softening

Lime, Ca(OH),, reacts with bicarbonae ions in the following manner:

Ca(OH), + Ca(HCQ,), ~ 2CaCO;! + 2H,0 ad Eq. 6.4
Ca(OH), + Mg(HCO;), ~ CaCO, 1 + MgCO, + 2H,0

Additiond lime will precipitate Mg?* to its theoreticdl solubility under existing conditions:
Ca(OH), + MgCO; -~ CaCO; | + Mg(OH), | Eq. 6.5

Lime softening is an old, reliable process, but it produces massve quantities of dudge that

require settling ponds and filter presses for dewatering. To remove 160 mg/L of Ca(HCO,),

and 160 mg/L of Mg(HCO,), from one cubic meter of water by the above equations, 15.5 g of
lime are required that produce 3 10 g of carbonate solids. The solids are mixed with water
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though, after settling and pumping off the supematant, the dudge is gtill about 75 percent
water by weight, resulting in a totd weight of 1,240 g. Multiply these amounts by a modest
5,000 m*/d plant, and the dudge is increased to 6,200 kg/d.

6.4.3 lon Exchange

Another approach for softening is to use cationic resins to replace the calcium ions (or other
divalent cations) with sodium ions, which do not form insoluble sdts with carbonate ion.
Resn beads have multiple sites of ionic atachment. These Stes are preferentidly taken up
by multivdent cations. During the sarvice phase of operation, two sodium ions are displaced
by a cdcium cation. The number of Stes per volume of resin (capacity) is supplied by the
manufacturer.  The depth of the resin bed and the necessary flow rates can be caculated from
the resin capacity, the divalent ion concentration in the feed water, and the volume of water to
be treated.

When most of the atachment Sites have been taken up, cacium begins to gppear in the
product water and the resn must be regenerated. During regeneration, a strong sodium
chloride solution is passed through the resn bed until the amount of cdcium in the product
water fals off. Rohm and Haas (1978) recommend 3 to 10 L of 10 percent NaCl solution per
liter of resn a a flow rate of 130 mL/min per liter of resn for complete regeneration of their
Amberlite® |IR-120 Plus (Rohm and Haas, 1978).

lon exchange is well suited for incorporaion into an RO sysem. Depending on the sdinity
and pH, the RO concentrate may be used as regenerant solution. Cation exchange resins can
be adequately regenerated at lower concentrations than 10 pct with lower flow rates and
longer regeneration cycles (Haugseth and Bietelshees, 1974). However, precipitation of
CaCO, may cause problems because the cations removed from the resin are reintroduced to
the concentrated bicarbonate ions in the concentrate.

6.4.4 Nanofdtration

NF membranes preferentialy reject divalent ions over monovaent ions a a rate of about 95
percent to 75 percent. Chloride ions tend to pass through the membrane while divalent
carbonate ions are retained. It is unclear whether bicarbonate ions are rgected at the same
rate as chloride. The rate of reection redly depends on the compostion of the water. The
cacium and magnesum must be baanced by an equivaent negative charge. If divalent
anions are scarce then ion gze will be the determining factor. Larger monovdent ions will
tend to be retained and bicarbonate is amogt twice as large as chloride (61:35).

The rgject from NF contains gpproximately 95 percent of the divalent (and higher) cations,
50 to 75 percent of the monovaent cations, and an equivalent percentage of the higher
charged, and larger anions in 10 to 15 percent of the water. Because some bicarbonate passes
through the membrane, scding may not be a problem in the rgect conveyance sysem. Only
a pilot test can tel exactly what the rgect carbonate concentration will be. If supersaturation
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occurs, the carbonate balance of the rgect must be adjusted. CaCO; crystals can be seeded at
this point, encouraging the scde formation on the crystds insteed of the plumbing, or acid
can be added to shift the carbonate baance toward CO, formation rather than CaCO,.

The benefits of NF are that no dudge is produced, little if any additional chemicas are
needed, and it is compact in Sze. The disadvantages are the difficulty in predicting anion
rgiection, the need for cleaning and proper storage of the membranes, pretrestment for
bacteria, and the disposa of the concentrate stream.

6.5 Biological Matter

Biologica matter refers to micro-organisms, living or dead, and pyrogens, which are
biologicd waste products excreted on the outer surface of micro-organisms or bits of
micro-organisms. When live microbes are present in the feed water they form colonies on
membranes and other surfaces on or in the pressure vessel. Microbid colonies plug the pores
of the membrane, decreasing productivity. Ridgeway et d. (1984) found that these colonies
did not cause a decrease in sdt rgection and the productivity leveled out a a sustainable
level. However, when the feed water was heavily dosed with chlorine to kill the micro-
organisms and then dosed with an excess of ammonia to convert the free chlorine to
chloramine, biologicad fouling was enhanced. Productivity continued to decline until the end
of tesing. The accumulaion of dead microbes on the membrane surface is amilar to
colloidd fouling. Colonies are not formed, but the gdainous dime of decomposng becteria
inhibits water passage. To dleviate this problem, a0. 1 - to 1 .0-um filter should be used with
disnfection processes that do not involve filtration.

6.5.1 Oxidation

Severa oxidants can be used for disinfection of drinking water. Table 6.1 compares relative
efficacy, remanent effect, speed, and required dosage for each. Chlorine and chlorine dioxide
can be used for both initid disnfection and resdud protection from reinfection, but they
cannot be present in water used with most thin film composite membranes. Ozone and UV
(ultraviolet radiation) are the best candidates for use with TFC membranes. They are
effective for initid disnfection, but ozone disspates rapidly, and W is effective only while
the water is exposed to it. As mentioned above, a micro filter is needed with any oxidant to
remove the dead and living microbes ahead of the membranes.

6.5.2 Media Filtration

Media filtration is a well known, effective trestment process for lowering SDI by removing
particulates, colloids, and bacteria Sand media acts as both a filter and settling chamber,
trapping suspended solids within the bed. Filtering action is enhanced by biologica growth
within the bed. Microbes break down large organics and nitrates and excrete a gdatinous
subgtance which enhances filtration of sub-micron particles (Belamy, et d., 1985).
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A media filtration sysem may have one, two, or three layers of progressvely finer graded
materid. Mono-media sand filters have only a bed of sand. Dud-media filter sysems have a
layer of anthracite on top of the sand. A layer of garnet below the sand aso may be added to
form a multi-media filter. The layers have progressively smdler gran sze from top to
bottom (1.1 mm anthracite to 0.2 mm garnet), and higher specific gravity (1.5 for anthracite
to 4.2 for garnet). The layering of coarse to fine media improves the flow rate of weter
through the bed and promotes filtration in depth. Single mediafilters are run as high as 122-
163 L min'm™; dua and multi-media filters can be operated as high as 244-6 10 L min'm?
(Parekh, 1991).

Table 6.1 .-Qualities of oxidants for drinking water disinfection

Ozone Cl, ClO, Chloramines uv
Efficacy +++ ++ ++ + ++
Remanent effect 0 + + ++ 0
Speed +++ ++ ++ + T+
Dosage 0.4 mg/Ls4 0.5 mglL 0.2mg/L Used for 20- 25
min. 30 min. 15 min. remanent effect mMW-s/cm?
atpH8 after 0, or UV
Conditions No Mn2*: Remove Forms Used for post Turbidity <1
oxidizesto  THMPs ClIO, in treatment with NTU,
MnO, oxidation 0, and UV no iron, NOM,
of NOM thin stream of
water, clean
equipment

NOM is natural organic matter, mW-s/cm? is milliwatts second per square centimeter, and THMPs are
trihalomethane precursors. Adapted from Degrémont, 1991.

Dua and multi-media beds are back-washed to remove trapped solids at higher flow rates
than used in operation. Because of the gradation in specific gravity of the layers, the media
settle back in the same sequence (Parekh, 199 1). Single media beds, such as dow sand
filters, are not generally back-washed. Instead, when the flow rate declines, the top layer of
filtration cake, or schmutzdecke, is scrgped off. When cleaning reduces the sand depth to 0.3
to 0.5 m, the bottom sand is removed, and new sand is added to the bottom. The top layer is
replaced with the old sand to maintain the flora and fauna of the bed (Bellamy, et d., 1985).

6.5.3 Ultrafiltration
As discused earlier, UF is useful for reducing bacteria, virus, pyrogens, organics including
color and odor causng compounds, and trihdomethanes and their precursors. In sewage

trestment, ultrafilters can be usad to filter effluent from bioreactors. Effluent is recirculated
a a rate sufficient to keep the membrane surface clean. In this way, organics are retained in
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the reactor until they have been broken down to a MW bdow the MWCO of the ultréfilter.
Bacteria cannot pass the membrane and 0 are d<o retained in the bioreactor. Because no
added coagulants or granular materid are present, the dudge volume remans low, requiring
digposd only once every month or two (Stavenger, 1971).

6.6 Deoxidation

The presence of free oxidants is desructive to thin film compodte membranes eventudly it
bresks down even cdlulosc membranes that can tolerate up to 5 mg/L of free chlorine
Unfortunatdy, oxidetion is usudly required to kegp microbid life in chedk. If hadogens ae
usd, dechlorination is required just before feed water enters the membrane modules.
Dechlaringtion can be achieved by adding some form of SO, or filtering with granular
activated carbon (GAC). Reduction with SO, is a fagt reaction, which can work in the feed
pipes on the way to the RO sygem. SO, can be sulfur dioxide gas crydalized sodium
aufite, or sodium bisulfite The reections are as fdlows

SO, + H,0 - H,S0; Eq. 6.5
With free chlorine H,SO; + HCIO - HCI + H,SO, Eq. 6.6
With monochloramine H,SO, + NH,CI + H,0 -+ NH,CI + H,SO, Eq. 6.7

GAC takes longer to deoxidize water than SO,. A reaction chamber is required to keep the
waer in contact with the carbon for a fev minutes  Unfortunatdly, an activated carbon bed is
perfect for culturing becteria Organic molecules adsorbed by the carbon provide
nourisment.  With the water free of oxidants, nothing kegps microbes from flourishing
downdream in the RO module

The presance of fine carbon dust mixed with the grains is another reason not to use GAC for
deoxidation, If the GAC is just ahead of the RO system, some carbon fines will depost in
the membrane module where they erode the membranes and dog membrane spacars If GAC
must be used for dechlorination, a sub-micrometer filter should be placed after the reactor,
and the qudity of the GAC efluent should be monitored dosdy for bacterid contamingtion.

6.7 Organic Compounds

Organic compounds are a diverse group of water contaminants They come from a vaiely of
sources. humic and fulvic acids from the breskdown of vegetdive matter and ails, phenals,
pesicdes, surfactants, tanning and chlorinated methanes from precipitation runoff from
cties and fams, not to mention industria wagtes Table 6.2 compares processes for
removing organic compounds based on palaity, 9ze, and functiond groups Some organics
are removed a each dage of pretrestment. agraion removes volaile organic compounds,
polar organic compounds are adsorbed during flocculaion; and filtretion removes organics
adsorbed into flocs too smdl to have setled. Hocculation and filtration are discussed above
Air dripping and granular activated carbon filtration are discussed in this section.
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6.7.1 Granular Activated Carbon

Activated carbon has a high adsorbent capacity per volume and can be used on a supporting
layer of cdlulose, Diatomaceous earth, or in a column by itsdf to remove organics as listed
above. GAC dso will remove free chlorine remaining in water after dignfection as discussed

above. So, if a remanent effect is desred in the water, chlorine should be added after the
GAC.

Table 6.2.—Processes for removing organic compounds

Process Type of organics removed Mode of action

Air stripping Volatile compounds Evaporation
Coagulation = Humic and fulvic acids
flocculation « settling Adsorption
Ozonation Phenols, detergents, polycyclic hydrocarbons,

certain pesticides Oxidation
Activated carbon High MW, low polarization, sapid compounds

(flavor), phenols, surfactants, saturated

hydrocarbons, pesticides Adsorption
Ultrafiltration Globular shaped molecules over MWCO, some Separation and

linear molecules significantly over MWCO. concentration

Adapted From Wafer Treatment Handbook, Degrémont, 1991.

6.7.2 Air Stripping

Voldtile organic compounds can be removed from water by aeration. Air can be incorporated
into water in severd ways cascading the stream down a series of steps; bubbling air into the
water; or goraying the water up into the air in a fountain.  The idea is to bring an excess of
oxygen in contact with the water so tha volatile organic compounds can escape.
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Chapter 7
WASTE DISPOSAL

Typicd wagte products from membrane systems include the pretreatment dudge, cleaning
and dtorage chemica solutions, the concentrate, and used membranes. Ways to minimize or
avoid dudge production are discussed in the chapter on pretreatment. Cleaning and Storage
chemicas each have their own characterigic disposd requirements and are usudly
consdered industrid wastes. Currently, used membranes are consdered solid waste, but
posshilities for reconditioning and recycling exig.

Usudly the mogt ggnificant waste disposd issue for membrane systems is the concentrate.
The mgor difficulty is that the concentrate has sgnificantly higher TDS than both a typicd
wastewater discharge and the recelving water. Source water quality, pretrestment, membrane
type, process-added chemicas, and process configuration (recovery) influence the qudity and
quantity of the concentrate. The method generdly accepted for determining the expected
srength of the concentrate assumes 100 percent rgection of sdts. The concentration factor
(CF) is cdculated by the following equation:

1
CF=—_
= Eq. 7.1

Where Y equds the recovery portion in decimd.

From this equation, the concentrate from a 75 percent recovery system processing feed water
with 3,000 mg/L. TDS would have 12,000 mg/L. TDS. At 90 percent recovery, the
concentrate would have 30,000 mg/L TDS. A membrane system with 10 Mgal/d product
water capacity will dso produce 3.3 Mgal/d of concentrate at 75 percent, or 1.1 Mgal/d of
concentrate at 90 percent. This trade-off between quantity and qudity of concentrate can
grongly influence, and be influenced by, the disposd options. Sometimes it is advisable to
blend the concentrate with some other water or wastewater in order to make disposa more
practical or economicad. Some examples are blending with treated sewage, an industria
waste stream, or power plant cooling water.

How the concentrate or blend may be disposed of depends on its qudity and quantity,
geographic availability, and potentid impacts on the recalving water, soil, or use. The most
common disposa options for membrane system concentretes are:

Surface water body,
Wastewater treatment plant,
Land application,

. Injection wal,

. Evaporaion pond, and

. Solar pond.
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The quantity and qudity of the concentrate or blend and the disposd method determine
which regulatory requirements apply. Concentrate disposd is regulated under severa Federd
laws, and sate and local governments may impose additiond regulations. Any or severd of
the following Federa laws may be applicable to a specific case of concentrate disposa:

¢+ Clean Water Act (CWA), includes
- Nationd Pollutant Discharge Elimination Sysem (NPDES) program,
- Nationd Pretrestment Standards program, and
- Water Treatment Sludge Disposa regulations (Sec. 503).
* Coagtd Zone Management Act (CZMA).
» Comprehensve Environmenta Response, Compensation, and Liability Act
(CERCLA).
* Hazardous Materids Transportation Act (HMTA).
» Occupational Safety and Hedth Act (OSHA).
* Resource Conservation and Recovery Act (RCRA), includes
- Solid Waste Disposal Act (subtitle D), and
» Hazardous waste regulations (subtitle C).
+ Sdafe Drinking Water Act (SDWA), includes
- Underground Injection Control (UIC) program, and
- Wellhead protection program (state-administered).
+ Toxic Substances Control Act (TSCA).

States may assume regulatory/permit authority for the NPDES, Pretreatment Standards, and
UIC programs if their requirements are at least as stringent as EPA's. Table 7.1 lists state
authorities for these programs. In some states, membrane system concentrate may be
classfied as indudrid waste and must therefore meet different disposd requirements than
municipd water trestment waste.

A key issue in determining the applicability of some USEPA regulations is whether the
concentrate meets the definition of “hazardous’ or “toxic.” Solid waste is defined broadly
and includes wagte in liquid, semi-liquid, and solid forms. Membrane system concentrates are
generdly consdered a solid waste. A solid waste is consdered hazardous if (1) it is
specificdly identified on any of the ligts published in the RCRA regulations, or (2) it exhibits
any one of the four specific characteristics of hazardous wastes. ignitability,  reectivity,
corrogvity, and toxicity. A “toxic” concentrate would be one which contains substances
regulated as toxins under the TSCA as “presenting an unreasonable risk of injury to hedth or
the environment” (15 U.S.C. §2601(a)(3)). In generad, membrane system concentrates are not
likey to be classfied as a hazardous or toxic waste but this posshbility should be evauated,
particularly if the raw water qudity is unusua or the concentrate disposal options are limited.

The relaive cost of permit and regulatory requirements should be consdered when sdlecting
a disposad option. In addition to Federa programs, state and loca regulations may vary
greatly and some agency requirements may conflict. Because regulatory requirements and
agency personne can change with time, care should be taken to ensure that decisons made
by agencies are explicitly documented throughout a project.
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Table 7.1 .-Regulatory program authority by state as of October 1997
(Does not include Indian lands and some Federal facilities)

USEAP region and state NPDES program Pretreatment program UIC program
Region |
Connecticut yes yes yes
Maine no no yes
Massachusetts no no yes
New Hampshire no no yes
Rhode Island yes yes yes
Vermont yes yes yes
Region 11
New Jersey yes yes yes
New York yes no no
Virgin Islands yes np no
Puerto Rico no no y e
Region
Delaware yes no yes
District of Columbia no no no
Maryland yes yes yes
Pennsylvania yes no no
Virginia yes yes no
West Virginia yes yes yes
Region IV
Alabama yes yes yes
Florida yes yes o
Georgia yes yes yes
Kentucky yes yes no
Mississippi yes yes yes
North Carolina yes yes yes
South Carolina yes yes yes
Tennessee yes yes no
Region V
Ilinois yes no yes
Indiana yes no M
Michigan yes yes no
Minnesota yes yes no
Ohio yes yes yes
Wisconsin yes yes yes
Region VI yes
Arkansas yes yes yes
Louisiana yes yes yes
New Mexico yes no yes
Oklahoma yes yes yes
Texas yes no yes
Region VI
lowa yes yes no
Kansas yes no yes
Missouri yes yes yes
Nebraska yes yes yes
Region VIl
Colorado yes no no
Montana yes no yes
Nevada yes no yes
North Dakota yes no yes
South Dakota yes yes m
Utah yes yes yes
Wyoming yes no yes
Region IX
Arizona no no no
Hawaii yes yes no
California yes yes o
Region X
Alaska no no n
Idaho no no yes
Oregon yes yes yes
Washington yes yes yes

! Primacy for UIC is shared with EPA.
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7.1 Surface Water Body

The primary concern about discharging membrane system concentrate to surface waters is
degradation of the recalving water. Recealving water qudity influences whether trestment of
the concentrate is required before discharge. In genera, concentrates may have low dissolved
oxygen, high hydrogen sulfide, and low pH. The concentrate may aso have “common ion
toxicity” which occurs when the concentrate has an excess or deficiency of one or more
common ions relative to the ion compostion of the receiving weter.

An dternative to discharging membrane system concentrate directly to surface water is to
combine it with treated sawage or sorm water runoff. |f seawater membrane concentrate is
mixed with 1,000 mg/L TDS water (very high for treated sewage) at a ratio of 2. 1 (concen-
trate:sawage), the TDS can be reduced to that of the ambient seawater. Smilar dilution of
brackish membrane system concentrate would make it compatible with an inland surface
water. Concentrates may also be combined with power plant cooling water which provides
therma dilution for the power plant discharge and TDS dilution for the concentrate.

All discharges into the navigable waters of the U.S. (dl streams, lakes, rivers, and oceans) are
required to be permitted through the NPDES program. The five-year permits generaly
contan numericd effluent limitations for specific pollutants

If good circulation is present a the concentrate outfal, the high TDS should disspate rapidly,
but discharging large volumes of high TDS water into smal lakes, enclosed bays, shdlfish
beds, or vauable fishing waters might pose some hazards. The influence of locad currents
may also asss in disperang the plume concentrations. Impact studies of the effect of
discharge on agudtic life may be required before an NPDES permit is issued. Wetlands are
regulated under the CWA. Wetlands protection laws are an important consderation in the
gting and condruction of membrane systems and concentrate disposa facilities.

The concentrate must meet the enforcesble MCLs (maximum contaminant levels)
promulgated under the SDWA if it is digposed of into a protected drinking water supply
source as determined by the state (SDWA, 42 U.S.CA. § 300g). Table 7.2 lists the SDWA
regulated contaminants. The MCLGs (Maximum Contaminant Levd Gods) are recom-
mended, but not enforceable, limits. Loca regulations must dso be complied with. For
example, in Florida, discharges into surface water dso must meet requirements for Class Il
waters that are to be kept suitable for recreation and the propagation and maintenance of fish
and wildlife populations. These requirements involve regulations limiting hydrogen sulfide,
dissolved oxygen levels, sulfide toxicity, low pH, corrosveness, and toxins (Maaxos and
Morin, 1990).

