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Note on the Membrane Filtration Guidance Manual

Purpose

The purpose of this guidance manual is to provide technical information on the use of membrane
filtration and application of the technology for compliance with the Long Term 2 Enhanced
Surface Water Treatment Rule, which would require certain systems to provide additional
treatment for Cryptosporidium. The requirements of this rule, as they relate to membrane
filtration, are summarized in Chapter 1 of this manual.

This guidance is not a substitute for applicable legal requirements, nor is it a regulation itself.
Thus, it does not impose legally binding requirements on any party, including US EPA, States, or
the regulated community. Interested parties are free to raise questions and objections to the
guidance and the appropriateness of using it in a particular situation. Although this manual
covers many aspects of implementing membrane filtration, it is not intended to be a
comprehensive resource on the subject. The mention of trade names or commercial products
does not constitute endorsement or recommendation for use.
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ALCR
ANSI
APHA
ASTM
AWWA
AWWARF
BOD
CA
CAM
CFR
CIP
CL
CSTR
CT
DBP
DOC
ED
EDR
ETV
FR
GWR

GWUDI

Acronyms

Alternate Filtration Technology

Air-Liquid Conversion Ratio

American National Standards Institute
American Public Health Association
American Society for Testing and Materials
American Water Works Association
American Water Works Association Research Foundation
Biochemical Oxygen Demand

Cellulose Acetate

Correlated Airflow Measurement

Code of Federal Regulations
Clean-In-Place

Control Limit

Continuous Stirred Tank Reactor
(Disinfectant Residual) Concentration (mg/L) X (Contact) Time (minutes)
Disinfection Byproduct

Dissolved Organic Carbon

Electrodialysis

Electrodialysis Reversal

Environmental Technology Verification
Federal Register

Ground Water Rule

Ground Water Under the Direct Influence (of Surface Water)
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HAA Haloacetic Acid

HAAS (sum of five) Haloacetic Acids

HFF Hollow Fine Fiber

HPC Heterotrophic Plate Count

IESWTR Interim Enhanced Surface Water Treatment Rule

IMS Integrated Membrane System

ISO International Organization for Standardization

VP Integrity Verification Program

LCL Lower Control Limit

LED Light Emitting Diode

LRC Log Removal Credit

LRV Log Removal Value

LTIESWTR Long Term 1 Enhanced Surface Water Treatment Rule
LT2ESWTR Long Term 2 Enhanced Surface Water Treatment Rule
MCF Membrane Cartridge Filtration

MCL Maximum Contaminant Level

MF Microfiltration

MWCO Molecular Weight Cutoff

NDP Net Driving Pressure

NDPT Non-Destructive Performance Test

NF Nanofiltration

NSF National Sanitation Foundation

OEM Original Equipment Manufacturer

PA Polyamide

PAC Powdered Activated Carbon
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PAN
PES
PFR
PP
PS
PVDF
QA
QC
QCRV
RO
SDI
SEM
SSDR
SUVA
SWTR
TCEQ
TCF
TCPP
TDS
TMP
TOC
TSS
TTHM
UCL

UF

Polyacrylonitrile
Polyethersulfone

Plug Flow Reactor
Polypropylene

Polysulfone

Polyvinylidene Fluoride
Quality Assurance

Quality Control

Quality Control Release Value
Reverse Osmosis

Silt Density Index

Scanning Electron Microscopy

Stock Solution Delivery Rate

Specific Ultraviolet (Light) Absorbance

Surface Water Treatment Rule

Texas Commission on Environmental Quality

Temperature Correction Factor

Total Challenge Particulate Population

Total Dissolved Solids
Transmembrane Pressure
Total Organic Carbon
Total Suspended Solids
Total Trihalomethanes
Upper Control Limit

Ultrafiltration
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USEPA United States Environmental Protection Agency
Uv Ultraviolet (Light)

VCF Volumetric Concentration Factor
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Symbols Used in Equations

Units
Symbol Description
English Metric
Membrane area based on the inside of a hollow > 2
A1 . ft m
fiber
Membrane area based on the outside of a hollow > 2
A2 . ft m
fiber
A Membrane area required for design at a reference 2 ")
20 temperature of 20 °C
Aq4 Design membrane area ft? m’
A, Membrane area ft? m’
ALCR Air-liquid conversion ratio - -
kPa
BP Backpressure si
P P dynes/cm2
kPa
BP Maximum backpressure si
max P P dynes/cm®
C Coefficient of discharge - -
. mg/L
Cs Influent feed water concentration - g
number/L
Influent feed water concentration associated with mg/L
(Co, the first stage of a multi-stage membrane - number/L
filtration process
. . . mg/L
Maximum feed concentration (in a challenge test -
Ct-max ( g ) number/L
.. . . mg/L
Minimum feed concentration (in a challenge test -
Cttin ( & ) number/L
C Concentration maintained on the feed side of the i mg/L
m membrane number/L
Concentration maintained on the feed side of the
(C,): membrane associated with the second or i mg/L
ma subsequent stage (i.e., stage “1”) of a multi- number/L
stage membrane filtration process
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Units

Symbol Description
English Metric
C,(t-1) Concentration on the feed side of the membrane i mg/L
m immediately after the previous backwash number/L
Concentration maintained on the feed side of the
. . . mg/L
Cn(x) membrane as a function of position with the -
. number/L
membrane unit
. . mg/L
Filtrate concentration -
Go number/L
C Feed concentration of the challenge particulate in a i mg/L
test challenge test number/L
Concentration of challenge particulate in stock mg/L
Css : -
solution number/L
Diffusion coefficient for air through a saturated 2
Dum . - cm/s
semi-permeable membrane
D.w Diffusion coefficient for air in a water matrix - cm?/s
Dypase Baseline pressure decay psi/min kPa/min
cm
deap Capillary diameter in mm
wm
in om
dfect Defect diameter ft mm
pwm
in om
dfiber Fiber diameter ft mm
wm
cm
dres Integrity test resolution requirement in mm
wm
DL Detection limit - -
DOC Dissolved organic carbon - mg/L
e Specific roughness in cm
mm
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Units

Symbol Description
English Metric

f Friction factor - -

. lbm — ft kg —m

g Gravitational constant lbf——s2 2

H Henry’s constant for air-water system @—013

psi—m

J Flux gfd Lmh

J20 Norm(acl(l)?sfngrllnlioart I%/I(i:,%F, and MCF systems) efd Lmh

Js Norm(acl(l)?sfngrllnlioart I%I; acnd RO systems) gfd Lmh

Jr Flux at temperature T gfd Lmh
K Flow resistance coefficient - -
K Resistance coefficient of air - -
Kyater Resistance coefficient of water - -

L Defect length lfItl r(;lrrrln
LRC Log removal credit - -
LRV Log removal value - -
LRV, Target log removal value in a challenge test - -

LRVpyr Log rf:movz}l value that can be verifif?d. by the direct i i
integrity test (i.e., method sensitivity)

LRV req Log r::m(?val value demonstrated during challenge i i
esting

M Specific flux gfd/psi Lmh/kPa

M, Specific flux normalized at 20 °C gfd/psi Lmh/kPa
M5 Specific flux normalized at 25 °C gfd/psi Lmh/kPa
NDP Net driving pressure ' psi kPa
P Pressure psi kPa
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Units
Symbol Description
English Metric
kPa
Pam Atmospheric pressure > psia dynes/cm’
atm
Py, Bubble point pressure psi kPa
P. Concentrate pressure psi kPa
P Feed pressure psi kPa
P, Filtrate pressure psi kPa
p Pressure at which a pressure-based direct integrity g kPa
test test is conducted P dynes/cm®
. ) . kPa
AP Transmembrane differential pressure psi ’
dynes/cm
o . ) kPa
AP Effective integrity test pressure psi dynes/cm’
AP g Rate of pressure decay / loss psi/min kPa/min
3
/
Flow of ai fes Cr; S’
; ir m’/min
Quir owora ft’/min ¢ ]
L/min
Qb Backwash flow gpm L/min
3
Flow from an integrity breach associated with the /s cm’/s
Qureach smallest integrity test response that can be /mi cm’/min
reliably measured t/min L/min
Q. Concentrate (i.e., bleed or reject) flow gpm L/min
Qu Diffusive flow of air through the water matrix in /min L/min
diff the pores of a fully-wetted membrane cm’/min
Q¢ Feed flow gpm L/min
=pm L/h
. d r
Qp Filtrate flow gp L/min
MGD
Filtrate fl function of positi ithi =pm L/h
iltrate flow as a function of position within a d r
Qp(x) membrane unit & L/min
MGD
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Units
Symbol Description
English Metric
3
s | o
Quwater Flow of water /min cm’/min
L/min
R Recovery % %
Re Reynolds number - -
R(x) Recovery as a func!;lon of position within a % %
membrane unit
si —hr—m?
Ry Foulant layer resistance gfcf— = barL ilrcp n
. L— psia
R Universal gas constant -
Si —hr—m*
R, Intrinsic membrane resistance gfcf— o barL ilrcp m
. Si bar—hr—m’
R, Total membrane resistance gfcf’)— o arL _rcp m
I Inner radius of a hollow fiber in mm
I Outer radius of a hollow fiber in mm
SF Safety factor - -
SSDR Stock solution delivery rate gpm L/min
SUVA Specific ultraviolet (light) absorbance - L/mg-m
T Temperature °F °C
t Filtration cycle time min min
th Backwash duration min min
tr Filtration cycle duration min min
Thin Minimum challenge test duration min min
TCF Temperature correction factor - -
TCPP Total challenge particulate population nulrgl)er nurgber
TDS, Total dissolved solids concentration in the i me/L
concentrate
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Units

Symbol Description
English Metric
TDS; Total dissolved solids concentration in the feed - mg/L
TDS, Total dissolved solids concentration in the filtrate - mg/L
. kPa
T™MP Transmembrane pressure psi )
dynes/cm
TMP,, Transmembrane pressure at 20 °C psi kPa
TMP,;5 Transmembrane pressure at 25 °C psi kPa
TMPr Transmembrane pressure at temperature T psi kPa
U Membrane-specific temperature correction factor i 1/K
constant (manufacturer-supplied)
UCL Upper control limit: (for airflow) - L/min
(for pressure decay rate) psi/min kPa/min
) 1/m
UVys4 Ultraviolet absorbance at 254 nm -
I/cm
VCF Volumetric concentration factor - -
Volumetric concentration factor as a function of
VCF(x) " o . - .
position within a membrane unit
VCEF(t) Volumetric concentration factor as a function of time - -
Average volumetric concentration factor in a
VCF,, . - -
& membrane unit
Maximum volumetric concentration factor in a
VCFax : - -
membrane unit
System volume required to attain equilibrium feed
Veq . . gal L
concentration during a challenge test
Unfiltered test solution volume remaining in the
Vhold system at the end of a challenge test gal L
(i.e., the hold-up volume)
V., Total recirculation loop volume gal
Vs Challenge particulate stock solution volume gal
Y Volume of pressurized air in a membrane system 0 L
sYs during a pressure- or vacuum-decay test
Viest Minimum challenge test solution volume gal L
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Units

Symbol Description
English Metric
X Position in a membrane unit in the direction of flow ft m
End position in a membrane unit in the direction of
Xmax fl ft m
ow
Y Net expansion factor for compressible flow through i i
a pipe to a larger area
z Membrane thickness in cm
€ Membrane porosity - -
0 Liquid-membrane contact (i.e., “wetting”’) angle degrees degrees
K Pore shape correction factor - -
c Surface tension - dynes/cm
. . . . kPa
AT Transmembrane osmotic pressure differential psi >
dynes/cm
Pair Density of air Ib/ft’ g/m’
Pw Density of water 1b/ft? g/cm3
L Viscosity of water or air (as specified) 1bs/ft-s cp
K20 Viscosity of water at 20 °C 1bs/ft-s cp
Moair Viscosity of air Ibs/ft-s cp
Viscosity of water or air at temperature T
Hr (as specified) Ibs/ft-s P
Mow Viscosity of water Ibs/ft-s cp
T Volumetric turnover time min min

1 For simplicity, equations applicable to both MF/UF and NF/RO systems use the term “TMP” throughout this document; as these

equations are applied to NF/RO systems, the term “TMP” should be considered synonymous with “NDP”

2 Atmospheric pressure (Pam) is expressed as absolute pressure (i.e., psia); note that this pressure varies with elevation
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Glossary

Anion — a negatively charged ion resulting from the disassociation of salts, acids, or bases in
aqueous solution

Anti-Scalant — a chemical agent added to water to inhibit the precipitation or crystallization of
salt compounds; also referred to as a “scale-inhibitor”

Anti-Telescoping Device — a rigid structure firmly attached to each end of a spiral-wound
nanofiltration (NF) or reserve osmosis (RO) membrane module that prevents telescoping,
unwinding, or other undesirable movement of the membrane module

Array — a description of a nanofiltration (NF) or reverse osmosis (RO) membrane system based
upon the ratio of the number of pressure vessels in each stage that operate in parallel (e.g., a
24:12 (absolute) two-stage array or a 2:1 (relative) two-stage array

Asymmetric — having a varying consistency throughout (e.g., a membrane that varies in density
or porosity across its structure)

Backwash — 1) the intermittent waste stream from a microfiltration (MF) or ultrafiltration (UF)
membrane system; also, 2) a term for a cleaning operation that typically involves periodic
reverse flow to remove foulants accumulated at the membrane surface

Biofouling — membrane fouling (and associated decreases in flux) that is attributable to the
deposition and growth of microorganisms on the membrane surface and/or the adsorptive fouling
of secretions from microorganisms

Bleed — the continuous waste stream from a microfiltration (MF) or ultrafiltration (UF) system
operated in a crossflow hydraulic configuration

Boundary Layer — thin layer of water at the surface of a semi-permeable membrane containing
the rejected contaminants from the filtrate (i.e., permeate) flow in higher concentrations than the
bulk feed/brine stream (called concentration polarization), affecting the osmotic pressure and salt
passage

Brackish Water — saline water in which the dissolved solids content generally falls between that
of drinking water and seawater

Breach - see Integrity Breach

Brine — a saline solution with a concentration of dissolved solids exceeding that of seawater (i.e.,
approximately 35,000 mg/L)
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Brine Seal — a rubber seal around the circumference of a spiral-wound module between the
module and the interior pressure vessel wall that separates the feed water from the concentrate
stream, preventing the bypass of feed between the module and the inside of the pressure vessel
wall

Bubble Point — the amount of applied air pressure required to evacuate the largest pores of a
fully-wetted porous membrane

Cation — a positively charged ion resulting from the dissociation of salts, acids, or bases in
aqueous solution

Cartridge — a term commonly used to describe a disposable filter element; included under the
term “module” for the purposes of the LT2ZESWTR

Challenge Particulate — the target organism or acceptable surrogate used to determine the log
removal value (LRV) during a challenge test

Challenge Test — a study conducted to determine the removal efficiency (i.e., log removal value
(LRV)) of a membrane material for a particular organism, particulate, or surrogate