Most coastd membrane systems discharge concentrate to the sea. If the raw water was

obtained from some inland source, the TDS of the concentrate will be less than or equa to
the TDS of seawater. However, if the raw water is seawater, the TDS of the concentrate will

be sgnificantly higher than the seawater TDS. Sdlinity affects dendty, osmotic pressure, and
buffering properties of seawater and supply of oxygen. Measurements of seawater
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Table 7.2.-~-SDWA regulated contaminants (1997)

MCLG MCL MCLG MCL
Contaminants (mg/L) (ma/L) Contaminants {mg/L) {mg/L)
Fluoride 4.0 4.0 Ethylbenzene 0.7 0.7
Styrene 0.1 0.1
Trichloroethylene zero 0.005 Heptachlor zero 0.0004
Carbon  Tetrachloride zero 0.005 Heptachlor  epoxide zero 0.0002
1.1,3-Trichloroethane 0.2 0.2 Nitrite (as N) 1 |
1,2-Dichioroethane Zero 0.005 Aldicarb  sulfoxide 0.001 0.004
Vinyl ~ Chlorite Zero 0.002 Aldicarb  sulfone 0.001 0.002
Benzene zero 0.005
p-Dichlorobenzene 0.075 0.075 Lead zero [-T+
1,1-Dichloroethylene 0.007 0.007 Copper 0.07 [-r++
Total Coliform zero <5% Dichloromethane Zero 0.005
Turbidity N/A I-r 1,2,4-Trichlorobenzene 0.07 0.07
Giardia  lamblia zero I-r Hexachlorobenzene zero 0.001
Viruses Zero |-r Antimony Zero 0.006
Standard plate count zero I-r Nickel 0.1 0.1
Legionella zero I-r Thallium 0.002 0.002
Beryllium 0.004 0.004
Tetrachloroethylene zero 0.005 Cyanide 0.2 0.2
Chlorobenzene 0.1 0.1 Endrin 0.002 0.002
trans-1,2-Dichloroethylene 0.007 0.007 Dalapon 0.2 0.2
cis-1,2-Dichloroethylene 0.07 0.07 Diquat 0.1 0.1
o-Dichlorobenzene 0.6 0.6 Endothall 0.1 0.1
Barium 2 2 Gfyphosphate 0.7 0.7
Cadmium 0.005 0.005 Di(2-ethylhexyl)adipate 0.4 0.4
Chromium  (total) 0.1 0.1 2,3,7,8-TCDD (Dioxin) zero 3x10"
Mercury  (inorganic) 0.002 0.002 1,1,2-Trichloroethane 0.005 0.005
Nitrate (as N) 10 10 Oxamyl (Vydate) 0.2 0.2
Selenium 0.05 0.05 Simazine 0.004 0.004
Asbestos (fiber >10um) 7 MFL 7 MFL PAHs Benzo(a)pyrene zero 0.0002
Lindane 0.0002 0.0002 Diethylhexyl ~ Phthalate zero 0.006
Methoxychlor 0.04 0.04 Picloram 0.5 0.5
Toxaphene zero 0.003 Dinoseb 0.007 0.007
24-D 0.07 0.07 Hexachlorocyctopentadiene 0.05 0.05
2.4,5-TP (Silvex) 0.05 0.05
Aldicarb 0.003 0.003 Radionuclides  (Proposed)
Chlordane zero 0.002 Radium 226 zero 20pCilL
Carbofuran 0.04 0.04 Radium 228 zero 20pCill
Alachlor zero 0.002 Gross beta Particle and Photon
Epichlorohydrfn zero I-r Emitters zero 4mRemfy
Totuene 1 1 Uranium Zero r
PCBs zero 0.0005 Gross alpha Emitters zZero 30pCiL
Atrazine 0.003 0.003 Radon Z€ero 15pCii
Acrylamide zero -r 300pCiL
Dibromochforopropane  (DBCP) zero 0.0002 Sulfate  (Proposed) 500
1,2-Dichloropropane zero 0.005
Pentachlorophenol zero 0.001 Arsenic  (Interim) 0.002 0.05
Ethylene dibromide (EDB) 0.0000
Xylenes (total) 10 510 Disinfection ~ By-Products
(Interim)
Total  Trihalomethanes 0.01 0.1
+ Action Level = 0.015 mg/L
++ Action Level = 1.3 mg/L
TT Treatment  technique  requirement
Source: USEPA
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characterigtics show naturd sdinity variations of the order of +/- 1,000 mg/L due to tida
actions, fresh water runoff, and seasond variations. Conservatively, it would gppear that a
benthic ecosystem could easly tolerate a sdinity perturbation of 1,000 mg/L, which is about
3 percent deviation from the ambient.

Marine organisms can tolerate gradua increases in sdinity, but sudden changes are fatd. A
specific gravity of 1.030 g/cmy' is the upper limit of tolerance for most species outsde of the
Mediterranean. Assuming a linear reationship between specific gravity and TDS, an
increase of 0.008 g/cm’ (norma specific gravity = 1.022 for seawater) equates to an increase
in TDS of only 36 percent (from a normal 35,000 to 47,727 mg/L). Mobile creatures can
move away from the concentrate discharge but immobile species will die if the TDS suddenly
increases too much. Denser seawater RO concentrate sinks rapidly to the ocean floor and may
harm benthic organisms because of the high sinity.

NPDES permits for ocean outfalls for regular wastewater treatment plants (WWTPs) often
require a certain depth of discharge so that the risng plume of the lighter-than-seawater
effluent has adequate time to mix and dilute before reaching the surface. In contrast, the
higher densty of seawater membrane system concentrate results in a directly discharged
plume which sinks to the ocean floor. So an NPDES permit should require a certain depth of
discharge and/or mixing zone. Mixing and disperson may dso be accomplished by
discharging the concentrate through a seabed didribution system of pipdines, or one pipdine
with many outlets.

The CZMA is adminigered by the Office of Coastd Zone Management in the Nationd
Oceanic and Atmospheric Adminigration, which is pat of the U.S. Depatment of
Commerce. Water development and condiruction projects which are within designated
coadta zones and that require one or more Federd permits are subject to CZMA
requirements. This would include congruction or modification of an ocean outfdl. The
coastal zone dates are dl dates adjacent to the Great Lakes and the East, West, and Gulf
coadts. Each date defines its own coastd zone; some have included river segments more
than 100 miles (160 km) from the coastline.

7.2 Wastewater Treatment Plant (WWTP)

As indirect dischargers, membrane sysems which discharge concentrate to WWTPs are
exempt from NPDES regulation. Rather, they are subject to USEPA Nationa Pretreatment
Standards and to any additiona regulations imposed by the state or the WWTP. Municipa
sewer authorities may redtrict concentrate disposa to sanitary sewers because of concern that
the high TDS would adversdly affect ther biologica treatment processes. Discharge quality
limitations and conditions may be imposed by the WWTP through a permit, a loca
ordinance, or both. Many WWTPs st limits to enable them to achieve compliance with their
own permit requirements. If the use of an existing permitted wastewater ocean outfdl is
proposed for additional concentrate disposa, the mixing characterigics of the combined
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discharge may require a NPDES permit modification. WWTPs aso need to control the
pollutants that enter their dudge to ensure that they will be adle to continue managing and
disposing of ther dudge in accordance with USEPA regulations (CWA, section 503).

7.3 Land Application

The interrelated actions of soil filtering, plant uptake, plant metabolism, soil biochemica and
physicochemical reactions, and soil particle adsorption must dl be consdered in evauating
the impacts of land application digposad of concentrate.

Permit requirements will usudly depend upon the ultimate dedtination of the concentrate.
State and locd regulations usudly govern, and an NPDES permit may be required if ultimate
discharge is to surface water. In generd, application of irrigation water must not adversdy
affect the groundwater being recharged, its users, or the surrounding environment. State and
loca wellhead protection programs may limit land application disposd that could adversdly
affect locd drinking water wells. Spray irrigation results in concentrate entering the
groundwater unless under-drains are provided. Careful planning is required to prevent
groundwaeter contaminatiion. An NPDES permit will be required if under-drains are designed
to discharge to surface water.

If the concentrate TDS is low enough, or if it can be blended with another water (eg.,
wadtewater effluent) which will result in a sufficently low TDS, the concentrate may be
usable for irrigation of certain crops. However, even sdt-tolerant crops require irrigation
weter with a chloride concentration of 1,000 mg/L or less. Table 7.3 ligs threshold levels of
irrigation water TDS for several crops. These are levels aove which yidds begin to decrease
with increased TDS. The levels are based on the conductivity of saturated soil extract from
the root zone; a factor of 640/1 .5 was used to convert the conductivity of soil extract in
deciSemensgmeter to irrigation water TDS in mg/L.

Table 7.3.—~TDS threshold levels in applied irrigation water

Maximum Maximum

Crop TDS Crop TDS
Lettuce 555 Alfalfa 853
Cotton lint 3,285 Grapes, table 640
Carrots 427 Cantaloupe 1,422
Wheat 2,560 Dates 1,707
Oranges 725 Sugar  beets 2,987
Grapefruit 768 Lemons 768
Onions 512 Beans 427
Corn 726 Cabbage 768
Celery 768 Peppers 640
Potatoes 725 Spinach 853
Strawberries 427 Sweet potato 640
Almonds 640 Berries/plums 640
Peaches 725 Avocados 427

Source: Lohman, Milliken, and Dorn, 1988, p. 23.
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Because certan crops bicaccumulae catan minerds, irrigation water should not contain
excessve amounts of trace dements or metds Table 74 ligs guiddines for maximum trace
dement levds in irgaion waer. Of course, the degree of this risk is do influenced by the
type of crop, the sail, and irrigation frequency and timing.

Table 7.4.—Recommended maximum trace element levels
in irriaation water

Suggested maximum
irrigation water level

Element (mg/l)
Aluminum (Al) 10.0
Arsenic (As) 01-20
Beryllium (Be) 0.1-0.05
Boron (B) 05-20
Cadmium (Cd) 001 - 0.05

Chromium (Cr*%) 05+1.0
Cobalt (Co) 01-5.0
Copper (Cu) 0.2 -5.0
Fluoride (FI) 1.8

Iron (Fe) 5.0 -20
Lead (Pb) 5.0-10
Lithium (Li) 25
Manganese (Mn) 0.02 - 10
Molybdenum (Mo) 001 - 0.05
Nickel (Ni) 0.2 =20
Selenium (Se) 0.02
Silver (AQ) 4.0+8.0
Vanadium (V) 01-1.0
Zinc {Zn) 2.0 = 10.0

Source: Edwards and Bowdoin, 1990.

Soil pamesbility problems occur when the rate of water infiltration into and through the soil
is reduced by the effects of sdts in the water. The infiltration rate can be reduced to such an
extent that the crop is not properly supplied with water. Generdly, three factors determine a
wae's longterm influence on il pamedbility: (1) sodium content rddive to cddum and
magnesum; (2) bicarbonate and carbonate content; and (3) tota At concentration of the
water. Mod ts in irrigation water are |eft behind in the soil as water is taken up by the

crop. Thee sdts may accumulate and reduce the avaldbility of waer in the root zone. This
is cdled the camatic effect and can be measured as a force the plant mugt overcome to obtain
the waer. Soils behave as cation exchangers. Vaious caions in the soil can be replaced by
each other by proper choice of concentrations.

The potentid impects of the concantrate on the exiding irrigation digribution sysem should

ds0 be evduaed. What are the impacts on aguatic organiams, on cand system materids on
fidd runoff aress ec?
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Another option for land gpplication is irrigation of congdructed saine marshes. Some pilot
sudies of this concept have been conducted by Reclamation and others.

7.4 Injection Wells

Direct discharges to groundwater are subject to the UIC regulations set by USEPA under the
SDWA. The UIC program deds with the congtruction and operation of underground
injection wells. UIC regulations prohibit subsurface disposd through a well unless
authorized by rule or by permit. Five classes of well are etablished, and disposal of certain
types of wastes within each class are authorized by rule. The class of well that may be used
and the associated requirements depend on the quality of the concentrate. Generdly,
injection of any fluid is prohibited if it will cause an underground source of drinking weter
to exceed any SDWA maximum contaminant level or otherwise affect public hedth.
Depending upon the ste-specific circumstances, RCRA and TSCA may aso have some
effect, but generdly, date legidation or regulation covers the specifics.

Disposd by injection wel is a smple, effective means of disposing of large volumes of con-
centrate continualy under varying westher conditions. However, the development and con-
druction of this option is very complicated. There are very particular geologica require-
ments, the Ste mugt be over a confined aguifer which is unsuiteble for drinking water, is
bdow dl drinking water aquifers in its vicnity, and has a rdaivey high transmissvity in
order to accept the injected concentrate at economica pressures. The operation should be
desgned not to degrade the transmissivity of the aguifer. A condderable amount of testing
occurs during the condruction of an injection wel. Water samples are collected during
drilling to corrdate water qudity with depth and to identify underground sources of drinking
water. Drill cuttings are collected to edablish ste-specific lithology, and pumping tests may
be performed to locate production zones. Geophysica logs are run to hdp identify aguifer
characteristics and interpret other fidd data. Fidd tegting is used for determining preliminary
water quality parameters such as chlorides, conductivity, temperature, and pH. Because
concentrate has been classfied as industrid waste by EPA, deep injection wels are required
to have a liner from the wellhead to the receiving aquifer in addition to the casings which
protect successive geologic layers from leskage from lower layers. Figure 7.1 illudtrates the
geologic drata and well condruction requirements.

7.5 Evaporation Ponds

Evaporation ponds are a practicd disposd method in locations with rdatively high
evgporaion rates, low precipitation rates, and sufficient inexpensve land area. Ponds are
typicdly lined and protected from flooding. They are designed so that no liquid is discharged
to surface water or groundwater; thus, no permits are required. However, loca regulations
may require leak detection or monitoring or underdrains to assure groundwater protection.
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Municipal Injection  Well Industrial Injection  Well

Water Table Aqu¥er
Underground Source of Drinking Water

Confining Unk

Limesbone Aquier
Underground Source of Drinking Water

Brackish - Satver Water

Confinng Unt

Injection Zone

Saline Water - Unuseable

as 8 Sowrce of Drinking Water

Figure 7.1 .-Typical municipal and industrial injection well construction.
From Florida Underground Injection Control Program Handbook, FDER, 1983.

Resdua solids must be periodically removed and transported to a landfill for disposal. The
Solid Waste Disposd Act requires states to establish solid waste management plans govern-
ing non-hazardous waste digposd activities. USEPA regulaions st minimum criteria for

municipad solid waste landfills, and a state program must be a least as dringent. In generd,
landfill disposd rules gpply to the resdue remaning after evgporation of membrane system
concentrates. If the resdue is classfied as a hazardous waste or toxic substance, RCRA and

HMTA, or TSCA rules apply to its storage, transport, and disposal.

7.6 Solar Ponds

Solar ponds are hest traps that use high TDS water to trap heat from the sun which can then
be used to generate eectrica power or desat water. A solar pond is 3 - 7 m deep,

congtructed in three distinct layers as on figure 7.2. The surface has a thin layer of fresh
water. Convective currents created by wind and evgporation move verticdly through this
layer just as they do in any other body of water, though wind currents are kept to a minimum
with wave suppression netting on the surface. Bdow the surface layer is a zone of increasing
<inity, from near fresh a the top to about 20 percent (by weight) sodium chloride or other
uitable sdts, a the bottom. Norma convection currents cannot circulate weter in this zone
because of the densty gradient. The bottom of the pond is the thermd Storage zone. This
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Figure 7.2.—Cross section of a solar pond (From Boegli et al., 1984).

layer has a uniform concentration as high as ten times that of seawater and is the heaviest
layer in the pond. This layer has convective currents, but they do not drculate into the
ddinity-gradient layer @ove. The bottom of the pond is lined to prevent segpage into the
groundwater.

The un's energy penetrates the upper layers warming the thermd storage zone judt as in any
leke, but the heat cannot drculae and disspate into the amogphere as it normdly would. It
becomes trapped in the dense lower layer of the pond. The temperaiure of the Sorage zone
becomes as high as 70 to 100 ° C (160 to 2 12 °F) within a few months after the AHinity
gradient is established. Heet in the Sorage zone may be used as process heet, or may be
converted to dectridty with theemd effkiency of up to 15-20 percent. Even duing the
winter when the surface of the pond may be frozen, the dorage zone will be hot enough to
gengrae dectricity. (Boegli e d., 1983).

The firg solar pond in the U.S. to generate dectricity was Redlamation’s Bl Paso Solar Pond.
The El Paso Solar Pond project began as a Universty of Texas a El Paso research project
sponsored by Reclamation and the Bruce Foods Corporation and weas later cost-shared with
the Texas Energy and Naurd Resources Advisory Coundl and the Bl Paso Hlectric
Company. After some experimentation with process heat production, the solar pond was tied
to the El Paso Electric Company power grid and begen producing dectricity on September
19, 1986. Fgure 7.3 diagrams the process of dectricity generation thet is used a the El Paso
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Figure 7.3.—Solar pond heat transfer for power generation (From Boegli et al, 1984).

Solar Pond. The hot concentrate can be dirculated to the food processing plant to be used as
preheat for boiler feedwater as needed, to a 100-kW organic Rankine cyde power converson
module, or to a multigage flash desdting sygem. (Reid and Swift, 1987).

To build the solar pond, the Sorage layer concentrate must be concentrated to 10 times the
salinity of sea water, or about 350,000 mg/L TDS. The norma RO recovery rae for sea
water is 30-40 percent, which produces a TDS of only 50,000 to 67,000 mg/L. At another
solar pond a the Cdifornia Depatment of Waer Resources, Los Banos, Cdlifornia,
Demondration Desdting Fadlity, concentrate was supplied by a three dage RO sysem
designed to obtain 90 percent recovery from a feed water with 8,930 mg/L TDS. Thermd
evgporation was used to increase recovery to 96 percent, resulting in a TDS of 223,250 meg/L.
Further concentration of the RO concentrate could be carried out with heet energy from the
Solar pond, but to gart with, energy was supplied by the locd power utility (Smith, 1990).
The Igadis have snce devdoped an enhanced evaporation sysem that quickly concentrates
the concentrate by Soraying it down into evgporaion ponds This sysem is currently being
used successfully a a sdtworks

The densty gradient is important in mantaning a high temperaure in the heat dorege
region. The dengty and temperaiure are monitored daily to ensure that the gradient is intact.
If it is upst by physcd mixing or operator eror, the pond will become convective,
trandaring hest avay from the bottom layer to the amosphere Gradient maintenance is
accomplished periodicdly with diffusers thet can be raised or lowered to inject concentrate a
the right levds
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Solar ponds are a beneficid solution to the concentrate disposal problem. The initid block of
power produced can be used to run pumps for the membrane system. Power production
depends on the membrane system for a source of concentrate, so as long as replacement
concentrate can be made from sat when needed, excess power can be sold to utilities to
defray expenses. During the firgt thirty years of the project, the sat concentrate can be
disposed of by constructing additional solar ponds. When the initid capitd cost has been
amortized, the excess power can be sold to pay for the disposal of excess RO concentrate by
further concentration, deep well injection, or other means.
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Chapter 8
CLEANING AND STORAGE

Each membrane manufacturer publishes specific indructions for cleaning and storing
membranes when necessary. Rather than repedting these ingtructions, which may change
with time, generd cleaning and storage procedures are discussed in this chapter. Cleaning
and dorage are critica operations that can extend or shorten the life of membranes. It is
important to the success of these touchy processes that the “why” is well understood.

8.1 Cleaning Procedures

Over time, even membranes with optimum pretreatment systems need to be cleaned. As
mentioned earlier, this should be one of the action items triggered by a 10 percent change in
AP, NPF, or sdt rgection.

8.1.1 Cleaning Regimes

There are two basic types of cleaning regimes as described in table 8.1. One for organics and
biologica fouling, and one for scaing. Organic and biologica films are best broken down
with a high pH solution & the maximum temperature and pH limits for the membrane.
Sodium hydroxide works wel. Some suggest adding enzymes to help bresk down cdlular
matter, surfactants to help penetrate and dissolve the film, and a chdaing agent to bind
cadcium ions. Cacium is an important component in extra-cdlular polysaccharides (EPS, or
extra-cdlular polymeric dime) which is produced by well-established bacteria EPS protects
them from disnfectants and cleaning agents. Depleting the EPS of its cacium building
blocks helps the cdeaning solution penetrate the biofilm.

Table 8.1 .-Two tiered classification of membrane cleaning regimes

Low temperature, low pH High temperature, high pH

Wichelate Soluble inorganic substances
(carbonates, sulfates)

W/detergent Inorganic colloidal materials (i.e., silica,
metallic hydroxides, etc.)

Soluble organic substances (precursors
of trihalomethanes)

Wichelate and/or Microorganisms (bacteria, protozoa,
enzymes fungi, algae)
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Membranes with scaling problems are deaned with a low pH, room temperature solution &t
low pressure and moderate flow rate for longer periods of time.  Citric acid works well
because it is dso a chdating agent; it binds higher charged cations S0 that they cannot
re-precipitate before they exit the sysem.

There may be layers of bidogicd and scding maerid in the same dement. In this casg it
will be necessry to use both solutions, one after the other, repeatedly. Snce some

precipitates are less soluble in hot weter, the unhested, low pH solution should dways be
usd fird.

812 Equipment

Fgure 8.1 is a diagram for a dae of the at deaning sysem. There are advantages to having
a gpedd skid jud for deaning, but if your sysem is desgned with flexible plumbing
connections it is often possble to improvise The most important components are:

Mix tank with some method of mixing (valume should be twice the cgpadty of the
vessH or sage that is to be deaned)

Pump with some method of flow contral

Hexible plumt . _ -onnectors (to isolate Sages or vessHs)
. Temperature control

Catridge filter

Temperature/pH sensor (portable or hand-hed modd will do)

8.1.3 Generic Cleaning Process

No more than one sage should be deaned & atime. Idedly, only one dement would be
deaned & a time, but that would be far too labor intendve. As a compromise, each dage
should be deaned separatdy 0 that the deaning solution neads to go through only one vessd
before retuning to the mix tank. When two dages are deaned & once, the foulants from the
firg sage have to be moved dl the way through the second sage. It is difficult enough to get
them out of the fird sage the likdihood of getting them all through the ssocond is very low.

The falowing desning procedures were generdized from FilmTec’s “Cleaning and
Disnfection” chapter of their Technicd Manudl.
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8.1.3.1 Preparation
Isolate the vessdl or stage that is to be cleaned.

If pump does not have a variable speed drive, be sure that plumbing alows for flow
bypass of pressure vessals so that flow can be controlled without increasing pressure
to the membranes.

Check temperature control system. If there is none, use seded buckets of ice in the
mix tank to keep the cleaning solution temperature from exceeding maximum
limitations (may sound strange, but temperature is vitaly important). See table 8.2
for maximum pH/temperature limits for Filmtec BW-30 membrane. Other
membrane temperature limits can be found in chapter 10.

Table 8.2.—Maximum pH/temperature limits for Filmtec BW-30 membrane

pH range 2-10 1-11 [-12

Maximum temperature 50 35 30

Temperature can be monitored by hanging a temperature probe in the tank.
However, be sure not to let the water level drop below the level of the probe.

Fll the mix tank with an adequate volume of RO product water, a least two times
the volume of the piping and pressure vessd that is being cleaned.

Begin mixing and warming the RO product water with a heater or 100 percent
bypass.

8132 Cleaning Solution Preparation

Bring the water to the gppropriate temperature by mixing and hegting or by pumping with
100 percent bypass back to the mix tank. Except perhaps in very cold climates, hesting is
necessary only during cleaning solution preparation. Once the cleaning cycle has begun,
cooling is more important.

Add the deaning chemicds dowly while mixing. If dry chemicds are added dl a once, it
will be more difficult to get them dissolved. Some dry detergents and thick surfactants are
vay difficult to get into solution. Be sure to dlow enough mixing time to ensure the
chemicals are dissolved. They will not work if they are not completely dissolved! They will
likely cause further fouling and/or degradetion, or ese they will be removed by the cartridge
filter and never get to the membranes. Take samples of the unused deaning solution to
compare before and after cleaning chemical andyses.
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8133 Fill Sgtem

Introduce the cleaning solution into the vessel or stage & a low flow rate with the concentrate
dream going to drain. To determine when the system is completely filled, monitor the pH of
the concentrate and divert the concentrate stream back to the mix tank when it matches that

of the deaening solution.

8.1.34 Low Flow Pumping

Pump the mixed, preheated cleaning solution a a low flow rate with solution recirculaing to
the mix tank for about 15 minutes or until the return solution looks cleaner. The back
pressure valve should be completely open so that no permeate is produced. The objective of
this cycle is to didodge larger particles and remove them from the system. Table 8.3 ligs
sample deaning flow rates for different szed dements.

8135 Moderate Flow Pumping

Incresse to moderate flow rate with the solution gill recirculating for another 15 minutes with
the back pressure valve ill open. Check solution appearance and make note of any cloudi-
ness or suspended solids accumulation.

8.1.3.6 Soak

Reduce flow to lowest possible leve for the soak period. Soaking helps to dissolve stubborn
films and precipitates. The membranes should soak for anywhere from one to fifteen hours,
depending on the degree of fouling. It is important to control the temperature during long
soaking periods. The cleaning solution should be kept a the optimum temperature. In most
cases, this means keeping the temperature from risng too high; however, if the ambient
temperature is low and the optimum temperature is high, hegting may be necessary.

8137 High Flow Pumping

After soaking, dowly increase the flow rate to the maximum dlowable for your system.
Filmtec's specifications are given in table 8.3. The pressure drop must be monitored during
the high flow cycle. Maximum pressure drops for each dement type are listed in chapter 10.
Flow rate should be increased dowly to flush out any large materid loosened by soaking.
Then the high flow may remove stubborn materia and particles stuck in the spacer materid.
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Table 8.3.—Recommended feed flow rate per pressure vessel during cleaning

Cleaning cycle Feed flow rate, Umin (gal/min)
Module diameter 64 mm (2.57) 102 mm (47) 203 mm (8")
Soaking 2 (0.5) 3(1) 15 (4)
Low flow 10 (2.6) 19 (5) 75 (20)
Moderate flow 15 (4) 30 (8) 100 (26)
High flow 20 (5) 38 (10) 150 (40)

8138 Flush and Sanitize

Take samples of the spent deaning solution for chemicd andyss. Drain tank and piping.
Rinse the tank, and refill it with RO permeate. Flush out the system a a moderate flow rate
with the concentrate stream diverted to drain. After flushing, refill the tank and add a
sanitizer recommended by the membrane manufacturer. Sodium bisulfite or chlorine can be
used with CA membranes. Formadehyde or hydrogen peroxide can be used with thin film
composites. Use caution with these chemicds, though; high concentrations may cause
damage.

After the cleaning process, some cleaning solution will ill be on the permegte dde of the
membrane;, so, after putting the clean stage back on line, divert product to drain until quality

is acceptable.

8.1.4 Which Cleaning?

It is often possble to determine what has happened to a membrane system by noting changes
in the NPF, AP, and rgection for each stage over time. Table 8.4 describes the symptoms of
maor types of fouling and which cleaning regime is cdled for. Generally, a decrease in NPF
in the fird stage means particulate fouling. Particulates could be minerd, vegetable, or
animd in nature. Both spird wound and HFF membranes serve as excdlent cartridge filters -
most particulates are trapped in the first couple of dements. The cleaning drategy indicated
for front end fouling of this sort is a high pH/high temperature regime.

Precipitative fouling, or scaling, occurs a the tall end of the sysem where the feed stream is
a its highest concentration. Effects are a decrease in rgection and NPF and an increase in
AP. A low temperature/low pH cdeaning regime is needed for scaing. Low temperature
means norma operating temperature. Since cacium carbonate is less soluble a higher
temperatures, it is best to use a low pH/low temperature cleaning solution first if more than
one type of cleaning will be used.
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Table 8.4.—Foulant characterization based on chemical composition

Soluble inorganic substances

Soluble organic substances

Colloid materials (water insoluble inorganic
compounds: silica, iron hydroxides, etc.)

Biological materials (bacteria, algae, fungi, etc.)

Causes

Effects

Prevention

Remediation

Over saturation
Presence of crystallization centers

Oecrease In sat rejecion in end stages
Increase in pressure drop in end stages
Decrease Normalized Permeate flow

(NPF)

Scale formation on membrane surface or In
bulk w/subsequent deposition

Formation of ‘salt bridge’ facilitating protein
adsorption

High concentration at membrane surface
can cause denaturation of proteins which
then are more of a fouling problem

Softening
Acidification
Use of chelating agents

Low pH w/ chelate

Normal operating temperature

“Soak cycle

Physical methods: ultrasound, magnetic,
hydrogynamic

Humic ad fulvic acids natral to
surface waters

Lack of adequate pretreatment
Over utilization

Formation of H bonds on contact w/
membrane

Partial diffusion through membrane
dependent on degree of branching

Ultrafiltration
Coagulation/sedimentation

“Same as Colloids

Over utilization
Inadequate sedimentation period

Gel formation on membrane surface
Decrease in NPF

Decrease in salt rejection

Symptoms  most lkely to appear in last stage

Softening

High pH
High temperature
High flow rate
“Detergent

Inadequate  pretreatment

Inadequate flow through module . dead spaces
Hydrophobic attraction between cell and
membrane  surfaces

Production of extracellular polymeric substances
Cell fimbriae may help attach bacteria to
molecular matrix of the membrane

Decrease in NPF

Initial increase in salt rejection

Increase in pressure drop

“Symptoms most likely to appear in first stage

Accumulation of byproducts of metabolism
Eventual detedoration of the membrane resulting
in a decrease in rejection

Decrease in flow at membrane surface can
exacerbate concentration polarization
phenomena

Prefiltration

Use of surfaclants during normal operation has
been shown to prevent bacterial attachment
Reduce recovery rate

“Same as Colloids
Use of enzymes has been shown to help loosen
biofilm

Adapted from Saran, A.A. 1990.

« * DHP: Pal,

1993,



8.1.5 Passive Cleaning

Passve deaning is a milder foom of deaning that does not use chemicds or even a sspade
pump. If, say a 5 percent change in AP, NPF, or rgection, passve deaning is performed, it
may be possble to extend the time between chemicd deanings The fdlowing ae some
procedures that can have a bendidd effect without voiding the manufecturers warranty.

Turn off the sysem for an hour. Oamatic pressure will draw product water through
the membrane to the concentrate Sde. This can hdp lift foulants off the surface. If
live becteria are present, stopping flow could encourage a growth spurt, o this
method should be used only when disnfectants are present.

Reduce back-pressure for a short time. Permestion rate should drop, and flow rates
through the sysem should increese. This changes flow petterns through the sysem
and can disupt films that may be in process of taking root. It dso washes away the
high concentration layer right a the membrane surface and, in doing so, could dow
the scding process.

Perform a high flow, low pressure flush with product water. RO product weter is
vay aggressive in disolving predpitates. The change in flow patten will dso have
the effect described above.

These are expaimentd procedures a this point, but there is nothing in them that
menufecturers would object to. For more information about fouling and membrane deaning

philosophy, see Chgoman Wilbert, 1997.

8.2 Membrane Storage

Membrane sysems work best when they operae continuoudy. It is unavoidable to have
occagond shutdowns, though. When a membrane sysem is to be down for a few days, flush
the process water from the sysem and replace it with RO product water pumped into the
sydem a low pressure.

If the concentrated process water and pure product water are left in the membrane vesds, the
difference in concantration across the membranes will cause osmatic flow from the product
dde to the concentrate 9de. This can be bendficid in lifting foulants from the membrane
surfece in amdl quantities, but too much beack flow can desroy the glue lines.

For thin film composite membranes, the storage water should be oxidant-free. Otherwise, the
membranes will degrade over time. CA membranes should be dored in chlorinated water,
though. While the danger of bidlogicd growth is the same for both types of membrane,
damege from oxidation would be worse then biofouling for thin film compostes
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If the membranes are to be stored for longer than about a week, a biogtat, such as
glutardldehyde or sodium metabisulfite, should be added as a preservative. The solution
must be changed periodicaly, and the dements should be kept in a temperature-controlled
environment awvay from direct sunlight.

Alternative methods for storing membranes for long periods have been investigated at the
Yuma Desdting Plant. While some have proven successful, the find report of findings is
dill under review. For more information, check the Water Trestment and Engineering
Group's intemet library home page a (http://www.usbr.gov/water/water.html).
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Chapter 9
PROCESS DESIGN

9.1 Introduction

The purpose of this section is threefold: firg, to illustrate a smple solvent flux modeling
gpproach for edimating the overdl performance of a pressure-driven, liquid filtration,
membrane module; second, to demondrate an eement-by-dement anayticd procedure for
the prdiminary design of membrane desdting systems;, and third, to present severd vendor-
supplied computer programs for estimating membrane sysem performance. More accurate
and complex modds and dgorithms are available in the literature, and the reader is referred
to those for detailed design projects (Hwang and Kammermeyer, 1975).

9.2 Solvent Flux Models

Smple modds are useful for exploring the effects of changes in membrane characteridtics
and module operating conditions. A “smple gpproach” means the solution can be obtained
without complex numerical computation techniques. Idedly, a Soreadsheet program could be
used to perform “what if’ case studies. The reader is cautioned a the outset that, because of
the assumptions required in a Smple mode, sgnificant differences will probably exist
between the actud performance and the estimate.

The modd presented here assumes perfectly mixed feed and permeate compartments, with
condderation of concentration polarization. This mode is the smplest to use and provides a
conservaive estimate of module performance. In the genera case, solution of the design
problem requires an iterative (trid and error) method, but in specid circumstances, an
agebraic solution can be obtained.

This module modd can be used for RO, NF, UF, and MF with appropriate modifications.

The overdl materid baances and boundary layer aspects are essentidly the same for dl these
gpplications. The definition of the flux, membrane resistances, and the concentrations can be
modified to suit the specific type of filtration. Therefore, this discusson will begin with the
specific flux models for the different types of filtration. The overdl materid baance
equations will be developed usng the RO flux model and boundary layer estimation
techniques. Findly, a sample desgn problem will be presented.

Figure 9.1 is a diagram of the dynamics of a pressure-driven filtration process. A gd layer is

shown to illustrate how solute build up a the membrane surface affects the flow of solvent
through the membrane.
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The following discussion of flux models will be limited to the phenomenological description
of the solvent flux. Models also exist for the solute flux, which can be used to provide
greater detail in process design, but are beyond the scope of this particular presentation.

9.2.1 Reverse Osmosis

Permeation of water through the membrane, J,, in RO is given by the following equation:

P
J, = f(AP—ATt) Eq. 9.1
Where:
P, = specific water permeability,
t, = membrane thickness,
AP = applied, transmembrane mechanical pressure (at a specific point),
Ar = actual osmotic pressure gradient between C,, and C, (at a specific
point).

This case assumes that no gel layer with thickness 1, is present; therefore C, = C,,. The
intrinsic rejection of salt, R°, is less than 1. The term P /2,, is often referred to as the
coefficient of water transport, which can be determined from experimental data by dividing
the observed water flux per unit area of membrane by the net applied pressure (AP - A 7).

9.2.2 Nanofiltration, Ultrafiltration, and Microfiltration

The most general form for water permeation in NF, UF, and MF is:

J AP-Ax
I le |, Eq. 9.2
P, P,
Where:
P, = specific water conductance of clean membrane,
t, = membrane thickness,
P, = specific conductance of the 'g' layer,
l = thickness of effective adsorption, gel, fouling and/or cake layers,
AP = applied, transmembrane, mechanical pressure (at a specific point),
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actual osmotic pressure gradient based on C, and C, (at a specific
point),
shear viscosity of the fluid passing through the membrane.

u

Often further lumping of parameters is done, so that the form:

_ AP-Am
v !J,(Rm +Rg) Eq. 9.3
1s used.
Where:
R, clean membrane resistance,
R, = additional resistance from gels, cakes and adsorption (fouling).

For NF and UF, both A and R, can be significant. For MF, A zis likely to be negligible
unless significant filtration of smaller molecules occurs because of the 'g' layer. This case
often occurs in biotechnology (fermentation) applications.

For all these filtration processes, A w and R, will vary along the length of the module and can
vary with time.

9.2.3 Estimation of Permeability Parameters

Solvent conductance through the membrane, P,, and solvent conductance through the gel
layer, P, can be estimated from some simple geometric viewpoints.

+ For a group of pores containing laminar flow:

i
5 5 T 4
P, orP, = < E) nd, Eq. 9.4
Where:
n, number of pores with diameter "i" per unit area,
d, = diameter of pore "i".

+ For packed particles (Carmen-Kozeny rigid particles):

3
A 5 €
P or P =

' B 5(1-¢e)?

2
V
p] Eq. 9.5
S,
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€ = void fraction,
v, = volume of particles,
S, = surface area of particles.

9.2.4 Estimation of Osmotic Pressure

Osmotic pressure is a thermodynamic property and can be obtained by measurement of a
variety of properties. The osmotic pressure of solutions can be related to the freezing points
or vapor pressures of those solutions. Data on freezing points and vapor pressure is available
in data handbooks. For dilute, ideal solutions the van't Hoff equation provides a means of
calculating the osmotic pressure, by:

n = CRT Eq. 9.6
Where:
C ionic concentration,
R = gas constant,
T = temperature in °K.

Even though the van't Hoff equation is frequently not valid for practical problems, it is often
useful to fit experimental or calculated data to a linear form, such as:

T = aC Eq. 9.7

The relationship 7= aC", where a and » are constants (n > 1 and often ~2), is more general
and can also be used for engineering design (Wijmans, et al., 1984). The general flux
equation contains the term A 7, which is the difference in osmotic pressure on the two sides
of the membrane based on the concentrations C, and C,. Therefore, using the linear form for
7 from above, and the definition of the intrinsic rejection:

RO_CW—CP
= C Eq. 9.8
results in:
Am = a(Cw—Cp) = aR°C, Eq. 9.9

To calculate the osmotic pressure from vapor pressure data, the following relationship can be
used (Reid, 1966):
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v

= RT In P solvent

T vso[vent v
P solution
Where:
Viotvent = partial molar volume of the solvent (m*/mole),
R = gas constant (8.314 Pa m’ mole' °K™),
T = solution temperature, °K,
P em vapor pressure of pure solvent,
Poion = vapor pressure of solution with concentration C.

Eq. 9.10

Often, freezing point data of solutions are more widely available. To calculate the osmotic
pressure from freezing point data, the following relationship can be used (Reid, 1966):

(1T AHfT[ RmssJ

T
vsolventT} va energy
Where:
T; = freezing point of pure solvent,
T, = freezing point of solution with concentration c,
AH, = latent heat of freezing of pure solvent,
T = actual temperature for estimating 7, °K,
R, e, = gas constant in pressure units,

R = gas constant in energy units,

energy

Viotvent specific volume in cm®/gmole.
Useful values:

Roeed Renerey = 3.14 x 10° cm® cmHg/kcal

Veater = 18.095 cm®/gmole

9.2.5 Module Mass Balance

Eq.9.11

For the perfectly mixed feed and permeate model, with concentration polarization, the
method developed by Rao and Sirkar (1978) and illustrated by Wankat (1990) is used.

Figure 9.2 illustrates the values of importance.
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Figure 9.2.—Variables for module mass balance.

External mass balance:

V=V,

define ® = stage cut or recovery factor = V. /Ve

External key component balance:

Ve, = V,C, + V,C,

Eq.9.12

Eq.9.13

The overall volumetric flux through the membrane is J,, therefore ¥, = J *4, where 4 is the

membrane area.

Let C,, = boundary layer concentration at the membrane interface caused by concentration

polarization. Furthermore, assume that no gel formation occurs.

Because the feed side is perfectly mixed, C, = C,, where C, = bulk concentration.
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Then:

c-8C
C, = L5+ Eq. 9.14

The definition of the intrinsic rejection of a membrane, R°, R°= 1-C,/C,. This is different
from the apparent rejection, R, = I - C,/C; The intrinsic rejection is a characteristic of the
membrane. The apparent rejection is determined by the operating conditions.

From the material balance C, = C, is defined by:

C
€ =G = g
(1-6)+ ( Jexp(J/k) Eq.9.15

R°+(1-R°)exp(J /k)

Then, from the simple boundary layer model for concentration polarization and assuming that
R? is constant, the following relationship for C, is obtained:

B C (1-R°)exp(J /k)
P~ R°+(1-R°)exp(J./k)

Eq.9.16

With k& = the boundary layer mass transfer coefficient. The variable ‘%' is obtained via
correlations that usually assume that J, <<U_, where U, is the average cross flow velocity.

Sources of &

» Supplied by the module manufacturer
» Estimated from literature and the assumed conditions in the module

Estimation of k based on correlations:

Definitions:
df/;p
Reynolds No. Re = Eq.9.17
p
Schmidt No. S =—t-
c p D Eq. 9.18
d = representative channel or tube dimension for flow (i.e., diameter)
U. = average cross flow velocity
p = density
p = shear viscosity
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D = solute diffusivity
stirrer speed (radians/s)

£
I

For turbulent flow in tubes:

k = T]: 2051 Re "!isc 2P Eq.9.19
Re > 20,000 (in general)
Re > 2000 (in UF)
or
k = 0023 2 geosige 1
=V 7 € oc Eq. 9.20

For turbulent flow in batch stirred vessels:

D 1/3 ® d2 3/4
k=00443 Z | P H Eq. 9.21
d \ uD p

d = vessel diameter

For laminar flow in round tubes with diameter &

2T p2\"”
k = 1.295 dCL Eq.9.22
L = distance along tube length
For laminar flow between parallel plates spaced at 2h:
ﬁDz 173
k= 1.177 ( ]ZL ] Eq. 9.23

Remember that in laminar flow, & varies along the length of module. The correlations
represent what exists at a given point in the fluid's path. Often, one uses an average value for
the overall material balance.

In summary:

For the perfectly mixed feed and permeate module, the following relationships exist:
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[1] The retentate concentration, C,:

C
C, = /
’ O(1-R°)exp(J, /k) Eq.9.24

(1-0)+
R°+(1-R®)exp(J, /k)

[2] The wall concentration, C,,:

exp(/, /k) E
= - 9.2
¥ T RO +(1-R%)expd, /k) q-9-25
[3] The permeate concentration, C,:
_ C,(1-R®)exp(J, /k)
14 B RO+(1 _RO)exp(Jv /k) Eq. 9.26
[4] Estimate J, using the appropriate flux model, i.e., for RO:
P
J, = [—") (AP-aR°C,) Eq.9.27
tm

[5] Estimate k using appropriate boundary layer correlation and physical dimensions of
the system.

In the case of other filtration processes, the same general form can be followed, with the
major exception being the definition of J, (Refer to section on flux models).

This group of relationships is non-linear because of the exponential term and must be solved
iteratively (using successive substitutions). This approach can be readily accomplished using
a spreadsheet model or in a general programming language model (i.e., Fortran, C, etc). For
an interative solution of RO with concentration polarization, we define J, as follows:

If J, /k <<1, then the problem can be solved explicitly, because the approximation that
exp(J, /k) ~ 1 + J, /k, leads to an algebraic solution as follows:

aJl +bJ +c =0 Eq. 9.28

9.10



Where:

L 1R
p Eq.9.29
b - 1ope - | By A-RIAP] [ P.C, aR® oo
= 1- - s xS
: K .k %930
.| P P
¢ =|22 ¢, ar°| - |AP(1-0OR%) = Eq. 9.31
t 7 t

The “a” in the equations for b’ and ¢' is the constant from the linear model for osmotic
pressure.

The general form for the roots of a quadratic is:

— ! ’2_- ! !
J = b EVb ac Eq. 9.32

v '
2a

Once J, is known, then the apparent rejection and the recovery rate, C,and C,, can be
calculated.

9.2.6 Sample Design Problem

Using the perfectly mixed model of RO with concentration polarization and brackish water
with TDS = 1500 mg/L, expressed as NaCl, the following steps outline the method for
estimating percent recovery and salt rejection.

C,= 0.0375 mol/L Eq. 9.33

1) Develop linear relationship for osmotic pressure using example literature data shown in
table 9.1.

2) Intrinsic rejection of membrane defined to be R° = 0.987.
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3)

4)

5)

6)

Table 9.1.—Data for determining the relationship between
osmotic pressure and concentration

11 (kPa) Conc (mol/L)
100 0.0375
300 0.125
700 0.3
n=2286*C a = 2.286 (kPa m*mole)

Available transmembrane pressure, AP = 1550 kPa (225 1b/in?).
Spiral wound module with:

L = 1.016 m (40 in),

h=25%x103m,

A =28 m? (300 ft*) per module.

Pure water permeability was determined to be 28 m*/day (1.16 x 10° m*> m? sec™") at 1550
kPa. Therefore, estimate P /t, = 1.16 x 10°/1550 = 7.47 x 10° m* m” sec”! kPa’'.

Estimate mass transfer coefficient k:
» Need estimate of U,

*  Pump characteristic curve will give 130 L/min @ 1550 kPa this rating is within
specifications of the membrane module)

» Need to approximate cross sectional area for flow in the spiral wound module:
A,= (4 * B)/2L = (28*0.0025) /(2*1.016) = 0.034 m®

« Average U,=U,=V,/A,

* V=130L/min =2.17x 10° m%s

cl

2.16x1073

3442102 = 0.0629m/s (6.3cm/s) Eq. 9.33
Adx

* Approximation for Re:

N hﬁcP _ (2.5x 1073)(6.29x1072)(10°)
11 1

Re

Eq. 9.34
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Re = 157, probably laminar flow

*  Use £ correlation for laminar flow in a flat channel
Dyue; =12 x 10° m¥s

a

* Calculate £

6.29x102 (12x107%2) "

2.5x107 (1.016/2)

k= 1.177 Eq.9.35

Note: use L/2 so that k is some average value along the channel

k=4.88x10°m/s.

7) Check pure water value of J, (1.16 x 10 m/s) versus & (4.88 x 10 m/s) versus U, (6.29 x
10? m/s). Because J, is significantly less than U, and greater than £, the correlations used
thus far are reasonable. ButJ, /k is not <<1. Therefore, the approximation that exp(J, /k)
= 1+ J, /k should not be used in this case.

8) Set up an iterative solution using the feed flow divided by the area as a first estimate of J,.
An initial C,, C, C,, and recovery are calculated with the first estimate of J,.
Subsequent iterations use the J, calculated according to equation 9.27 to refine the
estimates. See table 9.2 for an example of the spreadsheet output. Figures 9.3 and 9.4
show the changes in Jv, recovery rate, the intrinsic rejection, and the apparent rejection.