Clean-In Place (CIP) — the periodic application of a chemical solution or (series of solutions) to
a membrane unit for the intended purpose of removing accumulated foulants and thus restoring
permeability and resistance to baseline levels; commonly used term for in-situ chemical cleaning

Colloid — type of particulate matter ranging in size from approximately 2 - 1,000 nm in diameter
that does not settle out rapidly

Compaction — the compression or densification of a membrane as a result of exposure to applied
pressure over a period of time, typically resulting in decreased productivity

Composite — made from different materials (e.g., a membrane manufactured from two or more
different materials in distinct layers)

Concentrate — the continuous waste stream (typically consisting of concentrated dissolved
solids) from a membrane process, usually in association with nanofiltration (NF) and reverse
osmosis (RO) processes; in some cases also used to describe a continuous bleed stream of
concentrated suspended solids wasted from microfiltration (MF) and ultrafiltration (UF) systems
operated in a crossflow (or feed-and-bleed) hydraulic configuration

Concentrate Staging — a configuration of spiral-wound nanofiltration (NF) and reverse osmosis
(RO) membrane systems in which the concentrate from each stage of a multi-stage system
becomes the feed for the subsequent stage

Concentration Polarization — a phenomenon that occurs when dissolved and/or colloidal
materials concentrate on or near the membrane surface in the boundary layer
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Conductivity — a measure of the ability of an aqueous solution to conduct an electric charge;
related to the amount of total dissolved solids (TDS)

Control Limit (CL) — a response from an integrity test, which, if exceeded, indicates a potential
problem with the membrane filtration system and triggers a response; synonymous with “upper
control limit” (UCL) as used in the Membrane Filtration Guidance Manual to distinguish from
additional voluntary or State-mandated “lower control limits” (LCLs)

Crossflow — 1) the application of water at high velocity tangential to the surface of a membrane
to maintain contaminants in suspension; also, 2) suspension mode hydraulic configuration that is
typically associated with spiral-wound nanofiltration (NF) and reverse osmosis (RO) systems
and a few hollow-fiber microfiltration (MF) and ultrafiltration (UF) systems

Dalton — a unit of mass equal to 1/ 12" the mass of a carbon-12 atom (i.e., one atomic mass unit
(amu)); typically used as a unit of measure for the molecular weight cutoff (MWCO) of a
ultrafiltration (UF), nanofiltration (NF), or reverse osmosis (RO) membrane

Dead End Filtration — term commonly used to describe the deposition mode hydraulic
configuration of membrane filtration systems; also synonymous with “direct filtration”

Deposition Mode — a hydraulic configuration of membrane filtration systems in which
contaminants removed from the feed water accumulate at the membrane surface (and in
microfiltration (MF)/ultrafiltration (UF) systems are subsequently removed via backwashing)

Desalination — the process of removing dissolved salts from water

Diagnostic Test — precise direct integrity tests that are specifically used to isolate any integrity
breaches that may be initially detected via other means, such as coarser direct integrity tests that
simply indicate the presence or absence of a breach within a membrane unit

Differential Pressure — pressure drop across a membrane module or unit from the feed inlet to
concentrate outlet (as distinguished from transmembrane pressure (TMP), which represents the
pressure drop across the membrane barrier)

Direct Filtration — (as used with respect to membrane filtration) term commonly used describe
the deposition mode hydraulic configuration of membrane filtration systems; also synonymous
with “dead end filtration”

Direct Integrity Test — (as defined under the LT2ESWTR) a physical test applied to a
membrane unit in order to identify and/or isolate integrity breaches

Electrodialysis (ED) — a process in which ions are transferred through ion-selective membranes
by means of an electromotive force from a less concentrated solution to a more concentrated
solution
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Electrodialysis Reversal (EDR) — a variation of the electrodialysis process in which the polarity
of the electrodes is periodically reversed on a prescribed time cycle, thus changing the direction
of ion movement, in order to reduce scaling

Element — a term commonly used to describe an encased spiral-wound membrane module;
included under the term “module” for the purposes of the LT2ZESWTR

Feed-and-Bleed Mode — a term used to describe a variation of the suspension mode hydraulic
configuration of membrane filtration systems in which a portion of the crossflow stream is
wasted (i.e., bled) rather than recirculated

Feed Channel Spacer — a plastic mesh spacer that separates the various leaves in a spiral-wound
module, providing a uniform channel for feed water to reach the membrane surface and
promoting turbulence in order to minimize the formation of a boundary layer at the membrane
surface

Feed Water — the influent stream to a water treatment process

Filtrate — the water produced from a filtration process; typically used to describe the water
produced by porous membranes such those used in membrane cartridge filtration (MCF),
microfiltration (MF), and ultrafiltration (UF) process, although used in the context of the
LT2ESWTR to describe the water produced from all membrane filtration processes, including
nanofiltration (NF) and reverse osmosis (RO)

Flux — the throughput of a pressure-driven membrane filtration system expressed as flow per unit
of membrane area (e.g., gallons per square foot per day (gfd) or liters per hour per square meter
(Lmh))

Foulant — any substance that causes fouling

Fouling — the gradual accumulation of contaminants on a membrane surface or within a porous
membrane structure that inhibits the passage of water, thus decreasing productivity

Heterogeneous — composed of a combination of different materials (e.g., composite and some
asymmetric membranes)

Hollow-Fiber Module — a configuration in which hollow-fiber membranes are bundled
longitudinally and either encased in a pressure vessel or submerged in a basin; typically
associated with microfiltration (MF) and ultrafiltration (UF) membrane processes

Hollow-Fine-Fiber (HFF) Module — a relatively uncommon configuration in which very small
diameter (i.e., approximately 50 wm (inside diameter)) semi-permeable hollow-fiber membranes
are bundled in a “U” shape and potted into a pressure vessel; typically associated with reverse
osmosis (RO) membrane processes
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Homogeneous — composed of the same material throughout (e.g., symmetric and some
asymmetric membranes)

Hydraulic Configuration — the pattern of flow through a membrane process by which the feed
contaminants are removed or concentrated (e.g., crossflow, dead-end, etc.)

Hydrophilic — the water attracting property of membrane material
Hydrophobic — the water repelling property of membrane material

Indirect Integrity Monitoring — (as defined under the LT2ZESWTR) monitoring some aspect of
filtrate water quality that is indicative of the removal of particulate matter

Integrity Breach — one or more leaks in a membrane filtration system that could result in the
contamination of the filtrate with unfiltered feed water

Irreversible Fouling — any membrane fouling that is permanent and cannot be removed by
either backwashing (if applicable) or chemical cleaning

Leaf — a sandwich arrangement of flat sheet, semi-permeable membranes placed back-to-back
and separated by a fabric spacer (i.e., permeate carrier) in a spiral-wound module

Log Removal Value (LRV) — filtration removal efficiency for a target organism, particulate, or
surrogate expressed as log, (i.e., log;o(feed concentration) — log;o(filtrate concentration))

Lower Control Limit (LCL) — a control limit (CL) that is not mandated by the LT2ESWTR but
which is instead voluntarily implemented or which may be required by the State at its discretion

Lumen — the center or bore of a hollow-fiber membrane

Membrane Filtration — (as defined under the LT2ESWTR) a pressure- or vacuum-driven
separation process in which particulate matter larger than 1 um is rejected by an engineered
barrier, primarily through a size-exclusion mechanism and which has a measurable removal
efficiency of a target organism that can be verified through the application of a direct integrity
test; includes common membrane classifications microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO), as well as any “membrane cartridge filtration”
(MCEF) device that satisfies this definition

Membrane Cartridge Filtration (MCF) — any cartridge filtration devices that meet the
definition of membrane filtration as specified under the LT2ESWTR

Membrane Softening — semi-permeable membrane treatment process designed to selectively
remove hardness (i.e., calcium, magnesium, and certain other multivalent cations) but allow
significant passage of monovalent ions; typically used to describe the application of
nanofiltration (NF) for hardness removal
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Membrane Unit — (as defined under the LT2ESWTR) a group of membrane modules that share
common valving which allows the unit to be isolated from the rest of the system for the purpose
of integrity testing or other maintenance

Molecular Weight Cutoff (MWCO) — a measure of the removal characteristic of a membrane in
terms of atomic weight (or mass), as opposed to pore size; typically measured in terms of
Daltons

Microfiltration (MF) — a pressure-driven membrane filtration process that typically employs
hollow-fiber membranes with a pore size range of approximately 0.1 — 0.2 wm (nominally
0.1 um)

Module — (as defined under the LT2ZESWTR) the smallest component of a membrane unit in
which a specific membrane surface area is housed in a device with a filtrate outlet structure; used
in the Membrane Filtration Guidance Manual to refer to all types of membrane configurations,
including terms such as “element” or “cartridge” that are commonly used in the membrane
treatment industry

Nanofiltration (NF) — a pressure-driven membrane separation process that employs the
principles of reverse osmosis to remove dissolved contaminants from water; typically applied for
membrane softening or the removal of dissolved organic contaminants

Net Driving Pressure (NDP) — the pressure available to force water through a semi-permeable
nanofiltration (NF) or reverse osmosis (RO) membrane, defined as the average feed side pressure
(i.e., the average of the feed and concentrate pressures) less the filtrate side backpressure and the
osmotic pressure of the system

Non-Destructive Performance Test (NDPT) — a physical quality control test typically
conducted by a manufacturer to characterize some aspect of process performance without
damaging or altering the membrane or membrane module

Normalization — the process of evaluating membrane system performance at a given set of
reference conditions (e.g., at standard temperature, per unit pressure, etc.), allowing the direct
comparison and trending of day-to-day performance independent of changes to the actual system
operating conditions

Osmosis — the passage of a solvent (e.g., water) through a semi-permeable membrane from a
solution of lower concentration to a solution of higher concentration so as to equalize the
concentrations on either side of the membrane

Osmotic Pressure — the amount of pressure that must be applied to stop the natural process of
0Smosis

Particle Counter — an instrument used to count the number of discrete particles in a solution and
classify them according to size
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Permeability — the ability of a membrane barrier to allow the passage or diffusion of a substance
(i.e., a gas, a liquid, or solute)

Permeate — the water that passes through a nanofiltration (NF) or reverse osmosis (RO)
membrane; synonymous with the term filtrate, which is used in the context of the LT2ESWTR

Permeate Staging — a configuration of spiral-wound nanofiltration (NF) and reverse osmosis
(RO) membrane systems in which the permeate (or filtrate) from each stage of a multi-stage
system becomes the feed for the subsequent stage

Permeate Tube — the perforated tube in the center of a spiral-wound module that collects
permeate (or filtrate) and transports it out of the membrane module

Permeate (Filtrate) Carrier — the fabric spacer in between two sheets of membrane material in
one leaf of a spiral-wound module, serving to transfer the water that permeates through the
membrane(s) (i.e., the filtrate) to a perforated central collector tube (i.e., the permeate tube)

Plate-and-Frame Module — a relatively uncommon configuration consisting of a series of flat
sheet membranes separated by alternating filtrate spacers and feed/concentrate spacers; used with
electrodialysis reversal (EDR) membrane systems

Plugging — the physical blockage of the feed side flow passages of a membrane or membrane
module (e.g., a blockage in the lumen of an hollow-fiber module operated in inside-out mode or
in the spacer of a spiral-wound module)

Pore Size — the size of the openings in a porous membrane expressed either as nominal (average)
or the absolute (maximum), typically in terms of microns

Porosity — for a membrane material, the ratio of the volume of voids to the total volume

Post-Treatment — any treatment applied to the filtrate of a membrane process in order to meet
given water quality objectives

Pretreatment — any treatment applied to the feed water to a membrane process to achieve
desired water quality objectives and/or protect the membranes from damage or fouling

Productivity — the amount of filtered water that can be produced from a membrane module,
filtration unit, or system over a period of time, accounting for the use of filtrate in backwash and
chemical cleaning operations, as well as otherwise productive time that a unit or system is off-
line for routine maintenance processes such as backwashing, chemical cleaning, integrity testing,
or repair

Quality Control Release Value (QCRV) — a minimum quality standard of a non-destructive
performance test (NDPT) established by the manufacturer for membrane module production that
ensures that the module will attain the targeted log removal value (LRV) demonstrated during
challenge testing in compliance with the LT2ZESWTR
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Rack — in a nanofiltration (NF) or reverse osmosis (RO) spiral-wound membrane filtration
system, a group of pressure vessels that share common valving and which can be isolated as a
group for testing, cleaning, or repair; synonymous with the terms train and skid; included under
the term “unit” for the purposes of the LT2ESWTR

Recovery — the volumetric percent of feed water that is converted to filtrate in the treatment
process over the course of an uninterrupted (i.e., by chemical cleaning or a solids removal
process such as backwashing) operating cycle (excluding losses that occur due to the use of
filtrate in backwashing or cleaning operations)

Reject — a continuous waste stream from a membrane system; used synonymously with the term
concentrate for nanofiltration (NF) and reverse osmosis (RO) membrane systems

Rejection — the prevention of feed water constituents from passing through a semi-permeable
membrane; typically used in association with dissolved solids rather than particulate matter

Resistance — the measurement of the degree to which the flow of water is impeded by a
membrane material or fouling

Resolution — (as defined under the LT2ESWTR) the size of the smallest integrity breach that
contributes to a response from a direct integrity test; also applicable to some indirect integrity
monitoring methods

Reverse Osmosis (RO) — 1) the reverse of the natural osmosis process — i.e., the passage of a
solvent (e.g., water) through a semi-permeable membrane from a solution of higher
concentration to a solution of lower concentration against the concentration gradient, achieved
by applying pressure greater than the osmotic pressure to the more concentrated solution; also,
2) the pressure-driven membrane separation process that employs the principles of reverse
osmosis to remove dissolved contaminants from water

Salinity — amount of salt in a solution; usually used in association with salt solutions in excess of
1,000 mg/L and synonymously with the term total dissolved solids (TDS)

Salt Passage — the transport of a salt through a semi-permeable membrane; typically expressed
either as a percentage or as mass of salt per unit of membrane area per unit time

Salt Rejection — the amount of salt in the feed water that is rejected by a semi-permeable
membrane, expressed as a percentage; also referred to as “solids rejection”

Scale Inhibitor — a chemical agent added to water to inhibit the precipitation or crystallization of
salt compounds; also referred to as “anti-scalant”

Scaling — the precipitation or crystallization of salts on a surface (e.g., on the feed side of a
membrane)
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Semi-Permeable — the property of a membrane barrier that allows it to selectively pass certain
molecules in a solution while restricting the passage of others

Sensitivity — the maximum log removal value (LRV) that can be reliably verified by a direct
integrity test; also applicable to some continuous indirect integrity monitoring methods

Skid — in a nanofiltration (NF) or reverse osmosis (RO) spiral-wound membrane filtration
system, a group of pressure vessels that share common valving and which can be isolated as a
group for testing, cleaning, or repair; synonymous with the terms train and rack; included under
the term “unit” for the purposes of the LT2ZESWTR

Softening — the removal of hardness (i.e., divalent metal ions, primarily calcium and
magnesium) from water