9) This model shows:

* J, converges to 8.09 x 10° m/s. This value represents about 70 percent of the pure
water flux.

» Therecovery is 10.34 percent.

*  The apparent rejection of salt, defined as R, = (1-C, /C) * 100 is 92.96 pet.

9.3 Membrane System Design

In the previous paragraphs of this section, a solvent flux modeling approach was presented
for estimating the performance of a single membrane desalting module (element). A
comparatively simple method will now be presented for the preliminary design of membrane
“systems” employing several elements arrayed in a manner to achieve a desired permeate
recovery and total production. Also discussed will be the availability of several vendor-
supplied computer programs for estimating system performance.

Figure 9.5 shows a diagram of a 2:1 array with N elements installed in each of three pressure
vessels. The two pressure vessels in the 1 stage receive pretreated feed water. Based on
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Table 9.2.—Sample spreadsheet for estimating spirat wound RO module design performance

Pure water permeability (m’/sec)  3.24E-04

Feed flow (m’/s) 2.17E-03

Transmembrane pressure (kPa) 15%0

Ares (m®) 28

Length (m) 1.016 Final performance parameters

Channel height (m) 2.50E-03 Jv(mvs) 8.09E-06

Cf (moVL) 0.037% Fraction of pure water permeability 69.86%

a (Pa m*/mol) 2286 Recovery is 10.34%

Calculated parameters determined by config and operating cenditions. Apparent rejection =(1-Cp/Cf)*100 92.96%

Jv (vs) 1st pass 1.1S7E-05

Pvim (m’'m s 'kPa™") 1.47E-09

Average Uc (mvs) 0.0629

Renolds number 157

k (mVs) for laminar flow 4.88E-06

in flat channel

Solving the design equations 1 2 3 4 s s 7 ] L) 10 n 12 n 1 15 16 17 18 19
Jvik 237 0.95 202 1.3§ 185 1.51 1.75 1.59 1N 1.62 1.68 1,64H 1.67 1.6 1.66 1.65 1.66 1.66 1.66
Recovery 0.1496  0.0602 0.1275 0.0853 0.1164  0.0954 0.1107  0.1001 0.1077  0.1023 0.1061 0.1034 0.1054 0.1040 0.1050 0.1043 0.1048 0.1044 0.1047
Intrinsic Rejection, R’ 0.987 0.987 0.987 0.987 0.987 0.987 0.987 0.987 0.987 0.987 0.987 0.987| 0.987 0.987 0.987 0.987 0.987 0.987 0.987
Apparent Rejection R, 0.858 0.965 0.898 0.947 0914 0.938 0.921 0.933 0.925 0.931 0.927 0.930 0927 0.92¢ 0.928 0.929 0.928 0.929 0.928
Cw (mol/L) 04104 0.1013 0.2951 0.1522 0.2489  0.1787 02275 0.1925 02170 0.1995 0.2119  0.2031 0.2093 0.2049 0.2080 0.2058 0.2074 0.2062 0.2070
Cp (molL) 0.0053 00013 0.0038  0.0020 0.0032 0.0023 0.0030 0.0025 0.0028  0.0026 0.0028  0.0026 0.0027 0.0027 0.0027 0.0027 0.0027 0.0027 0.0027
Cr (moV/L) 0.0432 0.0398 0.0424  0.0408 0.0420 0.0412 0.0418 0.0414 0.0417 0.0415 00416  0.0415 0.0416 0.0415 0.0416 0.0416 0.0416 0.0416 0.0416
Jv Theoretical (rvs) 4.66E-06 9.87E-06 6.60E-06 9.01E-06 7.38E-06 8.56E-06 7.74E-06 8.33E-06 7.92E-06 8.21E-06 B.00E-06 8.15E-06] 8.03E-06 8.12E-06 807E-06 B.11E-06 8.08E-06 B.I0E-06 8.09E-06
EXP (J/%) 10711 2.597 7.550 3.867 6.335 4.536 5.780 4.885 5.512 5.064 $.380 3.155 5314 5.201 5.281 5.224 5.264 5.236 $.256
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Figure 9.3.—lterative solution for water permeation rate, Jv, every iteration has more accurate estimates of
recovery rate, product, and wall concentration. The solution is found when the calculated values
level out at the most accurate estimate.
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Figure 9.4.—Oscillation of recovery rate and the apparent rejection rate as the solution becomes more accurate.

9.15




916

Feed

! :

: 1

! 1

! - e s P ent N T ) :

, Element}/ Element}/ Elem ntN_- ' 1 Stage Two ' '
! — - ‘ ' . Reject
| ! . 000 P 7 ' — l = ! L
I ! ' Element 1 Element 2 Element )

' ! 1 / ‘

| ' . ‘

1 | I (XXM o '

1 \ \ !

[} 1 h|]  v------------~----- s s

! *{Element 1 Element2 ] *** ™|ElementN -

! i

I| Lo Py ‘

i

L,

Permeate
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system operating conditions, i.e., feed pressure, temperature, etc., and the type and number of
dements loaded in the vessdls, a percentage of the feed will diffuse through the membranes
and will be collected as permeste. The feed flow to each succeeding dement in a vesse will
be lower, by the amount of permesate developed, and the concentration will be higher.
Concentrate (rgect) flows from the two 17 stage vessals are then combined and proceed to a
2™ gage where additional desdlting takes place. Permeates from both stages are collected
and represent the total system production. The array and number of elements per vessd are
generdly dictated by feed water qudity, dement hydraulic limitations, and economic
condderations. A 2:1 array, as shown in figure 9.5, can be used to recover about 70 to

75 percent of the system feed, while a 4:2:1 array can recover up to 90 percent. Severa other
configurations are dso commonly used.

9.3.1 System Equations

A generdized process diagram of four lead dements of a membrane desdting system is
presented on figure 9.6. This type of diagram is used to develop materia baance and other
equations around individua €ements to accommodate system design cdculaions. Although
only four dements are shown on this figure, the computations gpply to the entire system.
Definitions of the symbols used in the diagram are as follows

F, - Feed water flow

- Permeate flow
- Regect flow
C, - Feed water concentration
- Permeate concentration
C,, - Regect concentration
Feed pressure
Permeate back pressure
i Reect pressure
Differentid  pressure

AN

Where i represents the dement number.

Applicable equations describing the firsd dement on figure 9.6 would include:

Mass Baance - F.Cqr = F,C,y + ECp = F,,C, + F,C; EQ.9.36
Differentid Pressure - AP =P, - P, Eqg. 9.37
Average Feed Pressure - Poe = (Py+ Py)/2 Eqg. 9.38
Average Sdt Concentration - C,,, = (C, +Cp)/2 Eqg. 9.39
Net Driving Pressure - NDP = P,-P,-P, Eq. 9.40

Where P, is the element osmotic pressure.
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Figure 9.6.—Generalized process diagram of the four lead elements of 1st stage.




9.3.2 Element-By-Element Analysis

A farly good egtimate of system performance can be determined using an element-by-
eement andyss developed by David H. Paul (Paul, 1993). As the name implies, this
procedure steps through the proposed membrane desdting system one element a a time,
caculating individua productivities based on net driving pressure (NDP). A spreadsheet
program such as Excel or Lotus I-2-3 is typicaly used to perform the cdculations.

The following sample problem, used to illusrate the dement-by-element design procedure, is
based on trestment calculations for a high-nitrate (64 mg/L NO,-) and dightly brackish [599
mg/I. TDS (tota dissolved solids)] groundwater in southern Cdifornia. Trestment objectives
were to remove sufficient NO;™ and TDS to dlow blending with filtered well water to
optimize net recovery while gill meeting state and Federd drinking water standards and the
Santa Ana River Basin water qudity objective of 400 mg/L. TDS. The wel in question has
an average production rate of 1500 gal/min at a wellhead temperature of 22.5 °C. Based on
pretrestment caculations and total product requirements, it was decided to desgn a low-
pressure RO system to desalt 1125 gal/min at a recovery rate of 75 percent and then blend the
resulting permeate with 375 gal/min for filtered well water, for a total net recovery (permeste
plus filtered well water) of dightly in excess of 81 percent.

The required system permeete flow would then be determined as follows:
F,=(75/100) | 125 = 844 gal/min Eq. 9.41

The firgt step in the design process is to sdect a membrane dement and element con-
figuration required to produce the tota amount of permeate desired. This determination  will
be affected by the achievable recovery of the pretrested water to avoid scaing by sparingly
soluble sdts. FilmTec’s BW30-8040 thin-film composite membrane dement (now
designated as BW30-330) was chosen for evauation. The characterigtics of this dement are
shown at the top of table 9.3. Based on a design dement productivity of 5.2 gal/min
(wel/softened water supplies), an initid esimate of the tota number of eements required
would be:

844 gallmin =162
52 galmin

Number of elements = Eq. 9.42
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Table 9.3.~Sample spreadsheet for an element-by-element analysis

Project Identification: Membrane Element Description/Characteristics:
Wellbead Treatment Study Manufacturer FilmTec
Van Burea Well No. 8 Model/Type » BW30-330, Thin-Film Composite
Max Operating Pressure, psi - 600
System Design Parameters: ® Mas Feed Flow. gal/min - 62
RO Feed Flow, gal/min ¢ 1125 *Max Fermesate Flow. gal/min . 5.2
Blend Flow. gel/min 375 *Max Element Recovery, % - 19
Desired Recovery, % - 75 Average Cl- Rejection, % - 99
Req'd Permeate, gal/min- 844
System Amy + 24:12 *Well Water/Softened Water Supply
Feed Temperature, oC - 22.5
| FIRST STAGE #Elem Elem#2 Eiem £ Elem #4 Elem #5 Elem #6
.Feed Flow, gal/min 46.88 4229 37.81 33.62 29.49 25.48
Feed Conocntration, mg/L 599.0 663.4 739.9 832.7 948.1 1096
Feed Pressure, prig 187.0 180.6 175.3 171.0 167.4 164.6
Osmotic Pressure, psi (est.) 5.99 6.63 7.40 8.33 9.48 10.96
Net Driving Pressure. psi 181.0 174.0 167.9 162.6 157.9 153.7
Permeate Flow. gal/min 459 4.41 4,26 4.13 4.01 3.90
Permeste Conc., mg/L 6.0 6.6 7.4 8.3 9.5 11.0
Element Recovery, % 9.79 10.4 11.2 12.3 13.6 15.3
Pressure Drop, prid 6.36 5.31 4.37 353 2.80 2.15
Reject Flow, gal/min 4229 31.87 33.62 29.49 25.48 21.59
Reject Pressure, psi8 180.6 175.3 171.0 167.4 161.6 162.5
Reject Concentration, mg/L bb3.4 739.9 832.7 948.1 1096 1292
Vessel 1d Stape
Permeste Flow. gal/min 25.29 607.1
Rcjcct Flow. gal/min 21.59 518.0
Permeste Conc., mg/L 8.04 8.04
Reject Concentration, mg/L 1292 1292
Recovery, % 53.96 53.96
Pressure Drop, psid 2452 24.52
| SECOND STAGE Elem 81 Eem#2 Elem £3 Elem 24 Elem #5 Elem #
Feed Flow, gal/min 4317 39.5 36.01 32.67 29.47 2b41
Feed Concentration, mg/L 1292 1410 1546 1702 1885 2101
Feed Pressure, psi8 157.5 151.9 1471 143.0 139.6 136.7
Osmotic Pressure, psi (est.) 12.92 14.10 15.46 17.02 18.85 21.01
Net Driving Pressure, psi 144.6 137.8 131.6 126.0 120.7 115.7
Permeste Flaw. gal/min 3.67 3.50 334 3.20 3.06 293
Permeate Conc., mgIL 12.9 14.1 15.5 17.0 18.8 21.0
Element Recovery, % 8.49 8.85 9.27 9.78 10.39 11.11
Pressure Drop, psid 559 4.80 408 3.44 2.88 237
Reject Flow. gel/min 39.50 36.01 32.67 29.47 26.41 2348
Reject Pressure, psig 151.9 1471 143.0 139.6 136.7 1343
Reject Concentration, mg/L 1410 1546 1702 1885 2101 2361
Vessel 2nd Stage System
Permeste Flow. gal/min 19.7 2363 843.4
Reject Flow, gal/min 235 BT 281.7
Permeate Conc., mg/L 16.4 16.4 10.4
Reject Concentretion, mg/L 2361 2361 2361
Recovery, % 45.6 456 75.0
Pressure Drop, psid 232 232 52.7
Blended Product Flow. gal/min 1218
Blended Product Conc., mg/L 192
Net Recovery, % 81.2
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Asauming 6 dements per pressure vesd:

Number of pressure vessels = 162 elements 27 Eq. 9.43

6 elements/vessel

Using this number of pressure vessdls in a 2-stage system (based on 75 percent recovery), the
resulting array would be 18:9. The feed flow per first stage pressure vessd would be:

1125 gal/min

Feed flow per vessel =
7 18 vessels

= 62.5 galfmin Eq. 9.44

This feed flow rate is higher than the maximum recommended feed flow of 62 gal/min for the
element (refer to top of table 9.3), and could result in a higher fouling potentid. Therefore, it
was decided that a more conservative 24 12 array would be used which would result in a 1%

stege feed flow per vessel of 46.9 gal/min.

Referring to table 9.3, dement | of the 1" stage, entries for feed flow and concentration
would be 46.9 gal/min and 599 mg/L, respectively. Feed pressure will be varied, as will be
explained later, to obtain a system recovery of 75 percent. An esimate of the osmotic
pressure gradient can be calculated as.

P _599 Ib/in’ feed pressure

. 100 =599 Ib/in? Eq. 9.45

The net driving pressure (NDP) for each dement can be cdculated by subtracting the osmotic
pressure gradient and permeate back-pressure (assumed to be zero in this case) from the
element feed pressure. For the first stage lead eement, this would be:

NDP = P - P, - P, = 187-599 - 0 = 181 lb/in’ Eq. 9.46

This NDP is then used to determine element productivity (permegate flow):

: F NDPactuaI
Fp = Design Productivity —— === Eq. 9.47
design
.2
=52 181 lblin” _ 4.59 gallmin Eq. 9.48

205 Ib/in?

9.21



Where NDP,,,,.., is equal to the design pressure of 225 1b/in® minus an estimated osmotic
pressure of 20 1b/in? (design concentration of 2,000 ppm divided by 100). This design
information, based on manufacturer’'s test data, is available in FilmTec’s technicd bulletin

for the BW30-330 ement.

Permeste concentration is calculated using the published average sdt passage of 1.0 percent
(average <t rgection of 99 percent) for the membrane dement:

C, = Feed TDS x % Salt Flux = 599 x 0.01 = 6.0 mg/L Eq. 9.49

Percent recovery for the dement is

F
Element Recovery = - 100 = :6_5898_ 100 = 9.79 % Eq. 9.50
7 : i

For this example, the interstage pressure drop was assumed to be 5 Ib/in*, and eement
pressure drops were computed based on the following formula provided by FilmTec:

APy, =001 [(F, + Fy2)]"’ Eq. 9.51

= 0.01 [(46.88 + 42.29)/2]"17 = 6.36 Ib/in>

Where:
Fy
F

r

element feed flow, gal/min,
element reject flow, gal/min.

The dement rgect flow, pressure, and concentration are determined as follows:

F = Ff - Fp = 46.88 = 4.59 = 42.29 gal/min Eq. 9.52
P =P, - AP, = 187 -6.36= 180.6 lb/in* Eq. 9.53
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(F.x C) - (F. x C)
, = —L fF b Eq. 9.54

c

_ (4688 x 599) - (459 x 6.0) | (4 mg/L
42.29

This completes the caculations for the lead eement of the 1" stage. As shown in table 9.3,
the firs dement rgect flow, pressure and concentration are now used as input (feed)
parameters for the second eement. Once the equations for the first eement are input to the
Spreadshest, they can be copied and pasted to the remaining columns to complete the
andyss.

VesH, dage, and system summaries can adso be included in the spreadsheet, as shown in
table 9.3. Notice, at the bottom of the table, that the overall membrane system recovery
(prior to blending) is 75 percent, which is equivdent to the origind requirement. This was
achieved iteratively by adjusting the value of the permeete flow for dement 1 of the 1% stage.

9.3.3 Manufacturers Computer Programs

A number of manufacturers provide software for predicting the performance of their
membranes for site-specific design agpplications. Among these are Dow FilmTec (ROSA),
Fluid Sysems (ROPRO), Hydranautics (RODESIGN), Desd (Solutions), and DuPont
Permasep (CPP). All operate in the Windows environment except for the Desd program
which is DOS based. These programs are not for find design specifications, and each of the
manufacturers includes a ligbility disclamer dating that find desgns should be reviewed by
an gppropriate applications engineer. These programs provide estimates of water production
and qudity from given input parameters and are useful for examining dternative system
configurations.

An example of a Dow FilmTec computer andysis usng Reverse Osmosis System Andyss
(ROSA) software is shown in table 9.4. Input parameters include the feed water anayss,
desgn temperature, system configuration, percent recovery, fouling factor (indicates degree
of membrane fouling; set a 1 .00 for new membranes), and desired feed <or> permesate flow
rate. Interstage booster pumping and concentrate recirculation options are dso avalable. As
shown on table 9.4, the reaults of the andyss include system flows and pressures, average
permeste flux; ion concentrations for the feed, rgect and permesate streams [for the system
and individua stages (referred to as arrays in the program)];estimated permeste pH; and
scding  cdculdions.

This computer andyss was run with the same input parameters used for the earlier element-

by-dement analyss (refer to figure 9.4). The results of the computer and manua
(spreadsheet) methods compare very favorably as shown in table 9.5.
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Table 9.4.—Sample printout of aFilmTec RO system analysis using ROSA Version 3.05d software

PilmTec Reverse Osmosis System Analysis, March 95 Version 3.05d
Prepared For: Bureau of Reclamation
Analysis by: W.J.B

Date : 03-19-1997
Feed: 1125.00 GPM, 603 MG/L, 22.5 Deg C
Recovery: 74.9 Pearcent
Array! a 2
No.o Pv: 24 12
Blement BW30-8040 BW30-8040
No.EL/PV: 6 6
El.Total: 144 72
BackP (PSIG): o.o 0.0
Fouling Pactoxr: 1.00
FEED REJECT AVERAGE
Pressurs (FPS1a) 196.9 138.7 167.6
Osmotic Pressure (PSIG) 4.1 16.8 8.8

NDP (Man) = 158.9 P8IG
Average Permeate Fl ux- 17.0 GFD, Permeate Plow- 842.78 GPM

Recovery Parmoate Feeod Food Feaad
Array | .No{Perm/Feed) GPD MG/L GPM M3/L PRESS (PSIG)
1 a .096 6505 4 46.9 603 191.9
2 .103 6279 5 42. 4 667 185-S
3 .111 6084 6 38.0 743 180. 2
4 .122 5915 7 33.8 835 175. 8
5 .135 5765 9 29.7 950 172.2
6 , 152 5628 11l 25.7 1097 169 .4
13 43.5 a292 162.2
2 2 .088 526884 15 39.8 1410 156. 5
3 . 099 4866 4686 21 18 36.3 1545 151.7
32.9 1701 147.5
5 .106 4520 25 29.7 1886 144.0
6 .114 4361 31 26.5 2105 adi . x
Array: Tot al Axrray 1 Array 2
Reject (GPM) : 522.1 282.2
Reject (MG/L) : 1292 2373
Perm (GPD) :1213601 868225 345376
Pearm <Mu/ m 3 i1 7 20

Permeate, (MG/L ag Ion)
Total

ATTRY ta. Array 1 aArxzay 2
NH4 0.0 0.0 0.0
b 4 6.1 0.0 0.1
Na 0.6 0.4 1.2

0.2 0.1 0.3
:2 1.8 1.2 3.4
8x 0.0 0.0 0.0
Ba 0.0 0.0 0.0
HCO3 3.2 2.1 6.1
NO3 2.3 1.4 4.6
Cl a. 1 0.7 1.9
b 0.0 0.0 0.0
so4 0.6 0.4 1.0
8102 0.8 0.5 1.6
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Table 9.4.—Sample printout of a FilmTec RO system analysis using ROSA Version 3.05d software (continued)

FilmTec Reverse Oamosis System Analysis, Match 95 version 3 ,05d
Prepared Fort Bureau of Reclamation

Analysis bys BlILL BOEGLI

Date: 03-19-1997

Feed/Raject., (MG/L as |on)

Feed Reject 1 Reject 2
NH4 0.0 0.0 0.0
K 3.0 6.4 11.8
Na 39.0 83.6 153. 6
Mg 11.0 23.6 43. 3
Ca 110.0 235.7 433.1
sr 0.0 0.0 0.0
Ba 0.1 0.2 0.4
HCO3 158.0 424.3 779.7
NO3 64.0 136. 3 248.1
Cl 95.8 205.5 378.6
F 0.1 0.2 0.4
SH™4 56.0 120.2 221.5
s8io2 26.2 55.9 102.0

PilmTec Scaling Calculations
Feaead Adjusted Feed Rejd
pH: 7.60 7.60 8.03
LSI: 0.30 0.36 1.91
Stiff & Davis Index: 0. 85 0. 85 1.92
Ionic Strength (Molal) : 0,012 0.012 O 047
TDS (Mg/L) = 603. 2 603. 2 2372.6
HCO3 (Mg/L): 198.0 198.0 779.7
co2 il(g/L): 11.8 11.8 11.8
co3 Mg/L) 3 0.3 0.3 1.4
Cas804 (% Saturation): 1.3 1.3 11.8
Baso4 (% Saturation) : 147.0 147.0 1222.0
8rs804 (% Baturation) : 0.0 0.0 0.0
CaPF2 (% Saturation): 21.6 20.0 5-0.5
t

8i02 (% saturation)

Estimated FPermeate pR is 5.7
To Balance 0.0 ¥M3/L Sodium and 0.0 M@/L chloride added to feed.