Spacer — the material that separates the semi-permeable membrane layers and creates flow
passages in a spiral-wound module; also called feed water spacer or brine spacer

Specific Flux — membrane flux normalized for pressure and temperature
Spiral-Wound Module — a configuration in which sheets of a semi-permeable membrane, a

porous support matrix, and a spacer are wrapped around a central filtrate collector tube; typically
associated with nanofiltration (NF) and reverse osmosis (RO) membrane processes

Stage — a group of membrane units operating in parallel

Suspension Mode — a hydraulic configuration of membrane filtration systems in which
contaminants are maintained in suspension through the application of an external force, typically
either air or water tangential to the membrane surface

Surrogate — a challenge particulate that is a substitute for the target microorganism of interest
and which is removed to an equivalent or lesser extent by a membrane filtration device

Symmetric — having the same consistency throughout

Telescoping — the physical deformation of a spiral-wound membrane module due to high
differential pressure in which the membrane, support, and spacer layers are displaced axially
(i.e., in the direction of the feed flow) from the center, causing membrane fracture and element
failure

Train — in a nanofiltration (NF) or reverse osmosis (RO) spiral-wound membrane filtration
system, a group of pressure vessels that share common valving and which can be isolated as a
group for testing, cleaning, or repair; synonymous with the terms rack and skid; included under
the term “unit” for the purposes of the LT2ESWTR

Transmembrane Pressure (TMP) — the difference in pressure from the feed (or feed-
concentrate average, if applicable) to the filtrate across a membrane barrier
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Tubular Module — a relatively uncommon configuration (in drinking water applications) similar
to that of a hollow-fiber module but utilizing membranes of much larger diameter; may be
associated with either microfiltration (MF)/ultrafiltration (UF) or nanofiltration (NF)/reverse
osmosis (RO) membrane processes

Turbidimeter — an instrument used to measure turbidity via the scattering of a light beam
through a solution that contains suspended particulate matter

Volumetric Concentration Factor (VCF) — the suspended solids concentration on the high
pressure side of the membrane relative to the that of the ambient feed water

Ultrafiltration (UF) — a pressure-driven membrane filtration process that typically employs
hollow-fiber membranes with a pore size range of approximately 0.01 — 0.05 um (nominally
0.01 wm)

Upper Control Limit (UCL) — a control limit (CL) for a membrane filtration system that is
required by the LT2ESWTR; used in the Membrane Filtration Guidance Manual to distinguish
CLs mandated by the rule from additional “lower control limits” (LCLs) that are either
voluntarily implemented or which may be required by the State at its discretion
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1.0 Introduction

Currently, the most common form of drinking water treatment for surface water sources
involves the chemical/physical removal of particulate matter by coagulation, flocculation,
sedimentation, and filtration processes, along with disinfection to inactivate any remaining
pathogenic microorganisms. Filtration remains the cornerstone of drinking water treatment,
conventionally in the form of granular media depth filters. Although granular media filters can
produce high quality water, they represent a probabilistic rather than an absolute barrier;
consequently, pathogens can still pass through the filters and pose a health risk. The disinfection
process provides an additional measure of public health protection by inactivating these
microorganisms. However, some microorganisms, such as Cryptosporidium, are resistant to
common primary disinfection practices such as chlorination and chloramination. Furthermore,
drinking water regulations have established maximum contaminant levels (MCLs) for
disinfection byproducts (DBPs) that may create incentive for drinking water utilities to minimize
the application of some disinfectants. As a result of the concern over chlorine-resistant
microorganisms and DBP formation, the drinking water industry is increasingly utilizing
alternative treatment technologies in an effort to balance the often-competing objectives of
disinfection and DBP control. One such alternative technology that has gained broad acceptance
is membrane filtration.

Although the use of membrane processes has increased rapidly in recent years, the
application of membranes for water treatment extends back several decades. Reverse osmosis
(RO) membranes have been used for the desalination of water since the 1960s, with more
widespread use of nanofiltration (NF) for softening and the removal of total organic carbon
(TOC) dating to the late 1980s. However, the commercialization of backwashable hollow-fiber
microfiltration (MF) and ultrafiltration (UF) membrane processes for the removal of particulate
matter (i.e., turbidity and microorganisms) in the early 1990s has had the most profound impact
on the use, acceptance, and regulation of all types of membrane processes for drinking water
treatment.

USEPA developed this guidance manual in support of the Long Term 2 Enhanced
Surface Water Treatment Rule (LT2ESWTR), which has identified membrane filtration (i.e.,
MF, UF, NF, RO, and membrane cartridge filtration (MCF)) as one category of treatment
technology in a “toolbox” of options that may be used to achieve the required level of
Cryptosporidium treatment. Although the LT2ESWTR only regulates membrane filtration in
terms of its application for compliance with the requirements of the rule, the concepts and
guidance provided in this manual may also be relevant to the Interim Enhanced Surface Water
Treatment Rule (IESWTR), the Long Term 1 Enhanced Surface Water Treatment Rule
(LTlFSWTR), the Ground Water Rule (GWR), and other regulations, at the discretion of the
State .

1 For the purposes of this manual, the term “State” refers to the State or primacy agency that is responsible for
enforcement of drinking water standards.

Membrane Filtration Guidance Manual 1-1 November 2005



Chapter 1 — Introduction

1.1  Regulating Membranes for the Drinking Water Industry

Driven by the need to protect public health from waterborne pathogens, USEPA has
progressively developed regulations that require higher standards for filtered water quality to
prevent the passage of infectious pathogens through the treatment process and into the finished
drinking water supply. In 1986, the Surface Water Treatment Rule (SWTR) required surface
water systems to provide treatment equivalent to 3 log Giardia and 4 log virus reduction via a
combination of removal and inactivation. USEPA estimated conventional filtration plants (i.e.,
including coagulation and sedimentation) meeting the filter effluent turbidity requirements
provided a minimum of 2.5 log Giardia and 2 log virus reduction, while direct filtration plants
(i.e., without sedimentation) provided 2 log Giardia and 1 log virus removal. The IESWTR (FR
63(241):69518) focused on filter effluent turbidity control, setting a combined filter effluent
turbidity limit of 0.3 NTU (40 CFR 141.173) and requiring individual filter turbidity monitoring
(40 CFR 141.174) for surface water systems serving at least 10,000 people. The rule also
introduced a requirement for 2 log Cryptosporidium removal. The IESWTR additionally
required that turbidity monitoring be conducted “continuously” (i.e., every 15 minutes) on
individual filters. Based on available data, USEPA determined that conventional and direct
filtration plants meeting the IESWTR filter effluent turbidity requirements provided a minimum
2 log removal of Cryptosporidium. The LTIESWTR (FR 67(9):1812) promulgated the
requirements of the IESWTR, with some modifications, for all surface water systems serving
less than 10,000 people.

Under the existing surface water treatment rules, log removal credits for alternative
filtration technologies (AFTs), such as membrane processes and bag and cartridge filters, were
not explicitly addressed, but instead covered under a special State primacy requirement. For
compliance with the SWTR, IESWTR, and LTIESWTR, many States grant removal credits to
membrane processes based on the guidelines for AFTs in the Guidance Manual for Compliance
With the Filtration and Disinfection Requirements for Public Water Systems Using Surface
Water Sources (commonly called the SWTR Guidance Manual) (USEPA 1991). However, there
is significant variability in the manner in which States regulate membrane processes, as
summarized for MF/UF systems in the USEPA report Low-Pressure Membrane Filtration for
Pathogen Removal: Application, Implementation, and Regulatory Issues (2001).

The LT2ESWTR builds on the previous surface water treatment rules by requiring
additional treatment for those systems with elevated influent Cryptosporidium levels. The rule
identifies a number of “toolbox” technologies that may be employed to achieve additional
Cryptosporidium treatment requirements. The range of removal or inactivation credits allocated
to each of the various toolbox options under the rule varies based on the capabilities of the
particular treatment technology. Because the various types of membrane filtration processes
represent one of these toolbox alternatives, utilities have the option of using membrane filtration
for compliance with the rule requirements as a distinct technology rather than simply as a general
AFT. Consequently, USEPA has developed specific regulatory requirements and associated
guidance, as contained in this manual, for membrane filtration processes used for compliance
with the LT2ESWTR.
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Chapter 1 — Introduction

The regulatory framework established under the LT2ESWTR applies only to membrane
filtration processes used to achieve Cryptosporidium removal for rule compliance. Thus, the
LT2ESWTR does not supersede or conflict with any prior surface water treatment requirements,
including the allowance of State primacy for regulating membrane filtration processes as AFTs
for Giardia and virus removal. The LT2ZESWTR regulatory framework could be employed for
other applications of membrane filtration (e.g., for the removal of Giardia, viruses, or other
pathogens), albeit solely at the discretion of the State.

1.2 Overview of the Long Term 2 Enhanced Surface Water Treatment Rule

Under the LT2ZESWTR, systems that use either a surface water or ground water under the
direct influence of surface water (GWUDI) source (collectively referred to as surface water
systems) are required to conduct source water monitoring to determine average Cryptosporidium
concentrations. Based on the average Cryptosporidium concentration, a system is classified in
one of four possible Bins, as shown in Table 1.1 (40 CFR 141.711(a)). The Bin assignment
dictates the supplemental level of Cryptosporidium treatment required in addition to the existing
requirements of the SWTR, IESWTR, and LTIESWTR. Ultilities may comply with additional
treatment requirements by implementing one or more management or treatment techniques from
a toolbox of options that includes membrane filtration. Guidance for the use of membrane
filtration for compliance with the LT2ESWTR is provided in this manual. A separate guidance
manual has also been developed for the use of ultraviolet (UV) disinfection for LT2ESWTR
compliance (Ultraviolet Disinfection Guidance Manual). Guidance for the use of all other
toolbox options is given in the Long Term 2 Enhanced Surface Water Treatment Rule Toolbox
Guidance Manual.
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Table 1.1 LT2ESWTR Additional Treatment Requirements for Filtered Systems

LT2ESWTR Category Type of Existing Filtration
. - Slow Sand .
ain | CpCsbondm | Gonventional | _birect or | Alemaive
(oocysisiL) Filtration' Filtration Diatomaceous | 1. .- o 7
4 Earth Filtration g
1 <0.075 No additional No additional No additional No additional
’ treatment treatment treatment treatment
2 | >0.075and<1.0 1log? 1.5 log? 11og? ﬁf/ ?he;esrg'tg?,‘?
3 | >1.0and<3.0 2 log® 2.5 log® 2 log® ﬁ; ?he;esrg'tg?g
4 >3.0 2.5 log® 3 log® 2.5 log® As determined

by the State®®

—_

w

~NoO o~

1.3

Applies to a treatment train using separate, sequential, unit processes for coagulation/flocculation, clarification, and granular

media filtration; clarification includes any solid/liquid separation process following coagulation where accumulated solids
are removed during this separate component of the treatment system.

chlorine dioxide, membrane filtration, ozone, and/or UV disinfection

Total Cryptosporidium removal and inactivation must be at least 4 log
Total Cryptosporidium removal and inactivation must be at least 5 log
Total Cryptosporidium removal and inactivation must be at least 5.5 log
Includes membrane filtration

Public water systems may use any technology or combination of technologies from the toolbox
Public water systems must achieve at least 1 log of the required treatment using bag filters, bank filtration, cartridge filters,

Requirements for Membrane Filtration Under the LT2ESWTR

In order to receive removal credit for Cryptosporidium under the LT2ESWTR, a
membrane filtration system must meet the following three criteria:

1. The process must comply with the definition of membrane filtration as stipulated by

the rule.

2. The removal efficiency of a membrane filtration process must be established through
a product-specific challenge test and direct integrity testing.

3. The membrane filtration system must undergo periodic direct integrity testing and
continuous indirect integrity monitoring during operation.

The rule does not prescribe a specific removal credit for membrane filtration processes.
Instead, removal credit is based on system performance as determined by challenge testing and
verified by direct integrity testing. Thus, the maximum removal credit that a membrane filtration
process may receive is the lower value of either (40 CFR 141.719(b)(1)):
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Chapter 1 — Introduction

e The removal efficiency demonstrated during challenge testing; OR

¢ The maximum log removal value that can be verified by the direct integrity test used
to monitor the membrane filtration process

Based on this framework, a membrane filtration process could potentially meet the Bin 4
Cryptosporidium treatment requirements, as shown in Table 1.1. Additionally, if a membrane
filtration system has been previously approved for 5.5 log Cryptosporidium removal by the State,
the utility would not be required to conduct source monitoring under the LT2ZESWTR
(40 CFR 141.701(d)). These systems would not be subject to the requirements for membrane
filtration systems under the LT2ZESWTR.

These primary elements of the regulatory requirements for membrane filtration under the
LT2ESWTR, including the definition of membrane filtration, as well as challenge testing, direct
integrity testing, and continuous indirect integrity monitoring, are summarized in the following
sections.

1.3.1 Definition of a Membrane Filtration Process

For the purposes of compliance with the LT2ZESWTR, membrane filtration is defined as a
pressure- or vacuum-driven separation process in which particulate matter larger than 1 pm is
rejected by an engineered barrier primarily through a size exclusion mechanism and which has a
measurable removal efficiency of a target organism that can be verified through the application
of a direct integrity test (40 CFR 141.2). This definition is intended to include the common
membrane technology classifications: MF, UF, NF, and RO. In addition, any cartridge filtration
device that meets the definition of membrane filtration and which can be subject to direct
integrity testing in accordance with rule requirements would also be eligible for Cryptosporidium
removal credit as a membrane filtration process under the LT2ESWTR (40 CFR 141.719(b)(1)).
In this guidance manual, such processes are called membrane cartridge filtration. Filtration
processes that are reliant on mechanisms such as adhesion to filter media or accumulation of a
fouling layer to remove particulate matter are excluded from the definition of membrane
filtration.
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1.3.2 Challenge Testing

Since there are no uniform design criteria that can be used to ensure the removal
efficiency of a membrane process, challenge testing is required to demonstrate the ability of a
membrane process to remove a specific target organism. The removal efficiency demonstrated
during challenge testing establishes the maximum removal credit that a membrane process would
be eligible to receive, provided that this value is less than or equal to the maximum log removal
value that can be verified by the direct integrity test (40 CFR 141.719(b)(1)), as described in the
following section. The LT2ESWTR only requires product-specific challenge testing; once the
removal efficiency has been demonstrated, additional testing is not required unless the product is
significantly modified. Data from challenge studies conducted prior to promulgation of this
regulation can be considered in lieu of additional testing at the discretion of the State (40 CFR
141.719(b)(2)). However, the prior testing must have been conducted in a manner that
demonstrates removal efficiency for Cryptosporidium equivalent to or greater than the treatment
credit awarded to the process. The rule requirements for challenge testing, as well as associated
guidance, are discussed in Chapter 3.