Feed water is Well or Softened Water (BW) SDI < 3

DISCLAIMER: NO WARRARTY, EXPRESSED OR IMPLIED, AND NO WARRANTY
OF MERCHANTABILITY CH FITNESE, IS GIVEN. Neither FilmTec
Corporation nor The Dow Chemical Company assume |iability for
results cbtained or damages incurred from the application of
this information. A ny f£inal design should ba x ewed b y the

appropriate applications engineering personnel.
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Table 9.5.—Comparison of results from FilmTec’s ROSA program and
the element-by-element spreadsheet analysis

1 % Stage 2™ Stage System
Spread Spread Spread
Parameter sheet ROSA  Sheet ROSA sheet ROSA
Permeate flow, gal/min 607 603 236 240 843 843
Reject flow, gal/min 518 522 282 282 282 282
Permeate concentration, mg/L 8.0 7 16.4 20 10.4 11
Reject concentration, mg/L 1,292 1,292 2,361 2,373 2,361 2,373
Recovery, % 540 53.6 45.6 45.9 75.0 74.9
Pressure drop, psig (stage AP only; 24.5 24.7 23.2 23.5 52.7 53.2

excludes interstage connections)
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Chapter 10
PRODUCT REVIEW

The last 5 years have seen the number of membrane products skyrocket. Even since this
publication was begun, there have been many new products released. Fortunately, the
membrane manufacturers have dso made great drides onto the information superhighway! It
was possible to update the product lists as the rest of this publication was being reviewed.
Table 10.1 ligts the membrane manufacturer’s addresses, phone numbers, web stes, and
contacts. Many of them have complete product information on the Internet.

10.1 Product Listings

The tables of membrane specifications are categorized as seawater, brackish water,
nanofiltration, ultrefiltration, and microfiltration. The products were categorized as the
manufacturer had them. Seawater membranes are those with high NaCl rejection rates
designed to withstand 7 to 8 MPa (gpproximately 1000 Ib/in?). Brackish water membranes
have rgections from 99.7 percent to 85 percent with maximum pressure ratings of 2 to 4 MPa
(275 to 600 1b/in?). Nandfiltration membranes have rejections between 20 percent and

85 percent, with a wide range of pressure ratings from 1.7 to 7 MPa (250 to 1000 1b/in?).
Ultrafiltration membranes are those characterized by a Molecular Mass Cutoff, and
microfiltration membranes are those with micron pore szes.

For seawater, brackish water RO, and NF membranes, there are three categories of
information supplied by the manufacturer and one category of calculated parameters.

. Physical Dimensions. The physcd dimensons given in tables 10.2-10.6 are the
membrane composition, and configurations, totad module length, and diameter. MF
membrane information includes pores sze, bubble point, and foam point if available.

» Performance Under Test Conditions. Production rate and rgection are the
primary performance parameters for RO and NF membrane. UF and MF membrane
performance specifications give only the productivity. Percent variability is included
for RO membrane, but was left off the NF tables snce few manufacturers provided
the information. The test conditions are very important here as the peformance is
directly related to the conditions. Whenever avallable, the standard test conditions
for each company are provided. A complete description of test conditions should
include feed flow rate, test solution composition, temperature, pH, operaing
pressure, and recovery rate. Usualy, the feed flow rate is not provided. It must be
caculated from the recovery rate and production rate. A few companies perss in
dating their products are tested with “San Diego Tap Water” or “Typicad Brackish
Water.” While this may be convenient for people in San Diego, it is not very
meaningful to the rest of the world.
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UF and MF manufaecturers are consigtent in testing their products with “clean weter,”
which is fine snce performance of these types of membrane is not sgnificantly
affected by dissolved solids concentration.

Operating Limits. RO and NF operating limits are given for feed flow, concentrate
flow and/or recovery, operating pressure, pressure drop across the module, SDI,
turbidity, temperature, pH during operation and cleaning cycles and exposure to
oxidants. Optimum pH is provided by one company. UF and MF membrane
limitations are given only for pressure, temperature, and pH.

+ Calculated Parameters. The cdculated parameters are the water (A) and sat (B)
transport coefficients under the specified test conditions caculated as described in
chapter 4 (RO and NF), equations 4.4 and 4.5, and aso the productivity per unit
module volume. The productivity per unit volume is smply the clamed production
rate under sandard test conditions divided by the module volume caculated from the
given dimengons. It must be emphasized that the vaues of these parameters are
highly dependent on the operating conditions. For that reason, A and B are not listed
for the NF membranes that were not tested with a di-valent solution. The B vaue for
these membranes would be inordinately high and incomparable to the B vaues for
those caculated from test deta using divalent test solutions such as MgSO,. They are
included in figure 10.1 for comparison.

There are no calculated parameters for UF and MF membranes. One could caculate
a water trangport coefficient and productivity per unit volume, but it would not be
meaningful for anything but dean waer. The best way to evduate UF and MF
membrane is to compare them sde by Sde on the same test solution using the best
operating conditions for each membrane.

Data for these tables has been gathered from manufacturers specification sheets in hard copy
or from web dtes. It has been reviewed by the company’s representative for accuracy. As
many different manufacturers as possble were included. If someone has been left out, we
gpologize. The paucity of data from those outside the United States is due to the difficulty in
obtaining data from such companies and not entirely due to our preference for supporting
domedtic industry.

In using these tables, remember that performance is dways different with “red” water. All of
the membranes listed were tested with sat solutions made from clean water, RO product
water in most cases, and food grade NaCl or MgSO, (if not laboratory grade). Complex
solutions of sdts organic compounds, colloids, suspended solids, and wildlife will have
different rgection and productivity rates.
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Table 101 Mcmbrr

+ Manufacturers

Company/Address

Phone Numbers

Web Site = hitp://www.

Products

Config

Advanced Membrane  Technology,
10350 Barnes Canyon Rd
SanDiego, CA 92121

Anglian Water/Fluid Systems
10054 Old Grove Rd.
San Diego, CA 92131

Aqua Source, North America
2924 Emerywood Parkway
Richmond, VA 23294

Desal/Osmonics
760 Shadowridge Dr.
Vii CA 92083-7986

Du Pont Permasep* Products
P.O. Box 6101
Newark, DE 19714-6101

Graver Separations, Inc.
200 Lake Dr., Pencader Corp. Center
Glasgow, DE 19702-3319

Tonics, Inc.
65 Grove Street,POB9 13 1
Watertown, MA 02272-9131

Inc

800 423-3725

Phone: 619 4574488
FAX: 619 4574422

‘IPhone: 5087773622
FAX: 5118 9214038:

800 525-4369
Phone: 619 695-3840
FAX: 619 695-2176

Phone: 804 756-7620

Phone: 619 598-3334
IFAX: 619 5983335

Phone: 302 45 1-968 1

| Phone: 302 731-1700
FAX: 302 731-1707

| Phone: 617 926-2500

advancedmembrane.com
Amiconcom:
fluid-systemscorn

appliedmembranes.com

osmonics.com

dupont.com

graver.com

membranes.com

fonics.com

RO, NF, UF,
MF

RO, NF, UF

RO, NF, UF,

RO, NF

i Dise

RO, ED, NF,
UF, MF

Sw, TU

SW

Tu

Sydems
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Table 101 Membrane Manufacturers (continued)
Company/Address Phone  Numbers Web Ste - http://www. Products Config

Millipore Corporation
80 Ashby Road Phone: 617 275-9200 millipore.com UF HF

Bedford, MA 01730-2271 FAX: 617 275-5550

800/848:(750

2277 osmonics.com:

PCI Membrane Systems Ltd.
Laventoke Mill Phone: 44 0 1256 896966
Whitchurch, Hants RG28 7NR, England |FAX: 44 0 1256 893835

RO,NF, UF TU

Trisep  Corporation
93 S. La Patera Lane Phone: 805 964-8003 trisep.com RONF, Uk, SW

Goleta, CA 93 177 FAX: 805 964-1235 MF

Water  Equipment  Technologies 800 6844844
832 Pike Rd Phone: 407 684-6300 . oo .0
W. Palm Beach, FL 3341 |-3855 FAX: 407 697-3342
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Table 10.2. Seawater Membranes 203 mm (8') diameter or equivalent.

Manufacturer

Physcal  Characterigtics

Performance at Test Conditions

Test Conditions

Adv, Men, Tec

¥ilmTec

FilmTec

Osmonics/Desal

SW30-8040

SW30HR-8040

8040:HSY-SWE2.
Desal-11 ADS040F

) Permeate  Nomind
Effective Permeste Flow St Feed
Diameter, Length, Membrang Flow Rate, Variation, Rejection, |Feed TDS, Pressure, Recovery, Temp.
Comp. Configuration ~mm  mm  Area m’ m¥/d % % mg/L MPa % °c pH
i Al 000 . 344 7902 | 32000 55 0 25 8
1200 999 265 15 99.35 35,000 6.89 35 25 i
*1810 605 o 99:55 35000 -~ 689 3 5 g
2283 68.9 ) 99.35 32,000 6.89 35 25 *
-------- 700 265 15 93 35,000 69 35 B s
asymmetric
i HFF 216 1032 1219 15 96 35,000 6.89 35 25 *
o igoas | 000 689 % 5 #
PA/PS/PE
thin film
composite sSw 201 1016 217 23 15 99.1 35,000 55 10 25 8
32,000 55 8 ‘25 8 |
thin film
composite sw 201 271 15 Sto+1s 94 | 3500 55 8 25 8
L2719 ‘ 996 7| 3280 552 7 25 5
99.8 32,800 552 7 25 15
9965 | 32800 552 11 25 o
99.5 32,000 55 10 25
e 32,000 55 1¢ 25
Thin Film
Membrane sw 2002 1016 31.59 18.9 15 32,000 5516 15 25 75
32,000 53516 15

105




Table 10.2. Seawater Membranes, 203 mm (8") diameter or equivalent (continued)

Operating  Limits Calculated  Parameters
Max Fead
Flow, L/min, Optimum Salt
Max% Max Max Max/Highly Chlorine  pH for TWaIer Transport
ReCOVefy or Opel’ Press Max Rec. Max. pH Rangc; pH Tolerance, quioﬂ rmﬂ)ort 12 Cod.
Min Brine  Pres, Drop, Feed Turbidity, OPe’ continuous Range,  ppmor  and or | Coef. A* 10%,  pe1o®,  Mod. Eff
Model No. Flow (Jfmin) MPa kPg SDI NTU  Temp. °C operation cleaning (ppm days) Permeatio | m’m?Pa’sec’  misec ~ m’day'm’
— - o R — l‘ ..... e |2 .88 0:059:: % 27
Du Pont 6835T . . . 010 0.002 361
. 002 0.001 482
Pu Pont 6882TM B-10 Twin . . . -9 . . . 010 0,002 535
' TR ) 4 0.14 0.002 730
|Du Pont SW-H-8540
132 (11) .8 ”69 5 4-9 25-12 <0.1 * 0.09 0.001
4.9 28, 13 0 N
FilmTec SW30-8040
3.96 o083 13
279 0.020 713
FilmTec SW30HR-8040
‘ 256
282288 295
2.95
....... e
2719
Hydranguticy 4 1346
Osmonics/Desal Desal-11 AD804OF 15% 6895 69 <5 < 50 4-11 2-115 (415  65.7 265
1-115 .. (208) 5547 190
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Table 103. Brackish Water Membranes, 203 mm diameter or equivalent.

Physical  Characteristics Performance at Test Conditions Test  Conditions
Permeate Nominal
Permezte Flow Salt Feed Feed
Len. Hf. Area ) Flow Rate, vgiation, Rejection, | TDS  Pressure,
Manufgcturd' e | N o . vomposmon Config. Dia. (mm) (mm) m’/d % % mg/L MPa Rec. (%) Temp. °C pH
FRO-B.8040; . T s - [§ 95 2,000 16 15 725 3
i 98 2,000 155 10 25 8
515 975 2,000 155 LT SO
15 9% 2,000 155 10 25 8
LA 92 ] 150 276 1% 128 i
10 973 1500 155 75 25 '
15 9933 2,000 155 15 ‘25 8
7 95 2,000 155 15 25 3
7 95 2,000 155 15 25 g
15 990 8
15 98.0 2,000 163 15 % 8
BW30LE440 4] 15 990 2,000 103 15 25 8
822MHR sie | 239 {5 90 2000 29 10 25 59
8221SD 316 303 15 %5 2,000 29 10 25 57
gy : 491 0 307 15 9.0 2,000 29 16 25 b
CA Blcnd S 492 15 %5 2,000 29 16 25 57
15 9.0 500 0524 10 is 75
15 985 500 0.69 10 25 75
is 99.0 500 1.04 10 25 75
15 90 500 0524 10 25 75
13 985 500 0.69 0] o) 75
15 90 500 1.05 10 25 75
15 995 | 2000 155 10 25 75,
15 9.7 2000 155 10 25 75
15 95 | 2000 1% 10 % "5
F|Uld Syslems 15 99.7 2,000 1.55 10 25 75
: I;016 307 o 57 15 996 2000 224 10 25 s
1,016 372 314 15 996 2000 224 10 % 75
;524 a4 ¥ a2 15 95 2000 155 16 35 7.5
1016 372 416 15 990 1500 155 15 25 65.10
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Table 10.3. Brackish Water Membranes, 203 mm diameter or equivalent (continued)

Operating Limit3 Calculated  Parameters

Max Feed Flow, Optimum Salt
L/min,Max% M ax M ax Max/Highly Max. Chloring pH for Weter Transport

Recovery or  Oper  Press Max Rec. Oper pH Range; Toleance,  Rejection | TTansport Coef.

Min Brine Flow Pres, Drop, Feed Turbidity, Temp. continuous pH Renge; pom or (ppm and or | Coef. A* 10", Br10%, Efficienc

Moddl No. (L/min) MPa  kPa  SDI NTU °C operaﬁlon cleaning  days)  Pemestior |m’m?®Palsec! mfsec  m’day’'m

T : e N . P P 0 v 128 . 0084 - 1719
| 46 1-12 <0.1 * 74 0.197 940

Bl 40 46 0:3-0:5 . * \ 363
\ 45 2.1t 0 * ' * 968
* 40 =R 23: 9 =0 ' 0.220 0019 1043

1 25-12 <0.1 * 0.302 . 1100

T T S R4 0,053 7§69
1-12 90 ) 117

b 9.1 i 0058 24
1-12 <0l * 123 . 1675
146 . 1401
3.2 =0 EheE
41 . 921
34 0:174 805
43 . 997
158 0.14 61
159 . 830
15.7 0 1265
154 . 724

88211J|_R

Fluid Systems

Fhifed €
'Hvdrnnmmﬂ
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Table 10.3. Brackish Water Membranes, 203 mm diameter or equivalent.

Physcal  Characterigtics

Performance at Test Conditions

Test  Conditions

Osmonics/Desal

817-PR
R

813-HR (PA)

Desal-11 Durasan
AG8040

M

Thin Film

016

Permeate Nomind
Permeate Flow Salt Feed Feed
Len. Ef. Area |Flow Rate, Variation, Rejection, | TDS, Pressure,
Manufacturer Composition Config. Dia. (mm) (mm) m) m'id % % mg/L MPa  Rec. (%) Temp. °C
CompiPATT 1 8W 2008 505016 372 1500 155 LR T

2019 1,016 3.2 \ 1500 15 15 25
Loie & 339 A . 1500 .55 15 25
SW 20019 1016 36 2 15 9.0 2000 289
W 09: 10l 316 257 5 %0 | 2000 28 10 25
QA 316 170 15 99,0 2000 289 6 2
8 V1) (SR 454 15 990 1500  1.0% 15 28
A1 15 PP.5 1500 105 15 25
56.8 15 %0 1500 105 is 5%
378 15 9.0 1500 15 15 %
A6 15 9.0 1:500 155 5 25
274 15 975 2,000 29 15 25
3347 15 820 | 2000 221 i5 25
%6 i3 9.0 2,000 29 15 25
508 973 2,000 29 10 25
371 15 87.0 2000 221 10 25
15 950 2000 29 w25
15 975 2,000 29 15 25
15 870 1,000 221 15 125
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Table 10.3. Brackish Water Membranes, 203 mm diameter or equivalent (continued)

Operating Limits

Calculated  Parameters

Osmonics

Desal-11 Durasan ™
AG8040C

Osmonics/Desal

15% 1.379 69 <3 <1

Max Fed Flow, Optimum St
L/min, Max% Max Max Max/Highly Max. Chlorine pH for Weter Trangport
Recovery or  Oper  Press Max Rec. Oper pH Range; Toleance,  Rejection Transport Coef. .
Min Brine Flow Pres,  Drop, Feed Turbidity, ~Temp. continuous pH Range; ppm or (ppm and or | Coef. A* 10", B*1of, Efficiency
Manufacturer M od e:l No. (L/min) MPa kPa  SDI NTU °C  operation cleaning days)  Permeatior | m’'m?Pa’'sec’  mvsec  m’day’'m’
92 0060 - . 1279 -
-LHY-CPA4 50 0.033 698
82" 0:108 1045
43 0.588 990
35 0,182 190°
23 0.060 523
154 0131
* *
“* .
. '
* w0
34 0.215
TR
42 0.558
40 0:264
64

I 870 1044

1231
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Table 10.3. Brackish Water Membranes, 203 mm diameter or equivalent.

Physcal  Characterigtics Performance at Test Conditions Test Conditions

Permeate Nomind

Permeste Flow Sdt Feed  Feed
Len. Ef. Area | Flow Rate, variation, Rejection, | TDS, Pressure,
Manufacturer Model No. Composition Config. Dia. (mm) (mm) (m?) md % % mg/L MPa  Rec. (%) Temp. °C  pH
Osmonics/Desal Desal-3 Stand. Pres. Thin Film 015 -

2911 15 9.9 2,000 2.93 15 25 65

2722 15 982 2,000 1551 15 65
Desal-3

Osmonics/Desal  Duratherm™RO Thin Film

3252 19.44 15 9.0 2,000 2.93 15 25 65

BaE i5 ®9 | 2000 293

Desal-3
Osmonics/Desal  Duratherm™RO Thin Film

$G8040CZH Membrane SW 2019 016 3252 246 15 %2 2000 1551 15 25 65
oz ol 2002 10l 3252 2268 b 980 2000 293 15 25 »

2002 1, 016 25 30.24 15 970 2,000 293 15 25 '

2002 1,016 3252 9959 15 87.0 2,000 1.551 15 25 1

202 1,016 335 28 15 95 2,000 155 15 25 8

3 § 335 EL S 15 95 = | 2000 155 15 25 8

35 34 15 95 2,000 155 15 25 8

333 307 15 995 2,000 155 15 25 8

335 398 15 99.0 2,000 155 15 25 8

335 53 I3 99:2 2,000 1:55 13 25 8

R5 21 10 98.0 2,000 0.69 15 25 8

316 47 15 990 2,000 29 15 5 5ih

316 26 15 98.0 2,000 29 15 25 5-6
| soame 31.6 32 15 95.0 2,000 29 15 25 ‘5-6
8040-SB90-TSA CA blend sw 316 25 15 85.0 2,000 29 15 25 5-6
C 202 . s foles 3%5 - 303 15 93 2,000 1:55 15 25 '8

202 1,524 474 51 15 98.0 2,000 29 15 2 5-6

; 202 1,524 434 5L 15 950 2,000 29 15 LI

8340-ACM1-TSA PA(ACM) S W 211 1,016 346 30 15 990 2,000 1.55 15 25 8
: 1,016 326 i 26 15 980 2000 29 15 25 546

1,016 326 32 15 %0 2,000 29 15 25 5-6

206 Loe o 353 | D30 15 %0 2000 29 5 .25 o 56

CA blend SW 216 1.016 353 18 15 95.0 2 non 29 15 24 5.4
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Table 10.3. Brackish Water Membranes, 203 mm diameter or equivalent (continued)
Operating  Limits Caculated Parameters
Max Feed Flow, Optimum St
L/min,Max% M ax M ax Max/Highly Max. Chlorine pH for Weter Trangport
Recovery or Oper  Press Max Rec. Oper pH Range; Tolerance, Rejection Transport Cod.
Min Brine Flow Pres, Drop, Fed  Tubidity, Temp. continuous pH Renge ppm or (ppm and or | Coef A*10%,  pejgs  Efficiency
Manufacturer (L/min) MPa kPa SDI NTU °C operation cleaning days)  Permedtion |m’m?Pa’sec’  misec  m’day’m’
15% 3448 69 <5 <] 50 2-11 1,115 (20.8) 55.7 3.8 0.106 910
08 5557 7.1 0.163 87
Osmonics/Desal  Duratherm™RO
SC8040CZH 15% 4131 69 <5 <1 70 4-9 »115, T< 1208, T<50) 6547 2.5 0.064 598
3.2
Desal-3
Osmonics/Desal Duratherm™RO
SG8040CZH »11.5, T< (20.8, T<50)  6.547 6.4 0.147 756
OsfiionicyDesat: - Dy 38 & ! 2.9 0.151 709
Osmonics/Desal 3-8 1 ' 3.9 0.306
0 il 3-8 1 ¢ 7.1 1.348
2.5 115 <0.] 7.1 0.045
2.5 « 11.5. = <0 ' 8.6 0054
254115 <0.1 * 8.6 0.054
2.5 <Hs =01 ¢ 100 00635
2.5« 11.5 <0.1 10.0 0.128
T5.115 <0 ' 134 0.136
2.5 «11.5 <0.1 * 14.1 0.135
10518 470 28.75 1 ' 23 0.058
B20-TSA | 40 4-7 2.5 -1.5 | * 3.5 0.179
] 40 4-7 2.5 -1.5 1 * 4.3 0567
1 40 4-1 2515 ! * 3.3 1.485
! 45 fiq1 25s118 <0l ' 76 0,068
TriSep  Corp. 1 40 4-7 2.540.5 1 * 4.6 0.234
iy : 3 40 $47 ! * 4.6 0:602 ¢
T | 45 4-11 <0.] 73 0.093
T 40 1 f 3.4 0:173
TriSep Corp. 40 4-1 I 4.2 0.549
T 8540-F 0 4.7 ! ' 3.6 0184
TriSep Carn. R540-SB50-TSA 40 4-7 \ * 46 06N
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Table 10.4. Nanofiltration Membranes, 203 mm (8") diameter or equivalent.