1.3.3 Direct Integrity Testing

While challenge testing can demonstrate the ability of an integral membrane process to
remove the target organism, integrity breaches can develop in the membrane during routine
operation that could allow the passage of microorganisms. In order to verify the removal
efficiency of a membrane process during operation, direct integrity testing is required for all
membrane filtration processes used to comply with the LT2ESWTR (40 CFR 141.719(b)(3)). A
direct integrity test is defined as a physical test applied to a membrane unit in order to identify
and isolate integrity breaches. The rule does not mandate the use of a specific type of direct
integrity test, but rather performance criteria that any direct integrity test must meet. These
criteria include requirements for resolution, sensitivity, and frequency (40 CFR 141.719(b)(3)):

e Resolution: The direct integrity test must be applied in a manner such that a 3 um
breach contributes to the response from the test.

e Sensitivity: The direct integrity test must be capable of verifying the log removal
value awarded to the membrane process by the State.

e Frequency: The direct integrity test must be applied at a frequency of at least once
per day, although less frequent testing may be permitting by the State at its discretion
if appropriate safety factors are incorporated.

A control limit must also be established for a direct integrity test, representing a threshold
response which, if exceeded, indicates a potential integrity problem and triggers subsequent
corrective action. For the purposes of LT2ZESWTR compliance, this threshold response must be
indicative of an integral membrane unit capable of achieving the Cryptosporidium removal credit
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awarded by the State. The criteria for direct integrity testing are discussed in detail in Chapter 4,
along with guidance describing how these criteria apply to commonly used direct integrity tests.

1.3.4 Continuous Indirect Integrity Monitoring

Because currently available direct integrity test methods require the membrane unit to be
temporarily taken out of service, or are either too costly or infeasible to apply continuously,
direct testing is only conducted periodically. Thus, in the absence of a continuous direct
integrity test that meets the resolution and sensitivity requirements of the LT2ZESWTR,
continuous indirect integrity monitoring is required (40 CFR 141.719(b)(4)). Although the
indirect monitoring methods are typically not as sensitive as direct tests for detecting a loss of
membrane integrity, the indirect methods do provide some measure of performance assessment
between applications of direct testing. For the purposes of the LT2ESWTR, indirect integrity
monitoring is defined as monitoring some filtrate water parameter that is indicative of the
removal of particulate matter, and “continuous” is defined as monitoring at a frequency of no
less than once every 15 minutes (40 CFR 141.719(b)(4)(ii)). Although turbidity monitoring is
specified as the default method of continuous indirect integrity monitoring under the rule, other
methods, such as particle counting or particle monitoring, may be used in lieu of turbidity
monitoring at the discretion of the State (40 CFR 141.719(b)(4)(i)). For any indirect method
used, a control limit must be established that is indicative of acceptable performance.
Monitoring results exceeding the control limit for a period of more than 15 minutes must trigger
immediate direct integrity testing (40 CFR 141.719(b)(4)(iv)). The requirements and associated
guidance for continuous indirect integrity monitoring are detailed in Chapter 5.

1.4 Considering Existing Membrane Facilities Under the LT2ESWTR

As shown in Table 1.1, the LT2ZESWTR only requires additional treatment measures for
those drinking water systems with source water Cryptosporidium levels greater than or equal to
0.075 oocysts/L — Bins 2, 3, or 4. Utilities with existing membrane filtration facilities will be
affected by the LT2ZESWTR in one of five ways. These cases are summarized as follows:

e (Case 1: The utility has previously been awarded 5.5 log Cryptosporidium treatment
credit via a combination of physical removal (which may include membrane
filtration) and chemical inactivation. In this case the utility is not required to conduct
source water monitoring (40 CFR 141.701(d)(1)).

e (Case 2: The utility conducts source water monitoring for Cryptosporidium and
determines that its source water is in Bin 1 (i.e., concentrations less than
0.075 oocysts/L). In this case, the system may continue to operate under the previous
surface water treatment rules (i.e., the SWTR and either the IESWTR or the
LT1IESWTR) as administered by the State. No additional action is required under the
LT2ESWTR.
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e (Case 3: The utility conducts source water monitoring for Cryptosporidium and
determines that its source water is in either Bins 2, 3, or 4 (i.e., concentrations greater
than or equal to 0.075 oocysts/L). The utility then successfully demonstrates to the
State that its membrane filtration system can achieve all of the total required
Cryptosporidium treatment credit, as listed in the right hand column (i.e., under
“Type of Existing Filtration — Alternative Filtration Technologies™) of Table 1.1, up
to a maximum of 5.5 log credit. In this case, the utility would be required to meet all
requirements for membrane filtration specified in the LT2ZESWTR to achieve
Cryptosporidium removal credit.

e (Case 4: The utility conducts source water monitoring for Cryptosporidium and
determines that its source water is in either Bins 2, 3, or 4 (i.e., concentrations greater
than or equal to 0.075 oocysts/L). The utility then successfully demonstrates to the
State that its membrane filtration system can achieve part of the required
Cryptosporidium treatment credit, as listed in the right hand column (i.e., under
“Type of Existing Filtration — Alternative Filtration Technologies) of Table 1.1. In
this case the utility would be required to use other toolbox options to obtain the
balance of Cryptosporidium treatment credit required under the rule. Furthermore,
the utility would be required to meet all requirements for membrane filtration
specified in the LT2ESWTR to achieve Cryptosporidium removal credit.

e (Case 5: The utility conducts source water monitoring for Cryptosporidium and
determines that its source water is in either Bins 2, 3 or 4 (i.e., concentrations greater
than or equal to 0.075 oocysts/L). However, the utility opts not to use its membrane
filtration system for the purposes of LT2ESWTR compliance. In this case the utility
would be required use other toolbox options to obtain all of the Cryptosporidium
treatment credit required under the rule, and the membrane regulatory framework
under the LT2ESWTR would not apply to the utility’s membrane filtration system.

Under the LT2ESWTR, the regulatory basis for a membrane filtration process to receive
treatment credit for Cryptosporidium is the demonstration of removal efficiency through
challenge testing and the verification of membrane system integrity through routine direct
integrity testing and continuous indirect integrity monitoring. These criteria form the basis for
the potential for membrane filtration systems to be awarded up to a maximum of 5.5 log
Cryptosporidium removal credit for complying with the requirements of the previously
promulgated surface water treatment rules in combination with any additional Cryptosporidium
treatment credit that may be required under the LT2ZESWTR.

With respect to the challenge testing requirements of the rule, the two most likely options
available to utilities with existing membrane filtration systems are to grandfather data generated
during the pilot testing conducted as part of the permitting process (if applicable) or to use data
from challenge testing conducted by the membrane manufacturer in its effort to qualify its
product(s) for Cryptosporidium removal credit under the LT2ZESWTR (since challenge testing is
required on a product-specific and not a site-specific basis). Challenge testing, including
recommendations for grandfathering data, is described in detail in Chapter 3.
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Existing membrane facilities will also have to meet the direct integrity testing and
continuous indirect integrity monitoring requirements of the LT2ZESWTR to qualify for treatment
credit under the rule. This may necessitate that some facilities implement new integrity
verification practices, since State requirements vary widely, and some may not require direct
integrity testing at all (USEPA 2001). However, this is not anticipated to be problematic for
many existing facilities, since most membrane filtration systems applied to surface water are
equipped with the ability to conduct some form of direct integrity testing. In addition, although
States may not have explicit indirect integrity monitoring requirements, turbidity monitoring (the
default method of continuous indirect integrity monitoring under the LT2ZESWTR) is nonetheless
required for compliance with the various existing surface water treatment rules. In some cases,
utilities may need to purchase additional equipment to comply with the integrity verification
requirements of the rule. Detailed guidance on the use of direct integrity testing and continuous
indirect integrity monitoring for LT2ESWTR compliance is provided in Chapters 4 and 5,
respectively.

Another consideration for existing membrane facilities required to meet the LT2ESWTR
criteria is replacement membrane modules. When replacement modules are installed, it is
necessary to verify that the specific modules used meet the quality control release value of the
non-destructive performance test as a means of indirectly verifying removal efficiency.
Additional guidance regarding non-destructive performance testing is provided in section 3.6.

The regulatory framework developed for membrane filtration under the LT2ZESWTR
addresses many of the specific capabilities and requirements of the technology, and thus may
introduce new concepts that might not be included in a given State’s current regulatory approach
for membrane processes, particularly if the State currently considers membrane filtration as an
AFT, as described the Guidance Manual for Compliance With the Filtration and Disinfection
Requirements for Public Water Systems Using Surface Water Sources (USEPA 1991). Although
States may choose to adopt aspects of the LT2ZESWTR framework for broader regulation of
membrane filtration systems, USEPA only requires that this regulatory framework be applied to
systems that utilize membrane filtration to meet the additional Cryptosporidium treatment
requirements of the LT2ZESWTR.

1.5 Membrane Terminology Used in the Guidance Manual

In the development of the regulatory language and associated guidance for the
LT2ESWTR, it was necessary to select the most appropriate terminology for various aspects of
membrane treatment, with the understanding that use of such terminology can vary widely
throughout the industry. The purpose of this section is to clarify the use of membrane treatment
terminology associated with the LT2ESWTR and note generally synonymous terms that are also
in common use, where applicable. This section also presents some new terms defined under the
rule that are critical to the regulatory framework.

The term “membrane filtration” is formally defined under the rule language for the
LT2ESWTR, as follows (40 CFR 141.2):
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e Membrane filtration — a pressure- or vacuum-driven separation process in which
particulate matter larger than 1 um is rejected by an engineered barrier, primarily
through a size exclusion mechanism, and which has a measurable removal efficiency
of a target organism that can be verified through the application of a direct integrity
test. The definition of a membrane filtration process and what it represents are
further discussed in section 1.3.1.

In addition, there are a number of terms defined in the context of the rule language that
are also used throughout this guidance manual. These terms are as follows:

¢ Challenge particulate — the target organism or acceptable surrogate used to
determine the log removal value during a challenge test

e Challenge test — a study conducted to determine the removal efficiency (i.e., log
removal value) of the membrane filtration media. Challenge testing is discussed in
detail in Chapter 3, and the requirements for challenge testing under the LT2ZESWTR
are summarized briefly in section 1.3.2.

e Control limit — an integrity test result that, if exceeded, indicates a potential problem
with the system and triggers a response. In the context of this guidance manual the
terms upper control limit (UCL) and lower control limit (LCL) are also used. The
term upper control limit is always used in reference to the control limit that is
mandated under the LT2ESWTR. The term lower control limit was established to
distinguish any more conservative voluntary or additional State-mandated control
limits that may trigger increased monitoring or other action.

¢ Direct integrity test — a physical test applied to a membrane unit in order to identify
and isolate integrity breaches. Direct integrity testing is discussed in detail in
Chapter 4, and the requirements for direct integrity testing under the LT2ZESWTR are
summarized briefly in section 1.3.3.

¢ Flux — the throughput of a pressure-driven membrane filtration process expressed as
flow per unit of membrane area

¢ Indirect integrity monitoring — monitoring some aspect of filtrate water quality that
is indicative of the removal of particulate matter. In the context of indirect integrity
monitoring, continuous is defined as a frequency of no less than once every 15
minutes (40 CFR 141.719(b)(4)(i1)). Continuous indirect integrity monitoring is
discussed in detail in Chapter 5, and the requirements for continuous indirect integrity
monitoring under the LT2ZESWTR are summarized briefly in section 1.3.4.

¢ Integrity breach — one or more leaks in a membrane filtration system that could
result in the contamination of the filtrate with unfiltered feed water
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e Membrane unit — a group of membrane modules that share common valving that
allows the unit to be isolated from the rest of the system for the purpose of integrity
testing or maintenance. For the purposes of the LT2ESWTR, “membrane unit” is
intended to include the commonly-used synonymous terms rack, train, and skid.

® Module - the smallest component of a membrane unit in which a specific membrane
surface area is housed in a device with a filtrate outlet structure. For the purposes of
the LT2ESWTR, this term encompasses hollow-fiber modules and cassettes, spiral-
wound elements, cartridge filter elements, plate-and-frame modules, and tubular
modules, among other membrane devices of similar scope and purpose.

¢ Recovery — the volumetric percent of feed water that is converted to filtrate over the
course of an operating cycle uninterrupted by events such as chemical cleaning or a
solids removal process (i.e., backwashing). In the context of the LT2ZESWTR, the
term recovery does not consider losses that occur due to the use of filtrate in
backwashing or cleaning operations.

e Resolution — the size of the smallest integrity breach that contributes to a response
from a direct integrity test

® Sensitivity — the maximum log removal value that can be reliably verified by the
direct integrity test associated with a given membrane filtration system

In addition to these terms, it is important to note that the term filtrate, as used in both the
rule language and this guidance manual, includes the synonymous term permeate, which is
commonly used in the industry in association with the treated water from NF and RO semi-
permeable membrane processes. All of the terms clarified in this section, as well as numerous
others used in the context of this manual, are defined in the glossary.

1.6 Guidance Manual Objectives

The purpose of this manual is to establish a clear and consistent framework for the
application and regulation of membrane filtration for compliance with the requirements of the
LT2ESWTR. Specifically, the objective of the manual is to provide utilities, State regulators,
membrane module and system manufacturers, and consulting engineers with guidance in the
following respective areas:

e Utilities and consulting engineers: specific guidance on meeting the criteria
specified in the LT2ESWTR in order to receive removal credit for Cryptosporidium
through the application of membrane filtration, as well as additional guidance
regarding industry practices for pilot testing, implementing, and starting up a
membrane filtration facility
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e State regulators: guidance on evaluating membrane filtration systems and
determining appropriate Cryptosporidium removal credits for these processes under
the LT2ZESWTR

e Manufacturers: guidance on qualifying membrane filtration systems for
Cryptosporidium removal credits under the LT2ESWTR

Note that the guidance provided in this manual applies to systems that meet the definition
of membrane filtration under the LT2ESWTR, including MF, UF, NF, and RO processes, as well
as qualifying MCF systems. Electrodialysis (ED) and electrodialysis reversal (EDR) processes
are not considered in this document, since they do not provide a physical barrier to pathogens
and consequently are not considered membrane filtration under the rule.

1.7 Guidance Manual Organization

The Membrane Filtration Guidance Manual explains the requirements for utilizing
membrane filtration for compliance with the LT2ZESWTR and provides guidance to facilitate
compliance with these requirements. In addition, this manual describes some recommended
industry practices for the application of membrane filtration systems for the removal of
pathogens in the drinking water treatment process. These recommended practices are not
required under the LT2ESWTR and are provided as general guidance only.

Chapters 1, 3, 4, and 5 elaborate on LT2ESWTR requirements and associated guidance,
while Chapters 6, 7, and 8 discuss recommended industry practices for membrane filtration that
are not specifically related to the rule. Chapter 2 presents an overview of membrane filtration for
readers unfamiliar with the technology. It is recommended that even readers with significant
membrane process experience review Chapter 2 to better understand how the concepts and
terminology are used in the context of the guidance manual.

The guidance manual is organized as follows:

Chapter 1: Introduction
Chapter 1 presents the objectives of the guidance manual and provides an
overview of the regulatory requirements for membrane filtration under the
LT2ESWTR.

Chapter 2: Overview of Membrane Filtration
Chapter 2 provides an overview of the basic theory and concepts of
membrane filtration, including: types of membrane processes; types of
membrane materials, modules, and systems; fundamental principles; and
hydraulic models describing various configurations.
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Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Chapter 7:

Chapter 8:

Appendix A:

Appendix B:

Appendix C:

Challenge Testing

Chapter 3 provides guidance on designing a challenge study to
demonstrate the removal efficiency of a membrane module with respect to
Cryptosporidium, as required under the LT2ESWTR.

Direct Integrity Testing

Chapter 4 provides guidance on meeting the LT2ZESWTR performance-
based requirements for direct integrity testing of membrane filtration
systems and describes the commonly used direct integrity test methods in
the context of these requirements.

Continuous Indirect Integrity Monitoring

Chapter 5 provides guidance on meeting the LT2ESWTR requirements for
continuous indirect integrity monitoring, including both the default
approach using turbidity monitoring as well as a discussion of potential
alternative methods.

Pilot Testing
Chapter 6 discusses aspects of pilot testing membrane filtration systems,

including objectives, planning, operation, and data collection and analysis.

Implementation Considerations
Chapter 7 discusses a variety of design and operational considerations for
implementing membrane filtration processes.

Initial Start-Up

Chapter 8 discusses issues associated with the start-up and shakedown of a
new membrane filtration system, as well as some recommended practices
to facilitate this process.

Development of a Comprehensive Integrity Verification Program
Appendix A presents a framework for developing an integrity testing and
monitoring program that utilizes a variety of tools to ensure system
performance.

Overview of Bubble Point Theory
Appendix B presents an overview of bubble point theory, which serves as
the basis for pressure-based direct integrity tests.

Calculating the Air-Liquid Conversion Ratio

Appendix C provides supplemental guidance for calculating the air-liquid
conversion ratio (ALCR) (as described in Chapter 4), a method for
converting the results of pressure-based direct integrity tests to the flow of
water through an integrity breach during normal system operation for the
purpose of determining both test sensitivity and appropriate control limits.
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Appendix D: Empirical Method for Determining the Air-Liquid Conversion Ratio for a
Hollow-Fiber Membrane Filtration System
Appendix D describes an empirical method called the correlated airflow
measurement (CAM) procedure for determining the ALCR, as described
in Chapter 4.

Appendix E:  Application of Membrane Filtration for Virus Removal
Appendix E provides a general overview of the issue of applying
membrane filtration, and in particular UF, for virus removal, including the
applicability of the LT2ESWTR regulatory framework for this objective.
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2.0 Overview of Membrane Filtration

2.1 Introduction

There are several classes of treatment processes that constitute membrane filtration for
the purposes of Long-Term 2 Enhanced Surface Water Treatment Rule (LT2ZESWTR)
compliance. These processes include: microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO). In addition, cartridge filtration devices that meet the criteria for
a membrane filtration process as defined under the rule (see sections 1.3.1 and 2.2) would also be
eligible for Cryptosporidium removal credit as membrane filtration (40 CFR 141.719(b)(1)). For
the purposes of this guidance manual, these devices are termed membrane cartridge filtration
(MCF).

Each of these technologies utilizes a membrane barrier that allows the passage of water
but removes contaminants. The membrane media is generally manufactured as flat sheets or as
hollow fibers and then configured into membrane modules. The most common membrane
module configurations are hollow-fiber (consisting of hollow-fiber membrane material), spiral-
wound (consisting of flat sheet membrane material wrapped around a central collection tube),
and cartridges (consisting of flat sheet membrane material that is often pleated to increase the
surface area). Although the spiral-wound and cartridge configurations are also termed as
“elements” and “cartridges,” respectively, under the LT2ESWTR the term “module” — defined as
the smallest component of a membrane unit in which a specific membrane surface area is housed
in a device with a filtrate outlet structure (see section 1.5) — is used to refer to all of the various
membrane module configurations for simplicity of nomenclature.

In addition to the various module configurations, there are a number of different types of
membrane materials, hydraulic modes of operation, and operational driving forces (i.e., pressure
or vacuum) that can vary among the different classes of membrane filtration (i.e., MF, UF, NF,
RO, and MCF). Each of these characteristics of membrane filtration systems may be considered
tools that a manufacturer may utilize to meet the particular treatment objectives for a given
application.

The purpose of Chapter 2 of the Membrane Filtration Guidance Manual is to provide an
overview of the various membrane filtration processes, including descriptions of the various
classes, membrane materials, geometry, module construction, driving forces, basic principles of
design and operation, and hydraulic configurations. Emphasis is given to the manner in which
each of these characteristics relates to membrane filtration applied for pathogen removal, as
would be the case for compliance with the LT2ZESWTR.

This chapter is divided into the following sections:
Section 2.2:  Basic Principles of Membrane Filtration

This section reviews the basic treatment mechanisms of the various classes
of membrane treatment processes, as well as the common principle of
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operation that distinguishes membrane filtration systems, particularly in
the context of the LT2ESWTR.

Section 2.3:  Membrane Materials, Modules, and Systems
This section describes the types of membrane materials, modules, and
types of systems associated with the various classes of membrane
filtration.

Section 2.4:  Basic Principles of Membrane Filtration System Design and Operation
The section presents some the basic concepts and equations governing
membrane filtration system design and operation in order to facilitate a
more complete general understanding of membrane processes.

Section 2.5:  Hydraulic Configurations
This section describes the various hydraulic modes of operation for
membrane filtration systems and provides equations for calculating the
volumetric concentration factor.

2.2 Basic Principles of Membrane Filtration

For the purposes of the LT2ZESWTR, a membrane filtration process is defined by two
basic criteria (40 CFR 141.2):

1. The filtration system must be a pressure- or vacuum-driven process and remove
particulate matter larger than 1 wm using an, engineered barrier, primarily via a size
exclusion mechanism.

2. The process must have a measurable removal efficiency of a target organism that can
be verified through the application of a direct integrity test.

The ability of each of type of membrane filtration system to remove various drinking
water pathogens of interest on the basis of size is illustrated in Figure 2.1. The figure shows the
approximate size range of viruses, bacteria, Cryptosporidium oocysts, and Giardia cysts, as well
as the ability of MF, UF, NF, RO, and MCEF, respectively, to remove each of these pathogens on
the basis of size exclusion. Overlap between the range covered by a membrane filtration process
with a given pathogen size range indicates the ability of that process to remove the pathogen.
Note that the molecular weights listed do not correspond precisely to the indicated pathogen size
range, but are rough generalizations depicted as a result of the fact that NF, RO, and some UF
processes are rated according to a “molecular weight cutoff” on the basis of their ability to
remove dissolved phase constituents.

Although each of the classes of membrane filtration functions as a filter for various sizes
of particulate matter, the basic principles of operation vary between MF/UF, NF/RO, and MCF
systems. Each of these types of systems is described in the following sections.
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Figure 2.1 Filtration Application Guide for Pathogen Removal
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2.2.1 Microfiltration and Ultrafiltration

MF and UF are the two processes that are most often associated with the term
“membrane filtration.” MF and UF are characterized by their ability to remove suspended or
colloidal particles via a sieving mechanism based on the size of the membrane pores relative to
that of the particulate matter. However, all membranes have a distribution of pore sizes, and this
distribution will vary according to the membrane material and manufacturing process. When a
pore size is stated, it can be presented as either nominal (i.e., the average pore size), or absolute
(i.e., the maximum pore size) in terms of microns (im). MF membranes are generally
considered to have a pore size range of 0.1 — 0.2 um (nominally 0.1 um), although there are
exceptions, as MF membranes with pores sizes of up to 10 wm are available. For UF, pore sizes
generally range from 0.01 — 0.05 um (nominally 0.01pm) or less, decreasing to an extent at
which the concept of a discernable “pore” becomes inappropriate, a point at which some discrete
macromolecules can be retained by the membrane material. In terms of a pore size, the lower
cutoff for a UF membrane is approximately 0.005 pm.

Because some UF membranes have the ability to retain larger organic macromolecules,

they have been historically characterized by a molecular weight cutoff (MWCO) rather than by a
particular pore size. The concept of the MWCO (expressed in Daltons — a unit of mass) is a
measure of the removal characteristic of a membrane in terms of atomic weight (or mass) rather
than size. Thus, UF membranes with a specified MWCO are presumed to act as a barrier to
compounds or molecules with a molecular weight exceeding the MWCO. Because such organic
macromolecules are morphologically difficult to define and are typically found in solution rather
than as suspended solids, it may be convenient in conceptual terms to use a MWCO rather than a
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particular pore size to define UF membranes when discussed in reference to these types of
compounds. Typical MWCO levels for UF membranes range from 10,000 to 500,000 Daltons,
with most membranes used for water treatment at approximately 100,000 MWCO. However, UF
membranes remove particulate contaminants via a size exclusion mechanism and not on the basis
of weight or mass; thus, UF membranes used for drinking water treatment are also characterized
according to pore size with respect to microbial and particulate removal capabilities.

2.2.2 Nanofiltration and Reverse Osmosis

NF and RO constitute the class of membrane processes that is most often used in
applications that require the removal of dissolved contaminants, as in the case of softening or
desalination. The typical range of MWCO levels is less than 100 Daltons for RO membranes,
and between 200 and 1,000 Daltons for NF membranes. While NF and RO are sometimes
referred to as “filters” of dissolved solids, NF and RO utilize semi-permeable membranes that do
not have definable pores. NF and RO processes achieve removal of dissolved contaminants
through the process of reverse osmosis, as described below. However, these membrane
processes also represent a barrier to particulate matter and thus are considered membrane
filtration under the LT2ESWTR (40 CFR 141.2).

NF/RO membranes are designed to remove dissolved solids through the process of
reverse osmosis. Osmosis is the natural flow of a solvent, such as water, through a semi-
permeable membrane (acting as a barrier to dissolved solids) from a less concentrated solution to
a more concentrated solution. This flow will continue until the chemical potentials (or
concentrations, for practical purposes) on both sides of the membrane are equal. The amount of
pressure that must be applied to the more concentrated solution to stop this flow of water is
called the osmotic pressure. An approximate rule of thumb for the osmotic pressure of fresh or
brackish water is approximately 1 psi for every 100 mg/L difference in total dissolved solids
(TDS) concentration on opposite sides of the membrane.

Reverse osmosis, as illustrated in Figure 2.2, is the reversal of the natural osmotic
process, accomplished by applying pressure in excess of the osmotic pressure to the more
concentrated solution. This pressure forces the water through the membrane against the natural
osmotic gradient, thereby increasingly concentrating the water on one side (i.e., the feed) of the
membrane and increasing the volume of water with a lower concentration of dissolved solids on
the opposite side (i.e., the filtrate or permeate). The required operating pressure varies
depending on the TDS of the feed water (i.e., osmotic potential), as well as on membrane
properties and temperature, and can range from less than 100 psi for some NF applications to
more than 1,000 psi for seawater desalting using RO.
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Figure 2.2 Conceptual Diagram of Osmotic Pressure
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Both NF and RO are pressure-driven separation processes that utilize semi-permeable
membrane barriers. NF differs from RO only in terms of its lower removal efficiencies for
dissolved substances, particularly for monovalent ions. This results in unique applications of
NF, such as the removal of hardness ions at lower pressures than would be possible using RO.
Consequently, NF is often called “membrane softening.” The differences between NF and RO
are irrelevant with respect to the removal of particulate matter, and as a result, these two
membrane processes are functionally equivalent for the purposes of the LT2ESWTR.

Because semi-permeable NF and RO membranes are not porous, they have the ability to
screen microorganisms and particulate matter in the feed water; however, they are not
necessarily absolute barriers. NF and RO membranes are specifically designed for the removal
of TDS and not particulate matter, and thus the elimination of all small seal leaks that have only
a minor impact on the salt rejection characteristics is not the primary focus of the manufacturing
process. Consequently, NF and RO spiral-wound elements are not intended to be sterilizing
filters and some passage of particulate matter may occur despite the absence of pores in the
membrane, which can be attributed to slight manufacturing imperfections (Meltzer 1997).
Nonetheless, NF and RO are eligible for Cryptosporidium removal credit under the LT2ESWTR
based on the demonstrated ability of these technologies to remove pathogens, as well as on the
high probability that these processes can meet the requirements for membrane filtration specified
in the rule.

2.2.3 Membrane Cartridge Filtration

The principles of MCF system operation are similar to those for MF/UF systems in that
MCF removes particles via a sieving mechanism. While cartridge filtration has not traditionally
been considered a membrane treatment process, a cartridge filtration device that utilizes
membrane filtration media capable of removing particles 1.0 pum and larger and which can be
subjected to direct integrity testing would satisfy the definition of membrane filtration under the
LT2ESWTR (40 CFR 141.719(b)(1)). However, many cartridge filters have pore sizes that are
larger than 1.0 um, and the utilization of a direct integrity test with these filters is relatively new
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in drinking water treatment applications. Thus, it is important to note that only cartridge filters
that meet both criteria of the definition are considered membrane filtration under the rule.

2.2.4 Membrane Pore Size and Filtration Removal Efficiency

Although the concept of using the nominal or absolute pore size is sometimes used in
reference to the filtration capabilities of membrane material, this concept is overly simplistic and
does not fully characterize the removal efficiency of a membrane. For example, the mechanisms
of filtering particles close in size to the pore distribution of a membrane becomes more complex
than sieving, as particles smaller than most pores may be removed through probabilistic
interception through the depth of the filter media. In addition, for some membrane materials,
particles may be rejected through electrostatic repulsion and adsorption to the membrane
material. The filtration properties of the membrane may also depend on the formation of a cake
layer during operation, as the deposition of particles can obscure the pores over the course of a
filter run, thus increasing the removal efficiency.

Because there are currently no standard methods for characterizing and reporting the pore
sizes for the various membrane filtration processes, the meaning of this information can vary
between different membrane manufactures, thus limiting its value. In addition, the concept of
pore size has no significance for NF and RO, which utilize semi-permeable membranes that do
not have pores. The concept of pore size also does not address the integrity of the manufactured
membrane module assembly, which could potentially pass particles larger than the indicated pore
size.

Consequently, for the purpose of LT2ZESWTR compliance, the rule requires that
membrane filtration performance be determined by challenge testing in which the ability of the
membrane module to reject Cryptosporidium (or a suitable surrogate) is demonstrated. These
studies provide a means to empirically determine the actual exclusion characteristic of the
membrane module for Cryptosporidium (or other contaminant(s) of interest) and thus account for
all the factors that contribute to removal efficiency. Thus, unlike a measure of pore size, the use
of an empirically determined exclusion characteristic facilitates the direct comparison of
different membrane filtration systems for the removal of a target contaminant and provides a
direct measure of membrane performance. Challenge testing is described in further detail in
Chapter 3.

2.2.5 Electrodialysis and Electrodialysis Reversal

Although both electrodialysis (ED) and electrodialysis reversal (EDR) utilize membranes
and are classified as membrane processes, these treatment technologies do not constitute
membrane filtration as defined by the LT2ZESWTR (40 CFR 141.2). Unlike NF and RO, which
use pressure to force water through the membranes while rejecting dissolved solids, the driving
force for separation in ED and EDR processes is electric potential, and an applied current is
utilized to transport ionic species across selectively permeable membranes. Because the water
does not physically pass through the membrane in either the ED or EDR process, particulate
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matter is not removed. Thus, ED and EDR membranes are specifically applied for the removal
of dissolved ionic constituents and are not considered filters. Consequently, ED/EDR processes
are not addressed further in this guidance manual.