Physical Characteristics Performance at Test Conditions Test Conditions
I
Typical Feed
Pemmeate Chigride  Typical NaCl  Divaent Pressure,
Dia  Len. Flow  Rej, % DivalentRej, |Conc. for Cone. for MPa  Recovar,
[Manufacturer Model No. Comp. Config. (mm) Rate, m*/d (Re) % (Ry) R, mgl Ry, mgl Test solution (divalent) % Temp. °C pH
A ‘ : 987 | opa | 2,000  Mgso; 03 13 . = 25 1
Ady, Mem, Tech. SwW 2,000 2,000 MgSO, 0.5 15 25 7
2400 2,000 MaSO; 05 By ]
FilmTec 2,000 2,000 MgS0, 0.9 ‘ 25 s
fi 40 60 95 2,000 2,000 MzSOx 0.5 15 25
FilmTec 2,000 2,000 MgS0, 0.5 is 25
2,000 2,000 Mg50; 0s B .
2,000 ' typicd BW 1.55 16 25
500 ’ typical BW 0.552 10 25
500 ' typicd  BW 0.552 10 25
: 500 250 S Disgg W 1B 15 25
8040 ESNAL . 500 ’ N 0.52 15 25
: %63 40 » 5005 € ' 052 15 L]
LoL3 60 94 . 2,000 Na,S0, 159 19 25
e 40 95 ¥ 2,000 N3,804 0.93 10 s
36.4 40 95 * 2,000 Na,S0, 0.93 10 25 .
,,,,,, 30.3 40 85 * 2.000 Nay§0; 0.93 10 2 e
32.2 40 95 [ 2,000 Na,S0, 0.93 10 25 .
: 36.24 * 98 ‘ 1,000 Mgs0; 0.69 10 2 5" L=
Thin Film 30.24 * 98 v 1,000 MgS0, 0.69 10 25 '
: i ' 38.56 . 96 1,000 MeSO; 0.69 10 25 )
38.56 . 96 . : MgS0, 0.69 10 25 '
% ‘ | 4% P . 500 . N4l 0.72 15 25 8
TriSep Corp. 8040-TS40-TSA ThinFilm SW 202 1016 334 417 40 98 500 500 MgSO, 0.69 15 25 8
ge 0 AR R NaCl 0.12 i 3 3
TriSep Corp. 8040-TS80-TSA 202 1016 334 30 80 98 500 500 MeSO., 0.69 15 25 8
+ i OGO 3354 a2 ] 2,000 ' NaCl: 0.72 15 25 &
TriSep Corp. 813-NF100 (CA) 34.5 60 94 * 2,000 Na, SO, .59 10 25 6-7
T P BISNR 0T e | s 60 94 . 2000 N&sSO; 159 10 B ea
"TriSen Corn. 817-NF100 (CA) swW 211 1,020 31.2 30.9 60 94 N 2,000 Na,SO, 159 10 25 6-7
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Table 104. Nanofiltration Membranes, 203 mm (8') diameter or equivalent (continued)

Operating Limits Cdculated Parameters
Max Feed Flow,
Limin,Max%  Max  Max. Chlorine Salt
Recovery or Min Oper. Pressure Max/Highly Max.  pHRange; pH Tolerance,  Opt. pH for Water Transport  Transport
Brine Flow Pres, Drop, Max Feed Recommended Operating continuous Range; ppm or (ppm Rej. andior | Coef. A*10, Coef B*1 10, Mod. Eff. m >day
M anufacturer Model No. (L/min) MPa kPa SDI  Turbidity, NTU Temp. °C operamon cleenlng days) Permeation | m’m?Pasec” m/sec 'm?
¥ . © ATFS0BAL: 7 5 w0 - 0 * 301 WA ¢ 123,
ATF70-B-8040 . 50 0 : 26.9 4638 1114
b A : ; R 30 0 ¥ 215 2.165 T8
|FitmTec ‘ 45 <0.1 ' : : 901
File v : g 5 €01 . 38 0.700 1273
FilmTec . 35 <01 . 354 0711 1496
Eil : j i 44 €01 . 294 059 2
40 51 a2 3530
45 5 o 2.3 1.828
45 0 8 2.2 1821
40 I v 13.95 1884
45 . >0.1 ' . '
48 * 01 { & ' v
80 <1 ' 75 0.674,
- * 2 . 146 0:600::
50 . 2 ’ 147 0.605
S0 . 2 * 144 0:595
50 ' 2 . 145 0.59
50 I-11.5 (415) « 166 0:208
50 1.115 (415) ' 16.6 021
50 1,115 @ES) ' 212 058
50 1.115 (415) ' 2.2 0.542
k15 : : 45 25 115 I * . .
| . 45 25115 1 + 218 0.271
i e 24 115 m . i
45 254115 0 ' 157 0.195
5 25 115 0 . , wi
80 . < . 0.696
2400 + 2% * 74 0,462
s % . 7.7 0.693
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Table 10.5. Ultrafiltration Membranes.

Physical Characteristics Performance at Test Conditions
Nominal Permeate
Permeate Flow Feed
Dia. Len EfT Areal Flow Rate, Variation, Productivity Pressure,
Manufactur er Model No. Comp., Comfig. (mm) (mm) m’ m¥d % Test Fluid MPa Feed Temp. ‘C  Recovery, %

32 25 clean  water 0.14 2 5 50

UFP-100-E-85 polysulfone HF

AlG Technolog‘y _____ 50 25 clean water 0.14 25 >9(0
gy UEDED iilfe iHE . 108 L3O 88 100 25 clean water 0.14 2s 590
lyeth
AES10-B-8040-H povemer
i 26 25 clean water 1.0 25 10
- 33: 25 clean water 0.28 25 10
....AFlo B-8040-H ! _ 26 25 clean water 1.0 25 10
' : ] 25 clean water 0.2 25 10
33 25 clean water 0.28 25 10
65 25 clean water 0.2 25 10
polyether
sulfone < ) ’ 26 25 clean water 1,0 25 10
‘ 344 65 25 clean water 02 25

5.4 0 clean water 0.5 25 2
3 25 clean water. 0.3 25 10
26 25 clean water 1 25 10
' Gl 21 25 clean water 0s 2.5 10
Polysulfone SwW 2032 1016 ‘ 136 25 clean water 0.2 25 10
0. 55 150 10 clean water 0.04 20 * &
CA Polymers 19 2 clean water 0.04 20 .
28 N/A clean water 0.17 25 N/A
PMA-0010-G o
Titania Cmpnd Tub. 3.2 N/A clean water 0.17 25 N/A
: 492 20 SOTW 0.345 25 *
Ultra7 8321UF
Magnum 64.3 * SDTW 0.482 25 I
B 88:8 15 clean water ‘0.2 25 15
KC-840-010SL Polyether
110 10 DI water 0.34 25 90
135 10 DI water 0.34 25 9 0
Polyether
1 KC-840-100-SL
FP . & 95 ¢ § sulfone sw 200 1,000 25.5 165 10 DI water 0.34 25 90
; " polyol 203 1016 233 26.5 ' DI water 0.2 25 10:20
Hvdranautics 8040-FFF-P100 Polvsulfone S W 203 1.016 23.3 51.1 * D1 water 0.2 25 10-20
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Table 10.5. Ultrafiltration M embranes (continued)

Reection Characterigtics Operating Limits
Nominal
Molecular Feed Max. ' Chlorine
Mass Cutoff Test Solute Pressure, Feed Max. Operating Operating py Range; pH Range; Tolerance, ppm
Manufacturer (NMMC) Test Solute  Concentration, mg/L. ~ MPa Pressure, MPa  Temp. °C  continuous  cleaning  or (ppm days)
e TR - :
‘ 2-12 2-13
T A3
2-1 2-12
} 2+ 11 2512
polymer - marker 0.34 is 28 , 50 2-11 2-12
034 = o25- 2.8 A1) 251 2: 12
0.34 25 28 S0 2.1 2-12
034 25 4 & 2.8 50 2<H 2= |2
polymer merker 0% 15 28 50 2.1 2.12 (16600)
t piarker 0.34: 28 2.8 50 2«11 212 £16:600)
. * 40 2-12 . '
* * * * ] ] L]
+ * * . + » *
1] BEEE 4 % L . . ° .
. ¥ ] . * . ]
""""" 0:2 20 gig - 30 4.85 4-85 50
02 20 0.18 30 4.85 4.85 50
CeraMem ep: y 03 % | o038 121 () 4-9 499 7 Tolerant
. Polyviny
CeraMem Sep. Inc.  PMA-0010-G 250K pyrroiidone 1,000 02 25 035 121 (aq) 3-12 3-12 Tolerant
: B 25 1,034 40 4-6 25+8 !
. Ultra7 8321UF 1 .034@2s, 827@ 1-13@25, 150 @50,
Fluid Systems Magnum 6-10K PEG . 0.482 25 50 50 1-11@50 pH7-8
Do Y oag 2.7 45 SV
K C-840-010-SL 200 ppm
Rthtend 10K Myogiobin 0.38 25 0.69 50 2-10 15-13 cleaning
" 23 50 2.10 1843
KC-840-100-SL 100K Globulin 2,000 038 25 069 50 2-10 15-13
: 3 L 02 § w45 212 1413
Hydranautics 8040-FFF-P100 100K PEG ' 02 25 11 45 2-12 1.13

10.16




Table 10.5. Ultrafiltration Membranes.

Physical Characteristics Performance a Test Conditions
Nominal Permeate
Permeate Flow Feed
Dia.  Len. Eff. Aren} Flow Rate. Variation, Productivity — Pressure,
Manufacturer Model No. m’/d % Test Fluid MPa Feed Temp. °C  Recovery, %
T on — - T —
cEE O OBEZE C° yow o watef 02 85 0 <30 -~
155 ' ' 01 ‘ '
345+460 4025 DI water 0.14 : )
23-126 75 DI water 0.14 ' %
365687 52 B water 0.14 ' %
Polysulfone 9-50 29.5 DI water 0.14 ¥ *
i ; o9 | 1374286 197 DI water 0.14 N \
815-PT1 CA Zellulose di-tri 2000 ppm
acetate SW 2001 1,016 281 46.2 : NaCl 0.69 25 10
i o 2000 ppin
A : 1016 2817 72 . NaCl 0.69 25 10
; Homogenous 2000 ppm
815-PT1
Osmonnw 1SPTLVS fluorocarbo SW 21 106 31 118 . NaCl 069 25 10
R . 2000 ppm
J28.1 56.9 * NaCl 0.34 25 10
Osmoniw Homogenous 2000 ppm
Polysufone SW 201 1,016 7 ' NaCl 0.34 25 10
: B 2000 ppm
99.3 X Na€l 0.34 25 10
; 2000 ppm
Osmoniw 815-PT3 CA
1.016 281 62.2 * 203'6\0 0.34 25 10
s " ‘ pp m
1016 281 902 ' NACI 0.34 2s 10
Osmontw P-Series PW8040F
SW 32.5 119.07 25 cleen water 0.207 25 10
B e 32,5 25.7 25 clean water 1034 25 10
Thin Film
8
Osmonics/Desal G-20 GKB040F Membrane SW 2002 1016 325 | 2117 25 dean water 1.034 25 10
: 23.44 25 dlemn Water 0517 25 10
Thin Film
8040
Osmonics/Desal G-80 GNB040F Memb SW 281 25 dean water 0276 25 10
G 406 1 5 clean waer 0.72 25 15
Polyether
TriSep Corporation 8040.UES0-TSA sulfone sw 202 1,016 33.4 401 15 dean water 02 25 15
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Table 10.5. Ultrafiltration M embranes (continued)

Reection Characteristics Operating Limits
Nomind
Molecular Fead Max. Chlorine
Mass Cutoff Test Solute Pressure, Feed | Max. Operating Operating pH Range; pH Range; Tolerance, ppm
M anufactur er Model No (NMMC) Test Solute  Concentration, mg/L MPa  Temp. *dPressure, MPa  Temp. °C  continuous cleaning or (ppm days)

NTU-3306-K6R

ﬁydnnautics Protein * * * *
Miiiip + 15130 ' 6
Milli 0.07 s 0.18 60 15.130 . *
Millipore oo GHSIPIO0200 0 |7 100K EPVRR.GOE: L4 o 0.18 60 15.130 . .
Millipore H53P3.20 . 0.07 . 0.18 60 15. 130 . '
Millipore _ * 0.07 0.18 60 15+ 13.0 + o
Osmonics 815.-PT1CA N . . . . . . ,

Osmonics 815-PT1VS

Osmonics 815-PT2 PS

2 X g * FiN * *
Osmonics 815-PT3 ¢ « . U . * * N ' "
.... S o ‘ )
gjection
Osmonics P-Series PW8040F of Cytochrome-
10 K ) C, MM=13,300 L) *

13 50 2-11 2115 (5,000)

;.: ‘50 240 28 1S
Osmonics/Desal G-20 GK8040F

35K . PEG 1,000 0.827 25 2.785 50 2-1 2-115

(1,000
2-11 2-115 (1,000)

2-1 2 - 1
Osmonics/Desal G-80 GN8040F

Polye\hylmeg y
100K col 1,000 02 25 27 45 2-12 2-125 10

TriSep Corporation  8040.UES0-TSA
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Table 10.6. Microfiltration Membranes.

Physcal  Characteristics
Foam
Point
Bubble Point (IPA),
Manufacturer Model  No. Config. Comp. Dia (mm) Len. (mm) Eff. Area m* Pore Size, micron (IPA), kPa kPa
o AR S i 200 1,000 4.1 0.04 * ¥
200 1,000 A1 30 * *
1 4 4 864 111 0.2 ¥ ¥
144 864 111 05 ¥ '
65 250 0.68 06 ¥ *
65 500 13 06 ' '
65 750 2.04 06 * *
Various Tubular 65 1,000 2.12 06 '
Virlois: . Stain 25 . 1200 600+ 6100 .05« 750 01 L] *
E 00 EW8040F polysulfone 200.2 1,016 3252 0.04 ' *
p PVDE 200.2 1,016 32.52 03 138 152
200. | 1,016 18.58 A,.2, .5 1,3 ¥ '
‘ 450 0.5 9.2 * ]
1,060 16 02 ' '
1016 334 02 o
2471 111 02 * *
2477 L1t 04 # *
WBC-10-15 2416 139 I ' *
) WEBRS:5:15. ¢ W ' 2416 139 5 * '
IWaIer Eauip. Tech. WVSS-20-15 SW Cotton/Ponester 2476 139 20 * .
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Table 106. Micrdfiltration Membranes (continued)

Manufacturer

M odel No

Water EqU|p. Tech.

WBC-1.0-15
WBRS:5:18:
WVSS-20-15

WBCA2PO-15 !
WBC-UAPASAS ¢ o

Performance at Test Conditions

Operating Limits

_ Permegte Max. Chlorine
Nominal Flow Feed Max. Operating Operating Tolerance,
Permeate Flow Variation, Productivity —Pressure, Feed  Recovery} Press., kPa or Temperature, pH Range; pH Range; ppm or (ppm

Rate, m¥/d % Test Solution kPa  Temp. °C % (Pressure  Drop) °c continuous cleaning days)
‘ E “Clean water 0.2 250 10 1,030. 50 2,11 2-12
25 clean water 02 25 10 1,030 50 2-11 2-12
i cleanwater 07 25 NiA 345 3:12 3-12
25 N/A 345 121 3.12 3-12
S i 517 40 495 NIA
25 * 517 60 4.95 N/A
8 ' 517 60 4495 NIA
25 ' 517 60 4,95 N/A *
6.300 0 #99|unlimited 400 0-14 0.14 iviries:
25 10 1,030 50 2.1 2-115  (5,000)
25 1,034 5 0 2411 [« 1% 000y
. ' 138 50 1-11
2 10 209 40 1.14
21 10 209 40 1.14
25 15 2.760 45’ 2412
' ' 20 N 12@35de
' ' 20 90 12@35de
' . 34 90 ~12at35
# ¥ 215 90 ~12at35
' ' 206 90 -12at35 * Tolerant
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10.2 What Does It All Mean?

There are O many products available with dightly different rgection and production retes
that are tested under different conditions How is one to decide which one to get? The bad
news is that the most important information is not on the specification sheet. Cost and
service are the most important aspects of the membrane. Cost could be a deciding factor, but
it changes with time and depends on the quantity purchased and other nebulous ste specific
gtudions. Service contracts are crucial. Membranes are a large part of the cost of a
treatment plant and they can be ruined in a matter of minutes if not used properly. Be sure
that the supplier will back up the warranty and be sure that none of the exclusonary
conditions occurs in your fadlity.

Here are a few tips for ensuring a successful membrane treatment experience.

Make sure the company that supplies your membranes is going to hep you get
darted and will be available later when problems come up.

+ Make sure there is a good warranty on the membranes.

+ Invest in your operators. Well trained and empowered operators save money and
aggravation.

Congder automatic data acquisition and controls so that operators can tune in on
gradua performance trends rather than day to day changes. Membrane data needs
normaization to detect red changes, shift to shift changes in the raw data are not as
meaningful.

Cdlibrate sensors regularly to ensure data is as accurate as possible.

10.2.1 Water and Salt Transgport Coefficients Versus Reection and Productivity

Water (A) and sdt (B) trangport coefficients are difficult to get a handle on. They are
extremdy smdl numbers caculated from the productivity, rgection, and test conditions.

A is the volume of water produced per net unit of pressure, areg, and time at test conditions.
B is the quantity of sdt that passes through the membrane per unit of difference in st
concentration across the membrane for a unit of area in one second under test conditions.
As discussed in chapter 4, if one wants to produce a large quantity of low sdt water, one
would want a membrane with a relatively large A vadue and a smdl B vdue. Figure 10.1
compares the A and B vaues for seawater, brackish water RO and NF membranes. Fg-
ure 10.2 focuses on RO membrane specificaly, which will be the bass of the rest of this
discusson. Generdly, seawater membranes have very smdl A and B vaues, brackish water
membranes have dightly higher vdues, and NF membranes have large vaues. The entire
range of desdination membranes is close to zero to 4x 10" m/sec for B and close to zero to
35x1 02 m*m2sec'Pa’! for A.
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Figure 10.1 -Relation between salt and water transport coefficients for seawater, brackish water RO
and NF membrane. There are two different optimization strategies apparent here: one group of
membranes is for minimizing salt passage and concentrate volume, the other is for selective
salt passage and minimizing concentrate TDS.

Though it might look from these graphs like there is a linear rdationship between A and B,
there is not. The vadue B/A is merdy an atifact of the test conditions, it is the product of the
sdt passage for the test solution and the NDP under test conditions. Remember that these
parameters are cdculated from observed performance of the entire module, not from physical
characteridics of the membrane as they should be. Stll, the visual ad is hepful in portraying
the performance of the a large population of membranes. A more informative graph would
be A or B versus gpplied pressure and feed water TDS. Alas, this data is not available for al
membranes. But what about the plain unprocessed specification sheet data? SdAt reection
and productivity per unit area are explored in figure 10.3. As with A and B, there is
absolutely no correlation between the two, except that in this figure it is reedily gpparent. It
would be difficult to predict which of these membranes would be best for a particular
goplication. There are too many variables that are not taken into consderation. Are the
differences in productivity for a given rgection rate due to test conditions or could the
module furthest to the top right actudly have better circulation than the others? This is
because productivity and rgection are extremdy sendtive to the operating conditions. There
must be a better way to determine the efficiency of a membrane module. One needs to be
able to decide whether it is better to pay extra for a module with 99.5 percent rgection if it
produces 6 m® less per day than the 99 percent rejection membrane.

Unfortunately, there is no way to be sure which membrane will be best for a particular
goplication until it is tested on dte. Until all membranes intended for a given purpose are
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Figure 10.2.—Close up of relationship between sea and brackish water RO membrane transport coefficients.
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Figure 10.3.—No relationship between rejection rate and productivity per unit area.
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under the same conditions, or at least with the same feed solution at the same pH and
temperature, there is no meaningful way to compare them. With performance test data on
many different membranes, though, one can make some comparisons between different
configurations and testing methods.

10.2.2 Does Operating Pressure Make a Real Difference?

If a membrane will have the same rgection a a lower pressure with perhaps a smal reduction
in productivity, it may be cost effective to use the lower the pressure.  However, there is a
minimum pressure necessary to overcome the resstance due to osmotic pressure difference
between the feed and permeate; the membrane resistance, which is a function of the polymer
and its thickness, and the module resstance, which is a function of the flow channe width
and surface roughness. There is a trade-off involved in optimizing any of these three
resistances.

Lowering the osmotic pressure difference means more sdt in the product water,
Decreasing membrane resstance usudly is accompanied by increased sdt transport,
and

Lowering module resstance could mean less contact time and lower permeshility.

But, are the current module designs at the optimum point? Conveniently, a few
manufacturers supply performance data for a membrane a more than one operating pressure
Table 10.7 ligs differences in performance parameters when tested at different operating
pressures.

Table 10.7.—Change in performance statistics with operating pressure. Membrane X
may have better performance at the higher pressure

Net driving
pressure Productivity Rejection
Membrane (kPa) (m*/day) (%) A B
861 34 98 11.9 0.20
. 1,369 54 99 12.3 0.16
481 20.1 98 15.8 0.15
Y 646 27.3 98.5 15.9 0.15
996 41.6 99 15.7 0.15
481 23.8 98 15.4 0.14
z 646 32.2 98.5 15.5 0.14
1006 49.2 99 15.2 0.15
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The only red difference in performance a higher pressure is the decrease in st trandfer (B)
for membrane X a higher pressure. Membranes Y and Z have essentidly the same
performance no matter what pressure they are operated a. They may have a dight
improvement in efficiency a mid-range pressures, but the increase in productivity per unit
NDP is too smdl to be sgnificant. Membranes Y and Z cannot be compared farly with
membrane X because they were tested with only 500 mg/L NaCl solution while the latter was
tested with 2000 ppm NaC). Table 10.7 should be used only to compare each membrane to
its own performance a a different pressure.

10.2.3 Does Increasing Membrane Area per Module Improve Productivity?

Severd of the membranes listed are available in “high ared’ module designs. One way to
measure the benefit of adding more area to a module is to look & the overall module
effidency. Module efficiency, as it is used here, is the production rate under standard
conditions divided by the module volume. Figure 104 compares the module efficiency per
sguare meter of added membrane area and performance datistics for 20 pairs of modules
made with the same membrane, but constructed such that one has a greater surface area than
the other. All increases in area resulted in a net increase in the modules production rate;
otherwise, they would not be on the market. From figure 10.4, however, it is apparent that
some increases are more effective than others. There are only a few ways to increase the area
in a spird wound dement without increasng the volume.

. The membrane envelopes can be constructed such that the edge seam is very
narrow. Hand glued envelopes can have edges that are 6 - 10 cm wide on three
ddesl Usng a mechanicd seding machine could increase the area per envelope by
25 percent. This method should not change the A or B vaues. Smal changes are
probably due to the eror in the area measurement of the regular modules. There is
aso an added vaue in that there are no longer dead spaces on the module edges that
can trap particles and provide good places for fungal growth.

. Thinner spacer materials can be used. Thinner spacer material could improve or
hinder overdl performance depending on whether the new materid is better a
promoting mixing than the regular materias.

. The membrane envelopes can be wound more tightly. This method is sure to hinder
performance which will show up as a decrease in A and an increase in B over the
regular module. Tighter winding inhibits drculation and will promote fouling.

10.2.4 Are Longer Modules Better?
One recent change in module congtruction is to increase the length by one haf so that two of

the newer “MAG” modules should be equivaent to three regular size modules. The benefits
of having longer modules are:
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Both can be caused by hindering circulation within the module, which effectively decreases the useful area.



Once the capitd expense of the new equipment for manufacturing the modules has
been redized, it should cut production expenses by about one third.

Fewer connectors are needed, which means a small equipment savings and fewer
opportunities for leaks.

Grester active membrane area due to fewer seams and opportunities for an edge
effect.

On the down dsde

The modules are heavier and will require an hydraulic lift to load them into the
pressure vessdls. They will dso be more difficult to extract.

Since the manufacturers had to up grade their equipment to produce these longer
dements, they will probably be more expensve than the equivdent number of
dandard Sze dements.

How should a longer dement perform in comparison to the standard sze? Figure 10.5
compares five sets of modules that come in a 1 m length and aso a 1.5 m length. Each pair
was performance tested with the same feed solution, NDP, temperature, and pH. The
recovery rate was higher for the 1.5 m module, as should be expected. Theoreticdly, A and

B should not be affected by a change in the module length. The increase in productivity
should be due to a reduction in edge effects caused by poor circulation in the membrane
envelope comers. Since the specifications are based on single module performance, though,
some of the improvement is probably the result of the higher feed flow necessary for a longer
eement. But if both Sze modules were tested in full pressure vessels, both would have the
same feed flow, and the only differences would be due to the reduction in edge effects.

10.2.6 Conclusions

There are countless membrane products to choose from in a wide variety of materids, con-
figurations, and sizes, with a wide range of rgection rates and production rates, and there wil |
surdy be many more in the future. They dl operae under the same principles, however. As
long as one can find out how they were tested to produce the advertized reection and
production rates, one can normalize the data for testing differences and compare the
performance of different products. It is very important to look a more than two parameters,
though, when the products are tested under different conditions or are of different sizes.
While module efficiency may be not quite as important as $/kWhr, it is gill hdpful when
deciding between modules of different configurations. Transport coefficients are useful by
themsalves only when products of the same configuration are tested under the same
conditions.
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Figure 10.5.—Change In performance With |onger modauies.

No matter what the spedfications are, sarvice is dill the ultimate congderation. Membranes
are an expendve pat of a water treetment plant and can be easily ruined.  Whether you are
purchasng membranes for your kitchen snk or a whole plant, your supplier should work
with you to ensure you are getting the right product for your gpplication.
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Chapter 11
ESTIMATING THE COST OF MEMBRANE TREATMENT

The cost of membrane processes depends primarily on the quality of the source water, the
method of concentrate disposal, and the quantity of water to be produced. The feed water
qudity and treatment objectives dictate the type of membrane to use, which, in turn,
influence the operating pressure and the composition and volume of the concentrate stream.
For this reason, concentrate disposa must be a part of the overal trestment objectives. There
are two generd approaches to disposing of concentrate. The first is dependent on volume
and the second is dependent on concentration. A god must be established at the gart of the
planning process ether to minimize concentrate volume or to minimize its sat content.
Blending the membrane product water with filtered feed water is one way to help control
concentrate characterigtics, but first one needs to predict what the concentrate and product
compostion will be.

11.1 Predicting Product and Concentrate Composition and Volume

There are four important pieces of information needed to predict the product and concentrate
compostion and volume:

1) Recovery rate, (Rec) in decimd form. The recovery rate is limited by the
concentration of sparingly soluble sdits in the feed water. Lowering the pH and
adding anti-sedlants can increase the potentia recovery rate. The other determining
factor is the configuration of the membrane sysem. Each dement can recover
approximately 10 percent of the feed flow as product. Generdly, 50 percent recovery
is assumed for a 6-element vessdl. Therefore, a 2: 1 array should be expected to
achieve 75 percent recovery, and a 4:2: 1 array should be capable of 87.5 percent.

2) Regection rate, Rg in decima form. Manufacturers list a regjection rate for chloride
and one for sulfate or other divalent ions for NF membranes. For grester accuracy,
use a weighted average based on the feed water composition. For instance, if the
feed water has a ratio of 3: 1 mono-vaent to multi-vaent ions and the rgection rates
are 90 percent for chloride and 99.5 percent for sulfate, the weighted average
rgjection rate would be:

0.75x0.900 + 0.25%0.995
Rej = =0 924 Eag. 11.1
Jave 0.75+0.25 q

If the god is to minimize concentrate volume, choose a membrane with a very high
rgection. However, if the god is to minimize concentrate TDS, choose a membrane
that will produce the target water quality. NF membranes are suffkient in many
Cases.
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3) Feed water dissolved solids concentration, C, in mg/L.
4) Target delivery water concentration after blending, C, in mg/L.

A very smple model of membrane separation is used here for the purpose of estimating
costs. Accurate product and concentrate concentration prediction calculations that take
concentration polarization into condderation can get quite complex, but do not provide that
much more accuracy in a first pass cost estimate.

Product concentration, C_in mg/L:

C - Cf (1 -Rej)

Eq. 11.2
P Rec 5
Concentrate concentration, C. in mg/L
C, Rej
c = L 7
© 1= Rec Fq. 113

The maximum amount of blend water that can be mixed with the membrane product and il
achieve the target water qudity is caculated as follows, assuming filtered feed water is used
for the blend water:

g, (C ~-C)
Q, =2 - Eq. 114
C, - ¢

Where Q, is the maximum blend volume in m*/day, Q, is the target volume in m*/day, and C,
IS the target dissolved solids concentration in mg/L. If there is a component of the blend
water that is more limiting than the total dissolved solids, there are two options. Either plan
to remove that component from the blend water or use the concentration of that component in
the blend water for C, and the estimated remaining concentration of it in the membrane
product water for C,. As an example, consder the following situction:

C; = 900 mg/L with 0.5 mg/L. manganese

Re = 0.95

Rec = 0.85

C, = 300 mg/L with less than 0.05 mg/L manganese

C, = 900*( 1-0.95)/0.85 = 56 mg/L

C, = (300-56)/(900-56) = 0.29 or 29 percent blending with feed water.
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But, when the manganese concentration is condgdered as the limiting component:

C, = 0.5 mg/L. manganese

Rej = 0.95

Rec = 0.85

G = Less than 0.05 mg/L. manganese

C, = 0.5%(1-0.95)/0.85 = 0.03 mg/L

C, = (0.05-0.03)/(0.5-0.03) = 0.04 or 4 percent blending with feed

water.

If the blend water is filtered with greensand or the manganese is removed in some other way,
the higher levd of blending is possble, otherwise not. However it is decided, once the blend
volume has been established, the membrane process feed, product, and concentrate flows are
st (dl in m*/day):

0,=Q, - Eq. 11.5
Qf = _Q_li Eqg. 11.6
rec
1 -Rec
Q.= Qp ( ) Eq. 11.7
Rec

11.2 Estimating Membrane Cost Factors

The primary factors for estimating membrane system cods are the membrane area, operaing
pressure, pump horsepower, and the number of skids.

11.2.1 Membrane Area

Membrane productivity per day is normaly measured under some standard operating
conditions and listed as m*/day or gd/day. At this point, most manufacturers have there own
standards. The liged productivity will do for a priminary esimate of membrane area
requirements, but a pilot test will be needed to verify the productivity on dte. Perusng the
tables in chapter 10, you will notice quite a variaion of productivity levels avallable even for
the same kind of membrane. For a prediminary esimate, take a moderate vaue from the
range liged. The number of modules needed is smply the required membrane capacity
divided by the module productivity:
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No. of modules = —g—p Eq. 11.8

Where Q,, is the module productivity in m*/day. Of course there should be a full compliment

of modules in each vessdl and enough vessals for a complete aray. If a2 1 array is planned,
then the number of modules should be evenly divisble by 3. Likewise for a 4:2: 1 array, the
number of modules should be a product of 7.

11.2.2 Operating Pressure
The operating pressure is a function of the type of membrane used and the difference between
the osmotic pressure of the feed water and product water. For this level of edimate, we will

use the pressures recommended by the manufacturers. See chapter 10 for sample operating
pressures.

11.2.3 Pump Horsepower

Usng the following assumptions

Feed water is being pumped from a tank of approximately the same height as the
membrane skid,

10 meters of pipe, and

FPipeis 10 cm (4 in.) in diameter for 20 cm (8 in.) modules and 5 cm (2 in.) for 10 cm
(4 in) modules.

_ (Ahg+05v? 4 Ap) (1-E,) Q, 1000

hp 76 E,, Eq. 11.9
Where:
Ah =  heght difference between top of tank and membrane inlet in m,
g = gravitaiona congtant, 9.81 m/s?,
v = veodity = Qf/pipe area, m/s,
Ap =  pressure difference between tank and operating pressure in kPa,
E.. = enegy recovery in decimd, 0.20 - 0.30 depending on concentrate
pressure,
Q = membrane feed flow, m*/sec,
1000 = massof one m* of water in kg,
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746
Eeff

converson factor from J/s to hp,
combined pump and motor efficiency in decimd, try 0.75.

noll

11.2.4 Number of Skids

There are severd codt items that are directly tied to the number of skids in the sysem. The
most important item is the high pressure pump. The flow rate used in the horsepower
cdculation above is the flow per skid. If al the flow is assumed to go to one skid for large
flowrates, the cost of the pump skyrockets. When choosing the number of skids, there are
three important consderations:

1) There must be a complete array on each skid. If a2: 1 array is planned, then a
complete 2: 1 array should reside on each skid.

2) It is good to have two medium sized skids rather than one large skid. This is true
epecidly if the system is in operation 24 hours a day. If there is a problem with
one system, the other can Hill provide some water while the problem system is

being maintained.
3) Itisless expendve to build fewer large skids.
As dways, there is a trade off between expense and flexibility. The designer has to baance
the pumping costs with the other per skid costs such as chemica feed systems, controls and
data acquigition and the extra lab cogts for testing the water quality of each skid. Figure 11.1

shows that, for smaller capacity sysems, one skid is most economical, but very quickly the
extra cost associated with multiple skids is more than outweighed by the lower pump codts.

11.2.5 Chemical Feed Rates

Chemicas needed for RO and NF pre- and post-treatment and an estimate of the dose rate:
Acid for pH adjustment to prevent scding or for membrane preservation when using
CA membrane. Dosage depends on the buffering capacity of the water and the target
pH. Jar tests are best.

Anti-scalants for scaing prevention. A typica dosage is about 5 mg/L.

o Chlorine, for disnfection after trestment. 5 mg/L is a good estimate for RO or NF
product water. Blend waters will require more, depending on the organic content.
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Figure 11 .1 -Optimizing pump cost and the number of skids for a range of flow rates (0.1 m¥sec = 2.2 Mgal/d)
Operating pressure is 1,350 kPa; pump efficiency is 75 percent.




11.3 Calculating Costs

The cost relations presented here for direct and indirect construction costs and O&M costs
have been adapted from a paper by William B. Suratt of Camp Dresser and Mckee (Suratt,
1995). They apply particularly to RO and NF systems, with modifications, they could adso
aoply to UF and MF as will be discussed below.

Table 11.1.-Direct construction costs

Cost item

Equation

Comments

Membrane modules

Skids with plumbing

Building

Electrical hookups

Instrumentation and
controls

Booster pumps

Product water degasifiers
Odor control

Process piping

Yard piping

Chemical feed systems

Cartridge  filters

Membrane cleaning
equipment

Concentrate treatment

Generator

Site work

Contract engineering and
training

$*number of modules

$* number of vessels

(21 m? . number of skids + 50 m?

admin. space)*$1,000/m?
$61 4*m*day 28

$100,000+$80,000"
number of skids

$*(hp/100) 95

1.5006 * m*/day +3766
320.9*(m%day)®®
15.852*(m%/day)
100*(m%day)®"®

Storage (L) +$"skids”
chemical injection points/skid

135,000*skids*(m¥sec)®®
$67,000
$1 5*(m® concentrate/day)

$150,000*"MW°® + $50,000+

$15 *(m%day)

$50,000

Use $700 for 20.2 cm (8" diameter, $500
for 10.1 cm (4”) diameter and $250 for
6.4 cm (25") diameter vessels

Assume 6 or 7 elements per vessel, use
$5,000 for 20.2 cm diameter,

$2,000 for 101 cm diameter and

$900 for 6.4 cm diameter vessels

Based on number of skids

Based on capacity
Based on number of skids

Use $85,000 for wvertical turbine 316L
stainless steel with variable speed motor,
$58,000 for vertical turbine 316L

stainless steel with single speed drive
and $35,000 for a single speed ANSI
stainless steel horizontal pump

Based on capacity
Basedoncapacity
Based on feed flow (capacity/recovery)
Based on feed flow (capacity/recovery)

Based on chemical dosage rates and
$1/L of storage + $30,000 for acid or
caustic metering systems and $20,000
for antiscalant and chlorine metering
systems.

Based on the capacity per skid and total
number of skids. includes filters, filter
housing, and plumbing.

Two 4,000 m? tanks, recirculation pump,
cartridge filter, mixer, piping, and
electrical.

Conservative  estimate  for in-line  aeration
and surface water discharge.

Based on building and pumping power
costs. Assume 4 W per m*¥/day feed
capacity plus 746 W per hp for each
pump.

Based on total plant capacity (membrane
product + blend)
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Table 11 .2.—Indirect construction costs

Cost item Equation Comments
Mobilization, insurance 0.05 * total direct cost
and bonds
Contingencies 0.40 * total direct cost
Table 11.3.—Oneration and maintenance costs
Cost item Equation Comments
Electricity $/kWhr . kW . hriyr Normal estimates are $.04 -
$.08 per kWhr
Labor $/yr * Employees $40,000 per year average
Chemicals $ . Liyr

Cleaning supplies

Membrane replacement

Cartridge filters

Repairs and replacements

Insurance

Lab fees

Capital recovery cost

1.3 . vol of system(m?®) *
cleanings/yr * $50

# modules . $/module
life expectancy

(23,100 . m*/sec-8.25) . skids
* 12 times/yr

0.005 . DCC

0.002 * DCC
800 * skids * 12

Use payment function in your
favorite spreadsheet program

Assuming an acid and a caustic
cleaning for each cleaning
session at a cost of $50/m®
cleaning solution

Assume 3-year life expectancy
Based on skid feed capacity

Based on direct construction
cost

Based on direct construction
cost

$800 per skid for each set of
analyses, 12 analyses per year

Based on given interest rate
and amortization time

Fgures 11.2 and 11.3 show how condruction and O&M costs change with cgpacity and with
totd dissolved solids Assumptions involved are liged in table 11.4. These cods are vay
sengtive the number of vesds per kid. There are many codt items that depend on the
number of skids pumps, indrumentation, chemicd fead sysems, and huilding sze O&M
cods ae not as sendtive to skid Sze. For example, enargy cods would be smilar if used on
one large pump or two smdler ones FHgure 114 illudrates the effect on cogt of unit 9ze or

the number of vessds per skid.
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Figure 11.2-~Membrane system costs with increasing capacity. Assumed TDS is 1,800 mg/L,
blending allowed, target concentration is 500 mg/L.
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Figure 11.3.—Membrane system costs with increasing TDS. Capacity is 40,000 m®day, blending

to the extent possible, target concentration is 500 mag/L.
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Table 11.4.—Assumptions used in comparing membrane treatment costs

Cost item

Assumed value

Total dissolved solids for capacity comparison
Capacity for total dissolved solids comparison
Target dissolved solids

Average molecular mass

Chemical addition and pretreatment

Post treatment

Recovery rate

Blending?

Membrane average rejection

Membrane productivity

Membrane life expectancy

System life expectancy

Interest rate

1,800 mg/L

40,000 m¥day

500 mg/L

38.8 g/mole

3.3 mg/L antiscalant, cartridge filtration,
Aeration, 3 mg/L. hypochlorite

85%

Yes, if possible to achieve target quality
99.1%

20 m*/day for 20.3 cm diameter module
3 years

40 years

7%

W TCC, 7 ves/mod

& TCC, 6 mod/ves

Millions of US$
F-N

© O8M, 6 modives
1 O&M 7 ves/mod

1 . R B_

0 1 2 3 4
Number of RO Skids

Figure 11.4.—Effect of skid size on construction and O&M costs for a system to produce 1,200 m*day
(317 Mgal/d). Assumptions are the same as those listed in table 11.4.

11.10




11.4 Ultrafiltration Costs

The model presented above could be used to estimate UF costs, with a few modifications.
Unfortunately, because of the wide variety of matter retained by UF membrane, pilot studies
are necessary to estimate UF performance.

Use retention rate indead of rgection rate. Manufacturers lig nomind MWCQOs
which are the Sze of particles retained at the 90 percent level. Rilot studies are
necessary to determine the actud retention rate of the substances of interest at a
paticular dte.

UF systems are often operated in a recycle mode. To estimate the number of
modules needed, the on sSite productivity, a the optimum recycle rate, needs to be
determined through pilot tegting.

UF systems are operated a much lower pressures than RO and NF. Therefore, the
pumping costs would be driven by the piping configuration more than the system
operating pressure.

Pretreatment is not necessary with UF systems. Chemicd feed systems would be
unnecessary.

Cartridge filters are not necessary. An in-line screen filter would be sufficient.

11.5 Microfiltration Costs

Codt estimating for MF systems is as particular as UF systems. Codt is lill dependent on the
membrane area required. While MF membrane has high permesbility, it can be fouled
quickly. The pilot study must focus on backwash duration and frequency. If the water
requires further processing, a portion of the backwash stream may be recycled to the feed.
However, if the water is to be for potable uses, it is best to discard the backwash to prevent
build up of pathogens in the sygem. Other differences between MF and the RO modd:

Regection or retention is not consdered in the MF cost modd. A membrane must
be tested to ensure that it will perform adequately; the flow rate, backwash duration,
and frequency are determined o as to best keep the membranes working.

There is no blending with MF. All water mugt be filtered.

Operating pressure is minima. Pump requirements are determined by the skid
capacity.

No pretreatment is necessary, though coagulants can be added to enhance filtration.
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Catridge filters are unnecessary.

Wadte dream is minima; may be a dudge with some types of MF or some kinds of
feedwater.

11.6 Conclusions

It is possble to esimate RO and NF membrane system costs from the feed water qudity and
the capacity. The modd presented here includes default vaues for dl other parameters. The
mode is very sendtive to unit size, as wdl as severd other parameters used in the example.
Accurate information on al the variables, but especidly rgection, productivity and energy
cost, will produce more accurate results. UF and MF costs can be estimated from the same
mode but require pilot testing to determine the cost parameters of membrane area and

pumping requirements.
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Chapter 12
PERSPECTIVES ON FUTURE OPPORTUNITIES

The water treetment industry has found increasng vadue in membrane processes during the
last ten years. A snapshot from today’s technology landscape presents some perspectives on
infrastructure and technology developments that will possbly contribute to future growth.
However, in a fiedd as dynamic as membrane separation processes, it is likely that both users
and technology developers will create innovation far beyond our current forecast horizon.

1. Expanded education of users to better understand the differences between the
membrane separation processes.

The trend in water trestment gpplications is for combinations of membranes to be used in one
system. For instance, MF or UF may be used as pretreatment for RO or NF membrane
sysems. As a reault, it is very important that users understand the differences between these
types of separations. It is very easy for operators to assume that what is good for RO is

adso good for UF systems. After dl, the equipment looks the same! In actudity, the two
processes involve very different separation mechanisms and require different O&M
procedures.

2. Standard methods of membrane characterization and testing must be developed
to enable comparison of different membrane formulations and configurations.

Membranes are complex; researchers of the desdting community are ill trying to figure out
exactly how they interact with feed water. However, a general understanding is not going to
happen if manufacturers continue to describe membrane characteridtics in their own separate
ways. Users should not have to go through complex andyses to come up with equivaent
operating conditions in order to compare membranes from different manufacturers. There
needs to be some standardization within the industry. Sea water membranes, at least, are dl
tested on 35,000 mg/L smulated sea water, but they are tested at different pressures,
production rates, and recovery rates. With brackish water membranes, the Stuetion is even
worse. Some are tested with 2,000 mg/L NaCl, while others are tested on “San Diego tap
water.” The feed solution should be adequate to test the generad performance of the
membrane as it is intended to be used. For ingtance, brackish water membranes could be
tested with an industry standardized 5,000 mg/LL NaCl solution, NF membranes could be
tested with a combination of mono- and multi-vaent ions, UF membranes could be tested
with some predetermined macromolecule mixture (polyethylene glycol, for instance), and
MF membranes could be tested with a specific type and loading of suspended solids.

At a minimum, procedures should specify testing pressures and feed crossflow veocity
aufficient to produce a standard product flux, which should be consstent within a type of
filtration. It dso would be very useful to measure what the membrane's performance would
be under different conditions. Detailed standard testing methods would facilitate preliminary
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goplication modding and help end users narrow ther fied of potentid candidate membranes
much more quickly. A variety of groups are currently working on this issue, and we can be
optimigic for progress in the future.

3. Methods should be established to describe water composition, product water
quality goals, and desired production capacity such that a few good membranes
can be identified for the job from improved manufacturers specifications.

Current practice in membrane sdection is generdly driven by the manufacturer’s reputation
and the cost. Since we know little about the membranes (see 2 aove), we need to depend
on the supplier for expert advice, support, and far pricing. Hopefully, the supplier has
experience from many pilot tests and knows which membrane will work best, or at least
knows what pretrestment will be needed to make the system work with specific membranes.
However, if the membrane/feed water interactions were understood well enough to sdect
membranes compatible with the feed water, the pretrestment would not have to be quite as
extensve. Though groundwater and surface waters are complex, it is possble that they fall
into a finite set of categories. If these categories were described adequatdly and the
membrane/water interactions were described in Smilar terms, it might be possible to tailor
membranes specificaly for major water types. Research addressing these godls is currently
being undertaken in a number of academic, government, and industrid laboratories.

4. There should be a way to predict membrane performance under any water
condition if the membranes and the source water are well described.

Accomplishing this fina task would decrease the initid development cods for
implementation of membrane processes.

5. Correlations need to be developed among process monitoring data, membrane
integrity, and the likelihood of biological contamination of the product water.

One of the benefits of usng membrane-based water treatment processes is that they provide a
physcd barier to biologica contamination. However, it is often very difficult to determine
when that barrier has been compromised. The product water is so clean, particularly with
UF, NF, and RO, that particle counts, turbidity, and other monitoring parameters give little
indication of impending problems. Integrity testing studies currently are underway, and the
ASTM has established a committee to develop consensus standard methods for RO and NF
membrane integrity tests. Hopefully, the problem will be resolved within the next 10 years.