2.3 Membrane Materials, Modules, and Systems

There are a number of different types of membrane materials, modules, and associated
systems that are utilized by the various classes of membrane filtration. While several different
types of membrane modules may be employed for any single membrane filtration technology,
each class of membrane technology is typically associated with only one type of membrane
module in water treatment applications. In general, MF and UF use hollow-fiber membranes,
and NF and RO use spiral-wound membranes. MCF systems use flat sheet material configured
into a cartridge filtration device. The terms hollow-fiber, spiral-wound, and cartridge refer to the
module in which the membrane media is manufactured. Section 2.3 describes each of these
types of membrane modules, as well as the materials from which the membranes are made and
the systems into which they are configured.

2.3.1 Membrane Materials

The membrane material refers to the substance from which the membrane itself is made.
Normally, the membrane material is manufactured from a synthetic polymer, although other
forms, including ceramic and metallic “membranes,” may be available. Currently, almost all
membranes manufactured for drinking water production are made of polymeric material, since
they are significantly less expensive than membranes constructed of other materials.

The material properties of the membrane may significantly impact the design and
operation of the filtration system. For example, membranes constructed of polymers that react
with oxidants commonly used in drinking water treatment should not be used with chlorinated
feed water. Mechanical strength is another consideration, since a membrane with greater
strength can withstand larger transmembrane pressure (TMP) levels allowing for greater
operational flexibility and the use of higher pressures with pressure-based direct integrity testing
(see section 4.7). Similarly, a membrane with bi-directional strength may allow cleaning
operations or integrity testing to be performed from either the feed or the filtrate side of the
membrane. Material properties influence the exclusion characteristic of a membrane as well. A
membrane with a particular surface charge may achieve enhanced removal of particulate or
microbial contaminants of the opposite surface charge due to electrostatic attraction. In addition,
a membrane can be characterized as being hydrophilic (i.e., water attracting) or hydrophobic
(i.e., water repelling). These terms describe the ease with which membranes can be wetted, as
well as the propensity of the material to resist fouling to some degree.

MF and UF membranes may be constructed from a wide variety of materials, including
cellulose acetate (CA), polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), polypropylene
(PP), polysulfone (PS), polyethersulfone (PES), or other polymers. Each of these materials has
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different properties with respect to surface charge, degree of hydrophobicity, pH and oxidant
tolerance, strength, and flexibility.

NF and RO membranes are generally manufactured from cellulose acetate or polyamide
materials (and their respective derivatives), and there are various advantages and disadvantages
associated with each. While cellulose membranes are susceptible to biodegradation and must be
operated within a relatively narrow pH range of about 4 to 8, they do have some resistance to
continuous low-level oxidant exposure. In general, for example, chlorine doses of 0.5 mg/L or
less may control biodegradation as well as biological fouling without damaging the membrane.
Polyamide (PA) membranes, by contrast, can be used under a wide range of pH conditions and
are not subject to biodegradation. Although PA membranes have very limited tolerance for the
presence of strong oxidants, they are compatible with weaker oxidants such as chloramines. PA
membranes require significantly less pressure to operate and have become the predominant
material used for NF and RO applications.

A characteristic that influences the performance of all membranes is the trans-wall
symmetry, a quality that describes the level of uniformity throughout the cross-section of the
membrane. There are three types of construction that are commonly used in the production of
membranes: symmetric, asymmetric (including both skinned and graded density variations), and
composite. Cross-sectional diagrams of membranes with different trans-wall symmetry are
shown in Figure 2.3. Symmetric membranes are constructed of a single (i.e., homogeneous)
material, while composite membranes use different (i.e., heterogeneous) materials. Asymmetric
membranes may be either homogeneous or heterogeneous.

In a symmetric membrane, the membrane is uniform in density or pore structure
throughout the cross-section, while in an asymmetric membrane there is a change in the density
of the membrane material across the cross sectional area. Some asymmetric membranes have a
graded construction, in which the porous structure gradually decreases in density from the feed
to the filtrate side of the membrane. In other asymmetric membranes, there may be a distinct
transition between the dense filtration layer (i.e., the skin) and the support structure. The denser
skinned layer is exposed to the feed water and acts as the primary filtration barrier, while the
thicker and more porous understructure serves primarily as mechanical support. Some hollow-
fibers may be manufactured as single- or double- skinned membranes, with the double skin
providing filtration at both the outer and inner walls of the fibers. Like the asymmetric skinned
membranes, composite membranes also have a thin, dense layer that serves as the filtration
barrier. However, in composite membranes the skin is a different material than the porous
substructure onto which it is cast. This surface layer is designed to be thin so as to limit the
resistance of the membrane to the flow of water, which passes more freely through the porous
substructure. NF and RO membrane construction is typically either asymmetric or composite,
while most MF, UF, and MCF membranes are either symmetric or asymmetric.
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Figure 2.3 Membrane Construction and Symmetry

2.3.2 Membrane Modules

Membrane filtration media is usually manufactured as flat sheet stock or as hollow fibers
and then configured into one of several different types of membrane modules. As defined for the
purposes of the LT2ZESWTR, a membrane module represents the smallest discrete filtration unit
in a membrane system. (Terminology associated with the LT2ZESWTR and used in the
Membrane Filtration Guidance Manual is described in section 1.5.) Module construction
typically involves potting or sealing the membrane material into a corresponding assembly,
which may incorporate an integral containment structure, such as with hollow-fiber modules.
These types of modules are designed for long-term use over the course of a number of years.
Spiral-wound modules are also manufactured for long-term use, although the design of
membrane filtration systems that utilize spiral-wound modules requires that the modules be
encased in a separate pressure vessel that is independent of the module itself. Alternatively, a
module may be configured as a disposable cartridge with a useful life that is typically measured
in weeks or months rather than years. Membrane cartridges may either be inserted into pressure
vessels that are separate from the module (as with spiral-wound modules) or manufactured
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within a casing that serves as an integral pressure vessel. Each of these three types of modules,
along with some other less common module designs, is discussed in the following subsections.
(The membrane filtration systems that utilize these types of modules are subsequently described
under section 2.3.3.)

2.3.2.1 Hollow-Fiber Modules

Most hollow-fiber modules used in drinking water treatment applications are
manufactured to accommodate porous MF or UF membranes and designed to filter particulate
matter. As the name suggests, these modules are comprised of hollow-fiber membranes, which
are long and very narrow tubes that may be constructed of any of the various membrane
materials described in section 2.3.1. The fibers may be bundled in one of several different
arrangements. In one common configuration used by many manufacturers, the fibers are
bundled together longitudinally, potted in a resin on both ends, and encased in a pressure vessel
that is included as a part of the hollow-fiber module. These modules are typically mounted
vertically, although horizontal mounting may also be utilized. One alternate configuration is
similar to spiral-wound modules in that both are inserted into pressure vessels that are
independent of the module itself. These modules (and the associated pressure vessels) are
mounted horizontally. Another configuration in which the bundled hollow fibers are mounted
vertically and submerged in a basin does not utilize a pressure vessel. A typical commercially
available hollow-fiber module may consist of several hundred to over 10,000 fibers. Although
specific dimensions vary by manufacturer, approximate ranges for hollow-fiber construction are
as follows:

¢ Qutside diameter: 0.5 -2.0 mm
¢ Inside diameter: 0.3 -1.0 mm
¢ Fiber wall thickness: 0.1 = 0.6 mm
¢ Fiber length: 1 — 2 meters

A cross section of a symmetric hollow-fiber is shown in Figure 2.4.

Hollow-fiber membrane modules may operate in either an “inside-out” or “outside-in”
mode. In inside-out mode, the feed water enters the fiber lumen (i.e., center or bore of the fiber)
and is filtered radially through the fiber wall. The filtrate is then collected from outside of the
fiber. During outside-in operation, the feed water passes from outside the fiber through the fiber
wall to the inside, where the filtrate is collected in the lumen. Although inside-out mode utilizes
a well-defined feed flow path that is advantageous when operating under a crossflow hydraulic
configuration (see section 2.5), the membrane is somewhat more subject to plugging as a result
of the potential for the lumen to become clogged. The outside-in mode utilizes a less well-
defined flow feed flow path, but increases the available membrane surface area for filtration per
fiber and avoids potential problems with clogging of the lumen bore.
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Figure 2.4 Hollow Fiber Cross-Section Photomicrograph

Both the inside-out and outside-in operating modes for hollow-fiber modules utilizing
pressure vessels are illustrated in Figure 2.5. When a hollow-fiber module is operated in an
inside-out mode, the pressurized feed water may enter the fiber lumen at either end of the
module, while the filtrate exits through a filtrate port located at the center or end of the module.
In outside-in mode, the feed water typically enters the module through a inlet port located in the
center and is filtered into the fiber lumen, where the filtrate collects prior to exiting through a
port at one end of the module. Most hollow-fiber systems operate in “dead-end” or direct
filtration mode (see section 2.5) and are periodically backwashed to remove the accumulated
solids. Note that the submerged hollow-fiber membranes operate in outside-in mode, but do not
utilize the pressure vessels (and the associated inlet ports) that are illustrated in Figure 2.5.

2.3.2.2 Spiral-Wound Modules

Spiral-wound modules were developed as an efficient configuration for the use of semi-
permeable membranes to remove dissolved solids, and thus are most often associated with
NF/RO processes. The basic unit of a spiral-wound module is a sandwich arrangement of flat
membrane sheets called a “leaf” wound around a central perforated tube. One leaf consists of
two membrane sheets placed back to back and separated by a fabric spacer called a permeate
carrier. The layers of the leaf are glued along three edges, while the unglued edge is sealed
around the perforated central tube. A single spiral-wound module 8 inches in diameter may
contain up to approximately 20 leaves, each separated by a layer of plastic mesh called a spacer
that serves as the feed water channel.

Feed water enters the spacer channels at the end of the spiral-wound element in a path
parallel to the central tube. As the feed water flows across the membrane surface through the
spacers, a portion permeates through either of the two surrounding membrane layers and into the
permeate carrier, leaving behind any dissolved and particulate contaminants that are rejected by
the semi-permeable membrane. The filtered water in the permeate carrier travels spirally inward
around the element toward the central collector tube, while the water in the feed spacer that does
not permeate through the membrane layer continues to flow across the membrane surface,
becoming increasingly concentrated in rejected contaminants. This concentrate stream exits the
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element parallel to the central tube through the opposite end from which the feed water entered.
A diagram of a spiral-wound element is shown in Figure 2.6.

Figure 2.5 Inside-Out and Outside-In Modes of Operation
(Using Pressure Vessels)

Inside-Out Hollow-Fiber Configuration Outside-In Hollow-Fiber Configuration

Figure 2.6 Spiral-Wound Membrane Module
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Spiral-wound membranes for drinking water treatment are commercially available in a
variety of sizes. Modules that are either 4 or 8 inches in diameter and either 40 or 60 inches long
are most common, although other sizes may be used. Some bench- and pilot-scale applications
utilize modules that are 2.5 inches in diameter, while modules up to 16 inches in diameter or
more may be used in full-scale facilities.

2.3.2.3 Membrane Cartridges

Under the LT2ESWTR, cartridge filters that meet the criteria specified in section 2.2
would be eligible to receive Cryptosporidium removal credit as a membrane filtration process.
In this case, the cartridge filter element would constitute a membrane module for the purposes of
the rule. The ability of these modules to be subjected to direct integrity testing in the field during
the course of normal operation, a feature that has not been widely utilized in association with
cartridge filters in municipal water treatment applications, is a critical aspect of these systems
that distinguishes what is considered to be MCF under the LT2ESWTR.

Membrane cartridge filters are manufactured by placing flat sheet membrane media
between a feed and filtrate support layer and pleating the assembly to increase the membrane
surface area within the cartridge. The pleat pack assembly is then placed around a center core
with a corresponding outer cage and subsequently sealed, via adhesive or thermal means, into its
cartridge configuration. End adapters, typically designed with a double o-ring sealing
mechanism, are attached to the filter to provide a positive seal with the filter housing. A
representative diagram of membrane cartridge filter is shown in Figure 2.7.

Figure 2.7 Membrane Cartridge Filter
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Most membrane cartridge filters are manufactured as disposable components that are
inserted into a housing. Once the filter fouls to the point at which the maximum TMP is reached,
the cartridge is replaced. Because the cartridges are designed to be disposable, and thus
relatively inexpensive to replace, cartridge filtration systems have not historically utilized
backwashing or chemical cleaning. However, some systems that feature these processes have
recently been introduced. Cartridge filters are available in various sizes and pore sizes, although
the device would have to be capable of filtering particulate matter larger than 1 pm to comply
with the definition of a membrane filter under the LT2ESWTR (see section 1.3.1).

2.3.2.4 Other Module Configurations

In addition to hollow-fiber modules, spiral-wound modules, and membrane cartridge
filters, there are several other types of less common configurations that may be used in
membrane filtration systems. These configurations include hollow-fine-fiber (HFF), tubular, and
plate-and-frame type modules. While these configurations are seldom employed in membrane
filtration systems applied for drinking water treatment, each of these modules could be used for
LT2ESWTR compliance, and thus are briefly described in this section.

Semi-permeable HFF membranes were the original hollow-fiber type membranes and
were developed for desalting (i.e., RO) applications. With the development of widely used
porous hollow-fiber MF and UF membranes for particulate filtration with much larger fiber
diameters, the semi-permeable variety gradually became known as hollow-fine-fiber membranes.
HFF membranes are bundled length-wise and shaped into a “U” arrangement (called a “U-
tube”), which is potted in a cylindrical pressure vessel. Feed water enters a HFF module via a
perforated tube in the middle of the vessel and flows radially outward through the membrane
bundle. The water that permeates the membrane is collected in the fiber lumen and exits the
element at the open end of the U-tube. The remaining water that does not permeate into the fiber
lumen carries the concentrated salts and suspended solids out of the pressure vessel through the
concentrate port. Typical hollow-fine fibers are only about 40 um in diameter (inside), allowing
a very large number of fibers to be contained in a single pressure vessel and maximizing the
available membrane surface area per unit volume in the pressure vessel. However, the high
packing density also significantly increases the potential for fouling and reduces the flux to
levels well below those possible using spiral-wound membranes, typically more than offsetting
the advantage in increased surface area. HFF membranes are most commonly used today in
some seawater desalting applications, particularly in the Middle East.

Tubular membranes are essentially a larger, more rigid version of hollow-fiber
membranes. With diameters as large as 1-2 inches, the tubes are not prone to clogging and the
membrane material (i.e., the tube wall) is comparatively easy to clean. However, the large tubes
also result in a very inefficient amount of membrane surface area per unit volume in the pressure
vessel. Both porous (for MF/UF) and semi-permeable (for NF/RO) membranes have been
manufactured in tubular configurations. Ceramics have been considered as non-traditional
material for tubular MF/UF membranes, although there are currently no commercially promoted
ceramic MF/UF systems for drinking water applications.
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A plate-and-frame configuration, one of the earliest membrane modules developed, is
simply a series of flat sheet membranes separated by alternating filtrate spacers and
feed/concentrate spacers. Because of the very low surface area to volume ratio, the plate-and-
frame configuration is considered inefficient and is therefore seldom used in drinking water
applications. One notable exception (although not a membrane filtration process under the
LT2ESWTR) is in the case of EDR systems, which utilize a design that lends itself well to the
use of plate-and-frame membranes.

2.3.3 Types of Membrane Filtration Systems

In drinking water treatment applications, each of the four traditional types of pressure-
driven membrane processes (i.e., MF, UF, NF, and RO) is generally associated with a single type
of membrane filtration system that is designed around a specific type of module. MF and UF
systems typically utilize hollow-fiber modules, while NF and RO systems typically utilize spiral-
wound modules. An overview of each of the two types of systems that utilize these respective
modules is provided in the following subsections. Because the concept of a MCF system as
defined under the LT2ESWTR is a new concept introduced with the rule, a standard type of
MCEF system has not yet been developed.

2.3.3.1 Hollow-Fiber (MF/UF) Systems

With few exceptions, most MF/UF processes utilize systems designed around hollow-
fiber modules. Hollow-fiber membrane filtration systems are designed and constructed in one or
more discrete water production units, also called racks, trains, or skids. A unit consists of a
number of membrane modules that share feed and filtrate valving, and each respective unit can
usually be isolated from the rest of the system for testing, cleaning, or repair. A typical hollow-
fiber system is composed of a number of identical units that combine to produce the total filtrate
flow.

Most of the currently available hollow-fiber membrane systems are proprietary, such that
a single supplier will manufacture the entire filtration system, including the membranes, piping,
appurtenances, control system, and other features. The manufacturer also determines the
hydraulic configuration and designs the associated operational sub-processes — such as
backwashing, chemical cleaning, and integrity testing — that are specific to its particular system.
As a result, there are significant differences in the proprietary hollow-fiber membrane systems
produced by the various manufacturers, and the membranes and other components are not
interchangeable.

Although each manufacturer’s system is distinct, all of the hollow-fiber membrane
systems fall into one of two categories — pressure-driven or vacuum-driven — according to the
driving force for operation. In a pressure-driven system, pressurized feed water is piped directly
to the membrane unit, where it enters the module and is filtered through the membrane. Typical
operating pressures range from 3 to 40 psi. Most applications require designated feed pumps to

Membrane Filtration Guidance Manual 2-15 November 2005



Chapter 2 — Overview of Membrane Filtration

generate the required operating pressure, although there are some water treatment plants that take
advantage of favorable hydraulic conditions to operate a MF or UF system via gravity flow.

A schematic of a typical pressure-driven hollow-fiber membrane filtration system is
shown in Figure 2.8. In the example shown, the system is operated in a “dead-end” hydraulic
configuration (see section 2.5) and uses a liquid backwash.

Figure 2.8 Schematic of a Typical Pressure-Driven Hollow-Fiber (MF/UF) System

While all hollow-fiber systems employ pressure as a fundamental driving force, a
vacuum-driven system is distinguished by its utilization of negative pressure and, consequently,
its significantly different design and configuration. Unlike pressure-driven systems, in which
each membrane module incorporates a pressure vessel, vacuum-driven systems utilize hollow-
fiber modules that are “submerged” or “immersed” in an open tank or basin. While the ends are
fixed, the lengths of the hollow-fibers are exposed to the feed water in the basin.

Because the feed water is contained in an open basin, the outside of the fibers cannot be
pressurized above the static head in the tank. Therefore, a vacuum of approximately -3 to -12 psi
is induced at the inside of the fibers via pump suction. The water in the tank is drawn through
the fiber walls, where it is filtered into the lumen. By design, vacuum-driven membrane
filtration systems cannot be operated via gravity nor in an inside-out mode. However, a
favorable hydraulic gradient might enable the use of a gravity-based siphon to generate the
suction required to drive the filtration process in a vacuum-driven system. In some cases with a
substantial hydraulic gradient, the large amount of available head could be used to generate the
power for suction pumps via on-site turbines.

A representative schematic of a vacuum-driven system is shown in Figure 2.9. In the
example shown, the membrane process may be designed with either continuous (Option A) or
intermittent discharge (Option B) of concentrated waste.
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Figure 2.9 Schematic of a Typical Vacuum-Driven Hollow-Fiber (MF/UF) System

2.3.3.2 Spiral-Wound (NF/RO) Systems

Virtually all NF and RO membrane processes applied for potable water treatment in the
United States utilize systems designed for spiral-wound membrane modules. Although some MF
and UF membranes may also be manufactured as spiral-wound modules, these are seldom used
in municipal drinking water applications. Consequently, the discussion in this section is focused
on NF/RO spiral-wound systems.

In a spiral-wound membrane filtration system, the spiral-wound modules are contained in
a pressure vessel that is independent of the module itself. Typically, a single pressure vessel
houses six or seven modules, although vessels that accommodate other numbers of modules can
be custom manufactured. The modules are arranged in series in the pressure vessel such that the
concentrate from each preceding element represents the feed water for the next. A brine seal
around the outside of the feed end of each element separates the feed water from the concentrate
and prevents the feed water from bypassing the element. Although the recovery for a single
NF/RO module is typically less than 15 percent, the cumulative recovery associated with a six-
module pressure vessel may be 50 percent or more. A diagram of a typical pressure vessel
containing spiral-wound modules is shown in Figure 2.10.
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Figure 2.10 Typical Spiral-Wound (NF/RO) Module Pressure Vessel
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A group of pressure vessels operating in parallel collectively represent a single stage of
treatment in a NF/RO spiral-wound system. The total system recovery is increased by
incorporating multiple stages of treatment in series, such that the combined concentrate (or
reject) from the first stage becomes the feed for the second stage. In some cases in which higher
recovery is an objective, a third stage may also be used. This configuration is sometimes
referred to as “concentrate staging.” Because some fraction of the feed to the first stage has been
collected as filtrate (or permeate), the feed flow to the second stage will be reduced by that
fraction. As a result, the number of total pressure vessels (and hence the number of modules) in
the second stage is also typically reduced by approximately that same fraction. Similar flow,
module, and pressure vessel reductions are propagated through all successive stages, as well.
Although the potential system recovery is a function of the feed water quality, as a rough
approximation, a two-stage design may allow recoveries up to 75 percent, while the addition of a
third stage can potentially achieve recoveries up to 90 percent.

Although concentrate staging is most often used in drinking water applications, another
arrangement called “permeate staging” may also be employed. In this configuration the filtrate
(or permeate) from a stage (rather than the concentrate) becomes the feed water for the
subsequent stage. While this arrangement is more commonly employed in ultra-pure water
applications (typically in industry), it may also be used for drinking water treatment when the
source water salinity is very high, such as with seawater desalination. In these cases, the product
water must pass through multiple stages to remove a sufficient amount of salinity to make the
water potable quality.

The combination of two or more stages in series is called an array, which is identified by
the ratio of pressure vessels in the sequential stages. An array may be defined by the ratio of
either the actual number or relative number of pressure vessels in each stage. For example, a
32:16:8 array expressed as the actual number of pressure vessels may be alternatively called a
4:2:1 array in relative terms. Two-stage arrays, such as 2:1 and 3:2 (relative), are most common
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in drinking water treatment, although the specific array required for a particular application is
dictated in part by the feed water quality and targeted overall system recovery. Figure 2.11
illustrates the configuration of a typical 2:1 (relative) array, showing both plan and end-
perspective views.

Figure 2.11 Typical 2:1 (Relative) Array of Pressure Vessels
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As with hollow-fiber systems, spiral-wound membrane systems are designed and
constructed in discrete units that share common valving and which can be isolated as a group for
testing, cleaning, or repair. For spiral-wound systems these uniform units are typically called
trains, or alternatively racks or skids. NF and RO treatment processes consist of one or more
trains that are typically sized to accommodate a feed flow of up to about 5 MGD per train. A
schematic of a typical NF/RO system is shown in Figure 2.12.

Unlike hollow-fiber systems, spiral-wound membrane filtration systems are not
manufactured as proprietary equipment. With the exception of the membrane modules, spiral-
wound systems are generally custom-designed by an engineer or an original equipment
manufacturer (OEM) to suit a particular application. Although the membrane modules are
proprietary, standard-sized spiral-wound NF/RO modules share the same basic construction, and
thus membranes from one manufacturer are typically interchangeable with those from others.
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Figure 2.12 Schematic of a Typical Spiral-Wound (NF/RO) System

2.4 Basic Principles of Membrane Filtration System Design and Operation

Familiarity with the basic principles underlying membrane filtration system design and
operation is important to the comprehension and interpretation of the material presented in this
guidance manual. The material presented in this subsection is intended to provide an overview
of these basic principles. Although all of the types of membrane filtration addressed in this
manual (i.e., MF, UF, NF, RO, and MCF) utilize pressure (or vacuum) as a driving force, there
are fundamental differences in the models used to describe systems using porous membranes
(MF, UF, and MCF) and semi-permeable membranes (NF and RO). The basic principles of
these respective models, along with some general concepts that are applicable to all membrane
filtration systems, are discussed in the following subsections. Note that these discussions are
intended to be informative for the purposes of fostering an understanding the technology and not
a specific guide for system design and operation.

2.4.1 General Concepts

There are a number of general concepts that are applicable to all types of pressure-driven
membrane filtration systems and which serve as the underlying basic principles for system
design and operation. These concepts include flux, recovery, and flow balance, each of which is
discussed in general terms below. Additional concepts that are specific to either MF, UF, and
MCEF systems or NF and RO systems are discussed in sections 2.4.2 and 2.4.3, respectively.
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Membrane filtration system throughput is typically characterized by the system flux,
which is defined as the filtrate flow per unit of membrane filtration area, as shown in
Equation 2.1:

J= & Equation 2.1
Am
Where: J = flux (gfd)
Qp = filtrate flow (gpd)
An = membrane surface area (ftZ)

The recovery of a membrane unit is defined under the LT2ZESWTR as the amount of feed
flow that is converted to filtrate flow, expressed as a decimal percent, as shown in Equation 2.2:

R=—L Equation 2.2
9,
Where: R = recovery of the membrane unit (decimal percent)
Qp = filtrate flow produced by the membrane unit (gpd)
Qs = feed flow to the membrane unit (gpd)

The recovery as defined under the rule does not account for the use of filtrate for routine
maintenance purposes (such as chemical cleaning or backwashing) or lost production during
these maintenance operations. Because the definition of recovery is not necessarily consistent
throughout the water treatment industry, it is important to identify how recovery is defined in any
particular discussion. However, the use of the term recovery as defined in Equation 2.2 is
consistent throughout the LT2ESWTR rule language and the Membrane Filtration Guidance
Manual. Note that for some types of membrane systems, particularly those that operate in
suspension mode that can be modeled as plug flow reactors (see section 2.5), recovery can also
be defined as a function of position within a membrane unit. This is simply a variation of
Equation 2.2 for systems in which the cumulative volume of filtrate increases in the direction of
feed flow through the membrane unit, thus increasing the recovery in direct proportion. The
limit of this recovery in the direction of flow (i.e., the recovery at the furthest position in the
unit) is equivalent to the overall membrane unit recovery, as defined in Equation 2.2.
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A general flow balance that can be applied to all membrane filtration systems is shown in
Equation 2.3:

0,=0.+0, Equation 2.3

Where: Qs
Q.
Qp

feed flow to the membrane unit (gpd)
concentrate flow from the membrane unit (gpd)
filtrate flow from the membrane unit (gpd)

Note that the concentrate (i.e., bleed or reject) flow, Q., is zero for systems operating without a
concentrate waste or “bleed” stream (e.g., systems operated in deposition (or “dead-end) mode or
crossflow systems in which 100 percent of the concentrate is recirculated — see section 2.5). For
the purpose of sizing a membrane filtration system, it may be desirable to account for the
additional filtered water used for both backwashing and chemical cleaning in the determination
of the filtrate flow, Q,. Similarly, an estimate of the total required feed flow Qs to the system
should incorporate any raw water that may be used in these routine maintenance processes.

2.4.2 MF, UF, and MCF Processes

The driving force for the transport of water across a microporous membrane — utilized by
MF, UF, and MCEF processes — is a pressure gradient across the membrane, or the TMP. The
TMP is defined by the pressure on the feed side of the membrane minus the filtrate pressure,
commonly called the backpressure, as shown in Equation 2.4:

TMP =P, - P, Equation 2.4
Where: TMP = transmembrane pressure (psi)

P = feed pressure (psi)

P, = filtrate pressure (i.e., backpressure) (psi)

For systems that operate in suspension mode and thus utilize a concentrate stream that is
wasted or recirculated (as described in section 2.5), the pressure on the feed side of the
membrane is not constant, but can instead be approximated by a linear pressure gradient from the
feed inlet to the concentrate outlet. In this case, the pressure on the feed side of the membrane
may be represented by the average of the feed and concentrate pressures, as shown in
Equation 2.5:
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P +P

TMP=—__"°_p Equation 2.5
2 P
Where: T™P = transmembrane pressure (psi)
P = feed pressure (psi)
P, = concentrate pressure (psi)
P, = filtrate pressure (i.e., backpressure) (psi)

The resistance to flow acting in opposition to the driving force and inhibiting the
transport of water across the membrane can also be quantified. This resistance has two
components: the intrinsic resistance of the membrane and the resistance attributable to the
accumulated foulant layer at the membrane surface at any point during operation. The total
resistance is represented by the sum of these two components, as shown in Equation 2.6:

R =R, +R, Equation 2.6
Where: R¢ = total membrane resistance (psi/gfd-cp)

R = intrinsic membrane resistance (psi/gfd-cp)

R¢ = resistance of the foulant layer (psi/gfd-cp)

While the intrinsic resistance of the membrane should remain constant for all practical purposes
and can generally be obtained from the membrane manufacturer (if necessary), the increase in
fouling during normal operation and the decrease in fouling as a result of backwashing and
chemical cleaning causes the fouling resistance to fluctuate.