6. Cost models need to be developed relating production capacity, water quality,
membrane area, and power requirements for MF and UF to assist planners in
estimating preliminary costs without pilot study data.

Cogt models for RO and NF are well developed, but cost models have not been developed for
MF and UF. Recirculation rates, backwash duration and frequency, and recovery rates will
need to be included as variables that affect the membrane area and power requirements.
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12.1 Microfiltration

The potentia for MF for removing suspended solids and biologicd contamination in
municipad water trestment systems is grest. There are many promising sudies ongoing at
this time. Recently published technical papers (as cited in chapter 2) show a possible
economic advantage of MF over drictly conventiona trestment and pretrestment systems
for the following reasons.

MF equipment takes up less space than conventiond filtraetion or coagulation/
clarification  equipment.

Product water qudity is independent of feed water quality.

In some cases, chemicad conditioning can be diminated from the treatment train
atogether.

When MF done is insufficient, it can be incorporated into conventiona coagulation
or biologica processes to diminate the large clarification basns or media filtration
beds that are normaly used.

12.2 Ultrafiltration

Tight UF can remove viruses, pedticides, and large organic molecules that cause color and
odor problems and form DBPs (disinfection by-products). Since the use of UF and MF for
water is dill fairly new, there are only rough guiddines as to when MF should be used and
when UF would be more effective. Current research results indicate that the membrane
materid and water chemidlry interact in a complicated way that does not lend itsdf to smple
rules of thumb. As case study documentation grows, it may be possible to establish more
concrete retionale for choice.

Unlike MF, there have not been sufficient studies to say for sure that UF is a more

economica trestment than the conventional processes of oxidation and media filtration.

With UF, the choice is driven by increased awareness of water qudity and the inability to
achieve trestment gods with conventiona processes. The many brands of UF membranes are
more diverse than MF membranes, and characterization is even more difficult and criticd to
successful piloting. The case studies covered in chapter 3 demonstrated that the appropriate
choice of membrane can determine the success of a study. In the future, manufacturers and
suppliers may be able to provide enough information on the membranes for an inteligent
choice to be made.

Fundamental understanding tells us that if UF membranes could be made more porous and
with a more uniform pore size didribution, the task of dassfying ther solute remova
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characterigtics, and therefore correctly choosing which membrane to use, would be essier.
Advances in membrane materids devdopment dong these lines will likdy increase the
opportunities for UF in municipd water production.

12.3 NF and RO

NF and RO can be designed to accommodate a variety of treatment objectives when
excessve dissolved sdts are present. Either membrane type may be more appropriate,
depending on the water compaosition and the concentrate disposa options available,
Consequently, the concentrate disposal options should be examined a the beginning of the
planning process before sdection of the treatment method.

More cost effective and beneficia uses for NF and RO concentrate would incresse the
potentid applications and have a large economic impact on membrane water trestment codts.
There are currently four good long-term aternatives for concentrate use or disposd, as

follows

1) Mix it with a low TDS water or wastewater and disperse it into the ocean or other
body of water with a smilar TDS.

2) Inject it into a confined aquifer that aready has a high sdt concentration.

3) Evaporate it completely in evaporation ponds or brine concentrators to recover and
sl the dried st as a product, or dispose of it in a lined landfill.

4) Eveporate it patidly and use it in a solar pond, providing an interim concentrate
storage which produces process heat for additiond desating and brine
concentration. Dispose of the dried st in a landfill.

Improved robustness of membranes, modules, and systems would decrease maintenance costs
for municipa water trestment sysems. Improvements that are generdly recognized and
subject to current research and development are:

Enhanced turbulence and transport of fouling matter out of the system so that
excursons in the pretrestment systiem can be more eadly tolerated.

* Increased chlorine resstance of thin-film composte membranes so that excursons
in the dechlorination system can be tolerated.

+ Induson of an online normdized performance trending display with instrumenta:
tion so that operators can tell a a glance whether performance is changing and take
corrective action before irreversble problems occur.

Research is dso needed into the source of counter-productive membrane/feed water
interactions.  Hux decline (especidly the irreversible, or hard-to-clean kind) due to
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solute-membrane adsorption can be reduced when we have a broader range of membrane

surface materid choices and a more complete database for quantifying solute-materid
interactions.

12.4 The Next Generation

What will the next generation of membranes be like? Hopefully, they will represent such a

paradigm shift that any predictions are woefully inadequate. Current research and develop-
ment described in the public literature focuses on the following attributes:

« Highly controlled surface energy, pore size didtribution, and solute transport
coefficients
High permestion rates

+ Low fouling potentid under intended operation conditions
High resstance to any thermd or chemicd degradation

The module advances include:

Complete mixing within the feed flow channd
Leak-proof seals
Built-in sensors to monitor individua module performance

Advanced materids processng techniques could include tuning membranes for a particular
water source through post-production membrane surface treatments. But implementation of
this dill requires the advances in describing and matching water composition and membrane
characteristics mentioned earlier. Developments in facilitated trangport are findly producing
commercid applications. If this trend continues, and economicd facilitated transport
membranes become widdy avallable, economical remova of specific undesrable
components in individua processng steps can be redized.

Findly (and certainly more under our control), the third verson of this manud may be
published on the Internet, with color pictures and some red-time data.
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APPENDIX A
Manufacturer Applications

Source: Dupont and Fuid Systems, USA.
Capacity
(1,000  Capacity
Location GPD) M’/D Application startup
Arizona 680 2,574 hoilerfeed 87
California 3600 13,626 boilerfeed 87
Cdifornia 100 319 boilerfeed 86
California 274 1,037 boilerfeed 86
California 18 68 boilerfeed
Canada 400 1514 hoilerfeed 78
Canary Idlands 26 98 boilerfeed 81
Canary Idlands 26 98 boilerfeed 81
China 900 3,407 boilerfeed 79
India 1,000 3,785 boilerfeed 0
Iraq 17,000 64,345 boilerfeed 86
Iraq 1,300 4,921 boilerfeed 83
Iraq 1,200 4,542 boilerfeed 81
Mexico 100 379 boilerfeed 83
Mexico 158 598 boilerfeed 82
Morocco 400 1514 boilerfeed 8
New Mexico 432 1,635 boilerfeed
Pennsylvania 360 1,363 boilerfeed 76
Pensylvania 30 114 boilerfeed
Singapore 400 1,514 boilerfeed 78
Spain 4 15 boilerfeed 86
Spain 48 182 boilerfeed 85
Spain 48 182 boilerfeed 85
Spain 8 30 boilerfeed 84
Spain 13 49 boilerfeed 84
Spain 26 98 boilerfeed 84
Spain 5 19 boilerfeed 80
Texas 500 1,893 boilerfeed 86
Texas 110 416 boilerfeed
Texas 20 76 boilerfeed
Tunis 254 961 boilerfeed 87
Tunis 254 961 boilerfeed 87
Utah 410 1,552 boilerfeed 87
Texas 144 545 boilerfeed
TOTAL 30548 114,489 BOILERFEED
Mexico 61 231 commercid - soft drink
Mexico 60 227 commercid - soft drink
Pennsylvania 272 1,030 commercid « textile waste reuse
California 30 114 commercid « ultra pure
West Virginia 60 227 commercid-acid mine drainage
China 63 238 commercid-beverage 87
China 127 481 commercid-beverage 86
China 127 481 commercia-beverage 81
Maryland 24 91 commercid-beverage 86
Spain 190 719 commercia-beverage 87
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Capacity

(1,000  Capacity

Location GPD) MY/D Application startup
Japan 16 61 commercia-food 82
Florida 36 136 commercid-medica 85
Georgia 10 38 commercia-medicd 85
Michigan 120 454 commercid-medica makeup
South  Carolina 66 250 commercial-pharmaceutical 85
Massachusettes 72 273 commercia-precious metd plating rinse
Cdifornia 15 57 commercid-process  rinse  water
France 300 1,136 commercia-ultrapure 85
Ohio 200 757 commercial-ultrapure 85
Spain 7 26 commerciad-ultrapure 86
Spain 4 15 commercial-ultrapure 80
Switzerland 320 1211 commercial-ultrapure 77/87
Total 2,180 8,251 COMMERCIAL
Arizona 320 1,211 electronic rinse
Cdifornia 50 189 electronic rinse
California 30 114 electronic rinse
California 30 114 electronic rinse
Florida 260 984 electronic rinse
Cdifornia 300 1,136 electronic rinse
San Salvador 50 189 electronic rinse water
Texas 320 1,211 electronic rinse water
Arizona 251 950 electronics
Arizona 1,420 5375 electronics
Arizona 180 681 electronics
Arizona 61 231 electronics
Austria 50 189 electronics 87
Bulgaria 116 439 electronics 86
Cdifornia 100 379 electronics 86
Cdlifornia 30 114 electronics 85
Cdlifornia 50 189 electronics 84
Cdlifornia 201 761 electronics
Cdifornia 201 761 electronics
Cdifornia 200 757 electronics
Cdifornia 42 159 electronics
Cdlifornia 251 950 electronics
Cdlifornia 100 379 electronics
Cdifornia 634 2,400 electronics
Cdlifornia 124 469 electronics
Cdlifornia 750 2,839 electronics
Cdifornia 15 57 electronics
California 2,016 7,631 electronics
Cdifornia 151 572 electronics
Cdlifornia 150 568 electronics
Cdlifornia 61 231 electronics
Cdlifornia 100 3719 electronics
Cdlifornia 450 1,703 electronics
China 123 466 electronics 86
Colorado 600 2,271 electronics
Erie 37 140 electronics 79
France 300 1,136 electronics 77
GDR. 1.000 3,785 electronics 82

15.2



Capacity

(1,000  Capacity

Location GPD) MDD Application startup
Germany 19 72 electronics 86
|daho 750 2,839 electronics
|daho 1 269 electronics
Italy 7 291 electronics 85
Maine 87 329 electronics
Massachusettes 201 761 electronics
Mexico 45 170 electronics
New York 145 549 electronics
New York 79 299 electronics
New York 500 1,893 electronics
Oklahoma 600 2,271 electronics
Oregon 201 761 electronics
Pennsylvania 34 129 electronics
Poland 395 1,495 electronics 73
Spain 20 76 electronics 80
Texas 1,000 3,785 electronics
Texas 576 2,180 electronics
Texas 600 2,271 electronics
Texas 58 220 electronics
Texas 1,100 4,164 electronics
Texas 341 1,291 electronics
Texas 115 435 electronics
Texas 1,200 4,542 electronics
Utah 885 3,350 electronics
Vermont 481 1,821 electronics
Virginia 600 2,271 electronics 80
Maine 120 454 electronics - ultrapure
TOTAL 21,424 81,090 ELECTRONICS
Argentiana 100 379 industrial 83
Bahrain 600 2,271 industrial 79
Cdifornia 4 15 industrial 84
Cdifornia 100 379 industrial 83
Chile 160 606 industrial 86
Chilie 50 189 industrial 77
FDR. 4640 17,562 industrial 77
Jordan 800 3,028 industrial 82
Mexico 80 303 industrial 83
Mexico 60 227 industrial 82
Mexico 140 530 industrial 82
Ohio 120 454 industrial 87
Peru 50 189 industrial 82
Peru 50 189 industrial 78
Saudi  Arabia 1,044 3,952 industrial 86
Saudi  Arabia 84 318 industrial 84
Saudi  Arabia 1,500 5,678 industrial 82
USSR 3300 12,491 industrial 80
Venezuda 500 1,893 industrial 85
w.  Germany 70 265 industrial 86
Conneticut 820 3,104 industrial-metal  finishing waste
Wisconsin 60 227 industrial-process
Mexico 200 757 industrial-process 82
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Capacity

(1,000  Capacity

location GPD) WD Application startup
Mexico 300 1,136 industrial-process 77
Netherlands 300 1,136 industrial-process 75
New York 1,030 3,899 industrial-process 86
W. Germany 63 238 industrial-process 86
Algeria 1,200 4542 industrial-ultrapure 79
Saudi Arahia 3500  13.248 industrial/potable 85
TOTAL 20925 79,201 INDUSTRIAL
Kuwait 4 15 irrigation
Saudi  Arabia 134 507 irrigation 84
Cdlifornia 50 189 irrigation of seedlings
Arizona 73,100 276,684 irrigation/waste  treatment
TOTAL 73,288 277,395 IRRIGATION
Cdifornia 1,300 4,921 potable-brackish 93
Cdifornia 900 3,407 potable-brackish 88
Cdifornia 500 1,893 potable-brackish 90
Cdifornia 500 1,893 potable-brackish 89
Cdlifornia 250 946 potable-brackish 90
Canada 700 2,650 potable-brackish 88
Florida 4000 15140 potable-brackish 89/90
Florida 1,800 6,813 potable-brackish 89
Florida 1,500 5,678 potable-brackish 93
Florida 1,500 5,678 potable-brackish 93
Florida 864 3,270 potable-brackish 89
Florida 576 2,180 potable-brackish 20
Hawali 500 1,893 potable-brackish 91
Ireland 1,000 3,785 potable-brackish 93
Massuchettes 1,152 4,360 potable-brackish 89
Minnesota 288 1,090 potable-brackish 87/88
New York 422 1,597 potable-brackish 88
New York 360 1,363 potable-brackish 88
North Carolina 3000 11,355 potable-brackish 89
Ohio 432 1,635 potable-brackish 89
Spain 300 1,136 potable-brackish 89
Spain 240 908 potable-brackish 90
Tailand 300 1,136 potable-brackish 89
Texas 800 3,028 potable-brackish 93
Texas 670 2,536 potable-brackish 88
Texas 576 2,180 potable-brackish 87
Utah 800 3,028 potable-brackish 88
Utah 260 984 potable-brackish 88
TOTAL 25,490 96,480 POTABLE-BRACKISH
Cdifornia 1,300 4,921 potable-ground  water
Cdifornia 500 1,893 potable-ground  water
Florida 12,000 45,420 potable-ground  water
Florida 5,000 18925 potable-ground  water
Florida 3000 11,355 potable-ground ~ water
Florida 2,000 7,570 potable-ground  water
Florida 2,000 7,570 potable-ground  water
Florida 1,800 6,813 potable-ground  water
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Cagacitv,

(1,000  Capacity

location GPD) MDD Application startup
Florida 1,500 5,678 potable-ground  water
Florida 1,500 5,678 potable-ground  water
North Carolina 3,000 11,355 potable-ground  water
South Carolina 600 2,271 potable-ground  water
TOTAL 34,200 129,447 POTABLE-GROUNDWATER
Algeria 900 3,407 potable 83
Bahamas 7 26 potable
Bahrain 12,000 45420 potable 90
Bahrain 12,000 45420 ootable 84
Balearic Isand 132 500 potable 85
Canary Idlands 925 3,501 potable 89
Canary Idlands 264 999 potable 89
Canary Idlands 662 2,506 potable 87
Canary Idands 80 303 potable 87
Canary Idlands 32 12 potable 87
Canary Idlands 1325 5,015 potable 86
Canary Idands 132 500 potable 84
Canary Idands 160 606 potable 84
Canary Idands 132 500 potable 83
Cape Verde Idand 150 568 potable 83
Caribbean 150 568 potable 85/86
Caribbean 400 1,514 potable 90
Caribbean 130 492 potable 89
Caribbean 50 189 potable 87
Caribbean 400 1,514 potable 86
Caribbean 100 379 potable 86
Caribbean 100 379 potable 85
Equador 10 38 potable
Florida 300 1,136 potable 86
Florida 4,500 17,033 potable 82
Florida 300 1,136 potable 80
Florida 2,000 7570 potable 79
Florida 600 2,271 potable 74
Florida 1,000 3,785 potable 74
Florida 100 379 potable
Florida 110 416 potable
Florida 6 23 potable
Florida 1,000 3,785 potable
Florida 10 38 potable
Florida 930 3,520 potable
Florida 10 38 potable
Florida 72 273 potable
Greek Idand 80 303 ootable 90
Greek Island 320 1,211 potable 89
Greek Idland 320 121 potable 89
Greek Idland 132 500 potable 83
Greek Idland 132 500 potable 81
Iran 1,400 5,299 potable 76
Italy 135 511 potable 85/86
Italy 340 1,287 potable 85
Japan 79 299 potable 81
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Capacity _
(1,000  Capacity

Location GPD) M*D Application startup
Jordan 150 568 potable 83
Kuwait 264 999 potable 84
Libya 130 492 potable 86
Libya 50 189 potable 8l
Madieira |sland 132 500 potable 80
Malta 5600 21,196 potable 90/91
Malta 1,100 4,164 potable 88
Malta 3,700 14,005 potable 86
Malta 1,585 5,999 potable 83
Malta 5300 20,061 potable 83
Mexico 500 1,893 potable 82
Mexico 50 189 potable
Mexico 50 189 potable
Oman 125 473 potable 81
Puerto Rico 150 568 potable 82
Saudi  Arabia 1,600 6,056 potable 87
Saudi  Arabia 3600 13,626 potahle 87
Saudi  Arabia 7900 29,902 potable 86
Saudi  Arabia 150 568 potable 86
Saudi  Arabia 4500 17,033 potable 86
Saudi  Arabia 6,900 26,117 potable 86
Saudi  Arabia 100 379 potable 85
Saudi  Arabia 260 984 potable 85
Saudi - Arabia 60 227 potable 85
Saudi  Arabia 100 379 potable 84
Saudi - Arabia 130 492 potable 84
Saudi - Arabia 150 568 potable 84
Saudi  Arabia 150 568 potable 84
Saudi  Arabia 189 715 potable 84
Saudi  Arabia 2,600 9,841 potable 84
Saudi  Arabia 5000 18,925 potable 84
Saudi  Arabia 150 568 potable 83
Saudi  Arabia 600 2,271 potable 83
Saudi  Arabia 600 2,271 potable 83
Saudi Arabia 1,000 3,185 potable 82
Saudi  Arabia 1,000 3,785 potable 81
Saudi  Arabia 1,300 4921 potable 81
Saudi  Arabia 2,100 7,949 potable 81
Saudi  Arabia 1300 4921 potable 80
Saudi  Arabia 5,300 20,061 potable 79
Saudi  Arabia 7,900 29,902 potable 79
Saudi  Arabia 10,200 38,607 potable 79
Saudi  Arabia 16,000 60,560 potable 78
Saudi  Arabia 75 284 potable 76
Saudi  Arabia 400 1514 potable 76
Spain 132 500 potable 82
S Thomas 39 148 potahle 84
UAE 300 1,136 potahle 20
UAE. 300 1,136 potahle 90
UAE 300 1,136 potahle 90
UAE 1,200 4,542 potable 90
UAE 1,200 4,542 potable 90
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Canacity,

(1,000 Capacity

Location GPD) M!/D Application startup
UAE. 1,200 4,542 potable 90
UAE. 1,200 4,542 potable 90
UAE. 2,400 9,084 potable 90
UAE. 2,400 9,084 potable 89
UAE. 1,200 4542 potable 88
UAE. 1,200 4,542 potable 88
UAE 2,400 9,084 potable 86
Argentina 53 200 poteble-sea  water
Australia 106 400 potable-sea  water
Bahamas 30 114 potable-sca  water
Bahamas 100 380 potable-sea  water
Cdifornia 16 60 potable-sea  water
Cdifornia 21 80 poteble-sea  water
Cdifornia 581 2,200 poteble-sea  water
Canary Idands 251 950 potable-sea  water
Egypt 1,000 3,785 poteble-sea  water
Indonesia 793 3,000 potable-sea  water
Korea 151 570 potable-sea  water
Kuwait 264 1,000 potable-sea  water
Lybia 2,642 10,000 potable-sea  water
Mexico 300 1,135 potable-sea  water
Mexico 48 180 potable-sea  water
Ras Al Khaima 132 500 potable-sea  water
Saudi  Arabia 75 284 potable-sea  water
Saudi Arabia 1,321 5,000 potable-sea  water
Saudi Arabia 3,170 12,000 potable-sea  water
Saudi Arabia 317 1,200 potable-sea  water
Saudi  Arabia 100 380 potable-sea  water
Spain 1,321 5,000 potable-sea  water
Spain 201 760 potable-sea  water
Tahiti 16 60 potable-sea  water
Turkey 66 250 potable-sea  water
U.S. Virgin Idands 80 303 potable-sea  water
Venezuda 151 570 potable-sea  water
TOTAL 173,093 655,158 POTABLE-SEA WATER
Shipboard 65 246 potable/ship 86
Shipboard 75 284 potable/ship 86
Shipboard 63 238 potable/ship 85
TOTAL 203 768 POTABLE/SHIP
US.A 3000 11,355 potable 80
U.SA 125 473 potable 85
Utah 30 114 potable
Algeria 12,200 46,177 potable-process 79
Algeria 300 1,136 potable-process 83
Canary Idands 50 189 potable-process
Saudi  Arabia 2,400 9,084 potable-process 79
Argentina 20 76 potablefarsenic  removal
Chilie 132 500 potablefarsenic  removal
Saudi  Arahia 1,200 4,542 potable/industrial 76
Venezuda 1,000 3,785 potable/power 83
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Capacity

(1,000  Capacity

Location GPD) M/D Application Startup
Algeria/Mobile Unit 77 291 potable/process 86
Venezugla 100 379 potable/process
Bahamas 240 908 potable/resort 81
USA 160 606 potable/resort 86
TOTAL 21,034 79,613 POTABLE/VARIOUS 818
TOTAL POTABLE 2,010 7,606 POTABLE - ALL TYPES 85
Cdifornia 412 1,559 power 84
Canada 310 1,173 power 84
Texas 970 3,671 power 85
Venezuela 1,000 3785 power 80
Colorado 432 1,635 power - cooling tower blowdown
New Mexico 2,300 8,706 power plant waste water
California 6 23 power-gas turbine injection
Cdifornia 30 114 power-gas turbine injection
Cdlifornia 25 95 power-gas turbine injection
TOTAL 5485  20.761 POWER 333
Cdifornia 50 189 wastesavageclamation
Cdlifornia 168 636 waste sewagereclamation
Cdlifornia 225 852 waste sewagereclamation
Cdlifornia 5000 18925 wasteprotestiary  effluent
Cdifornia 30 114 waste water treatment
Cdlifornia 750 2,839 waste water treatment
Colorado 125 473 waste water treatment
Saudi Arahia 2,600 9,841 waste water treatment
TOTAL 8948 33868 WASTE WATER
not included in TOTALs
US Ammy 50,198 190,000 potable-sea  water
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