If the total membrane resistance is known, the flux can be calculated as a function of the
TMP and water viscosity, as shown in Equation 2.7:

Jr = _IMP Equation 2.7
R, u;
Where: Jr = flux at temperature T (gfd)
TMP = transmembrane pressure (psi)
R¢ = total membrane resistance (psi/gfd-cp)
T = viscosity of water at temperature T (cp)

Because the viscosity of water increases with decreasing temperature, larger TMPs (by
application of increased pressure or vacuum) are required to maintain constant flux. Values for
water viscosity can be found in the literature or approximated using the empirical relationship
expressed in Equation 2.8:
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i, =1.784—(0.05750T)+(0.0011e72)- (10" 7?)  Equation 2.8

Where: T = viscosity of water at temperature T (cp)
T = water temperature (°C)

Since water temperature can have a significant impact on flux, it is common practice to
“normalize” the flux to a reference temperature during operation for the purpose of monitoring
system productivity independent of changes in water temperature. For MF/UF and MCF
processes, a reference temperature of 20 °C is typically used for convenience, since the viscosity
of water is approximately 1 cp at 20 °C. For constant TMP and total membrane resistance, a
form of Equation 2.7 can be used to illustrate the relationship between the normalized flux and
viscosity at 20 °C and the actual flux and viscosity at a given temperature of interest T, as shown
in Equation 2.9:

Jy @y =J; U, Equation 2.9
Where: T = normalized flux at 20 °C (gfd)

Mo = viscosity of water at 20 °C (cp)

Jr = actual flux at temperature T (gfd)

T = viscosity of water at temperature T (cp)

Substituting the value of 1 cp for the viscosity at 20 °C (w20) and Equation 2.5 for the
viscosity of water at temperature T (wr) yields and expression for normalized flux at 20 °C as a
function of the actual flux and the temperature, as shown in Equation 2.10:

Jyo=J, *[1.784—(0.0575¢T)+(0.0011e72)-(10° 7)) Equation 2.10

Where: I = normalized flux at 20 °C (gfd)
Jr = actual flux at temperature T (gfd)
T = water temperature (°C)

It is important to note that the normalized flux (J9) does not represent an actual operating
condition. This term simply represents what the flux would be at 20 °C for a the same TMP and
total membrane resistance, such that changes in the value of J,y during the course of normal
operation are indicative of changes in pressure and/or membrane resistance due to fouling. Thus,
this term is only intended to normalize for temperature effects in order to illustrate the influence
of fouling or changes in TMP on system operation.
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If values for viscosity are known, the polynomial expression for viscosity as a function of
temperature in Equation 2.10 may be simplified to a temperature correction factor (TCF). For a
MF, UF, or MCEF process, the TCF is defined as the ratio of the viscosity at temperature T to the
viscosity at 20 °C, as shown in Equation 2.11:

TCF =4 Equation 2.11
Moo
Where: TCF = temperature correction factor (dimensionless)
T = viscosity of water at temperature T (cp)
Moo = viscosity of water at 20 °C (cp)

Note that the term TCEF is often used generically to refer to any type of correction factor used to
adjust a parameter for temperature. Thus, the specific equation for the TCF may vary depending
on the parameter to which it is applied. For example, in the context of membrane filtration, the
TCF applied to reference MF, UF, and MCEF flux to a standard temperature, as defined in
Equation 2.11, is different than that applied to NF and RO flux to a standard temperature, as
shown in Equation 2.19. Thus, it is important to always consider the context in which the term
TCF is used.

Because the TCF is a dimensionless ratio, the values for viscosity can be expressed in any
convenient and consistent units. Thus, the temperature-normalized flux can be expressed in
simplified as terms, as shown in Equation 2.12:

Jy=J, ¢TCF Equation 2.12
Where: I = normalized flux at 20 °C (gfd)

Jr = actual flux at temperature T (gfd)

TCF = temperature correction factor (dimensionless)

Generally, in order to identify changes in productivity (as measured by flux) that are
specifically attributable to membrane fouling, it is desirable to normalize the flux for pressure as
well as temperature, as shown in Equation 2.13. Note that the temperature- and pressure-
normalized flux is often referred to as the specific flux.
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Iy .
= Equation 2.13
®TMP 1
Where: My = temperature- and pressure-normalized flux (gfd/psi)
T = normalized flux at 20 °C (gfd)
TMP = transmembrane pressure (psi)

The effect of temperature on a MF, UF, or MCF system can also be expressed in terms of
a temperature-corrected TMP value. An expression for such a term can be derived by starting
with a modified form of Equation 2.7, as shown below in Equation 2.14:

JOR = ™P Equation 2.14
y7,
Where: J = flux (gfd)
R¢ = total membrane resistance (psi/gfd-cp)
TMP = transmembrane pressure (psi)
v = viscosity of water (cp)

For constant flux and membrane resistance, equating two expressions of Equation 2.14

illustrate the relationship between two pairs of TMP and viscosity data at different temperatures,
as shown in Equation 2.15:

(%J =JoR = (%J Equation 2.15
) )
Where: TMP = transmembrane pressure (psi)

v = viscosity of water (cp)

J = flux (gfd)

R¢ = total membrane resistance (psi/gfd-cp)

Rearranging Equation 2.15 and assigning a reference temperature of 20 °C yields an
expression for the TMP at 20 °C as a function of any given TMP data point and the ratio of the
water viscosity at 20 °C to that at the given data point, as shown in Equation 2.16:

Membrane Filtration Guidance Manual 2-26 November 2005



Chapter 2 — Overview of Membrane Filtration

TMP,, = TMP, ® [” zoj Equation 2.16
Hy
Where: T™P,, = transmembrane pressure at 20 °C (psi)
TMPr = transmembrane pressure at temperature T (psi)
20 =  viscosity of water at 20 °C (cp)
T =  viscosity of water at temperature T (cp)

Equation 2.16 allows for the normalization of TMP data to 20 °C, or alternatively stated,
the value of the TMP that would have been observed at 20 °C for the same flux and degree of
fouling. By adjusting all the TMP data to the same reference temperature, any observed increase
in TMP is known to be attributable to fouling or other phenomena that impact membrane
resistance (such as compaction), assuming operation at constant flux.

2.4.3 NF and RO Processes

As with the microporous MF, UF, and MCF membranes, the driving force for the
transport of water across a semi-permeable membrane — such as that utilized by NF and RO
processes — is a pressure gradient across the membrane. However, because NF and RO
processes reject dissolved salts, the resulting osmotic pressure gradient, which acts against the
transport of water from the feed to the filtrate side of the membrane, must also be taken into
account. Typically, the osmotic pressure gradient is approximated from the concentration of
TDS on the feed and filtrate sides of the membrane. The corrected driving force across semi-
permeable membrane is termed the net driving pressure (NDP) and can be calculated using
Equation 2.17 (AWWA 1999):

P, +P. DS , + DS, :
NDP = || ~L—=|-(P,)|- ! “|-7DSs , te0.01 L=
2 2 mg | L

Equation 2.17

Where: NDP = netdriving pressure (psi)
feed pressure (psi)

s
[

P, = concentrate pressure (psi)

P, = filtrate pressure (i.e., backpressure) (psi)
TDS; = feed TDS concentration (mg/L)

TDS. =  concentrate TDS concentration (mg/L)
DS, = filtrate TDS concentration (mg/L)
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Equation 2.17 can be considered as two distinct components, each shown above in square
brackets. The first term represents difference between the average pressure on the feed side of
the membrane and the filtrate backpressure; the second term represents the average osmotic
backpressure. The conversion factor of 0.01 in the osmotic pressure term comes from a widely
used rule of thumb for fresh and brackish waters indicating that there is approximately 1 psi of
osmotic pressure for every 100 mg/L of TDS, as discussed in section 2.2.2. In many cases the
filtrate TDS concentration (TDS,) is small and can be neglected.

Equation 2.17 is often given in simplified form by combining the respective parameters
associated with the two components into two consolidated terms representing differential
pressure (AP) and the transmembrane osmotic pressure differential (Aw). This simplified form is
shown as Equation 2.18.

NDP = AP -Arx Equation 2.18
Where: NDP =  net driving pressure (psi)

AP =  transmembrane differential pressure (psi)

AT =  transmembrane osmotic pressure differential (psi)

Note that there are a number of equations throughout this document equally applicable to
MCF, MF/UF, and NF/RO systems which include a term for net pressure differential across the
membrane. Although in each of these equations the nomenclature “TMP” is used for simplicity,
this term should be considered the functional equivalent of “NDP” when applied to NF/RO
systems.

While the flux associated with MF, UF, and MCF systems is typically referenced to a
temperature of 20 °C for the purposes of assessing operational performance, it is common to
reference the flux associated with NF and RO systems to 25 °C (298 K). Accordingly, the
appropriate TCF for NF and RO systems is shown in Equation 2.19:

TCF =exp|U » L 1 Equation 2.19
T+273 298
Where: TCF = temperature correction factor (dimensionless)

water temperature (°C)

T
U membrane-specific manufacturer-supplied constant (1/K)

Once the TCF has been determined, the flux normalized to 25 °C can be calculated
according to Equation 2.20:
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J,s =J, ¢(TCF) Equation 2.20
Where: Jos = normalized flux at 25 °C (gfd)

Jr = actual flux at temperature T (gfd)

TCF = temperature correction factor (dimensionless)

As with MF, UF, and MCF systems, it is important to note that the normalized flux (J,s)
for NF and RO systems does not represent an actual operating condition. This term simply
represents what the flux would be at 25 °C for the purposes of comparing membrane
performance independent of temperature-related affects. Similarly, it is also common to
normalize the flux for pressure in order to identify changes in productivity that are attributable to
fouling, as shown in Equation 2.21:

M, =—=— Equation 2.21
®  NDP 1
Where: Mys = temperature- and pressure-normalized flux (gfd/psi)
Jas = normalized flux at 25 °C (gfd)
NDP = net driving pressure (psi)

2.5 Hydraulic Configurations

The term hydraulic configuration is used to describe the manner in which the feed water
and associated suspended solids are processed by a membrane filtration system. Although there
are a number of different hydraulic configurations in which the various membrane filtration
systems can operate, each of these configurations can be categorized into one of two basic modes
of operation: deposition mode and suspension mode. The hydraulic configuration of a system is
determined from operational conditions such as backwash, concentrate flow, and recycle flow,
where applicable.

For the purposes of the LT2ESWTR, one of the most important implications of a
system’s hydraulic configuration is its impact on the degree to which suspended solids are
concentrated on the feed side of the membrane. This concentration effect is characterized by the
volumetric concentration factor (VCF), a dimensionless parameter representing the ratio of the
concentration of suspended solids on the feed side of the membrane relative to that of the
influent feed to the membrane filtration process, as shown in Equation 2.22:
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C .
VCF =——= Equation 2.22
¢
Where: VCF = volumetric concentration factor (dimensionless)
Cn = concentration of suspended solids maintained on the feed
side of the membrane (number or mass / volume)
Cs = concentration of suspended solids in the influent feed water

to the membrane system (number or mass / volume)

By definition, the VCF is equal to 1 for a system that does not concentrate suspended solids on
the feed side of the membrane (i.e., C,, = Cy); these are defined as deposition mode systems.
However, some hydraulic configurations concentrate suspended solids on the feed side of the
membrane to degrees much greater than the influent feed concentration, with a corresponding
VCF greater than one; these are the suspension mode systems. Consequently, the VCF can
significantly affect the quantity of particulate matter that can flow through an integrity breach,
and thus must be considered in the determination of direct integrity test method sensitivity, as
discussed in section 4.3 (40 CFR 141.719(b)(3)(ii1)(A)). For example, for the same size integrity
breach, systems with higher VCFs will allow increased passage of pathogens to the filtrate. This
effect is taken into account in the determination of sensitivity for pressure-based tests in that
systems with higher VCFs have lower test sensitivity. Thus, even though systems with higher
VCFs allow increased filtrate contamination for a given integrity breach, the lower sensitivity
associated with a pressure-based direct integrity test means that the maximum permissible breach
size is smaller. Note that the VCF does not factor directly into the methodology associated with
marker-based tests, since the measurement of filtrate marker concentration inherently accounts
for increases in pathogen passage resulting from any feed-side concentration effects.

The primary purposes of this section are to describe the various hydraulic configurations
in which membrane filtration systems can operate and present the associated equations used to
determine the respective VCFs. The discussion of the various hydraulic configurations in this
section is predicated on three basic assumptions:

1. In the absence of a hydraulic force tangential to the membrane surface, particulate
matter in the feed stream is deposited on the membrane and held in place by the TMP.

2 In the presence of a hydraulic force tangential to the membrane surface, significant
particulate matter remains in suspension, resulting in elevated concentrations of
suspended particulate matter on the feed side of the membrane. This increase in
concentration is characterized by the VCF, which can vary as a function of position
and/or time for various hydraulic configurations.

3. The membrane is a complete barrier to the passage of the particulate contaminants
(assuming fully integral conditions).
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Deposition mode systems and the various types of suspension mode systems are
discussed in sections 2.5.1 and 2.5.2, respectively. Although many systems utilize one of the
hydraulic configurations described in this section, there may be cases in which a system-specific
analysis is necessary to characterize the VCF. For example, some systems that are designed to
operate in deposition mode may still exhibit some degree of particle suspension, and conversely,
some degree of particle deposition may occur in a system operating primarily in suspension
mode. In such cases in which characteristics of both types of hydraulic configurations may be
observed, the VCF should be calculated using the most conservative applicable assumptions that
result in the highest anticipated VCF values (if mathematical models are used to determine the
VCF). Note that the most conservative condition for a particular system is that which results in
the highest estimated concentration of suspended particulate matter.

Some membrane filtration systems may not necessarily conform to the theoretical
descriptions of any of the basic hydraulic configurations discussed in sections 2.5.1 and 2.5.2,
but which may be operated in such a way as to largely emulate the particulate matter
concentration profile of one of these configurations. Such alternative systems are addressed in
section 2.5.3.

As an alternative to the theoretical calculations described in sections 2.5.1 and 2.5.2, the
VCF may be measured experimentally under typical, full scale operating conditions. This
approach may be advantageous for systems that may not necessarily be well described by
mathematical modeling. The experimental evaluation of hydraulic configurations to determine
the VCF is discussed in section 2.5.4.

In addition to both the theoretical modeling and experimental approaches, there may be
some cases in which the manufacturer of a proprietary membrane filtration system has
developed a system-specific method for determining the VCF. For these cases the
manufacturer’s methodology may be used, subject to State approval.

2.5.1 Deposition Mode

Membrane filtration systems operating in deposition mode utilize no concentrate stream
such that there is only one influent (i.e., the feed) and one effluent (i.e., the filtrate) stream, as
shown in the schematic in Figure 2.13. These systems are also commonly called “dead-end” or
“direct” filtration systems and are analogous to conventional granular media filters in terms of
hydraulic configuration. In the deposition mode of operation, contaminants suspended in the
feed stream accumulate on the membrane surface and are held in place by hydraulic forces acting
perpendicular to the membrane, forming a cake layer, as illustrated in Figure 2.14.
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Figure 2.13: Schematic of a System Operating in Deposition Mode

Figure 2.14 Conceptual lllustration of Deposition Mode Operation

In a deposition mode hydraulic configuration, the concentration of suspended material on
the feed side of the membrane (Cy,) is assumed to be equivalent to the concentration of
suspended material in the feed stream (Cy), independent of time or position in the membrane
system, as the suspended contaminants are removed from the process stream and deposited in the
accumulated cake layer. Therefore, all systems operating in deposition mode have a VCF equal
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to one. MCF and most hollow-fiber MF and UF systems operate in deposition mode. Typically,
the accumulated solids are removed from MF/UF systems by backwashing, while most MCF
systems simply operate until the accumulated solids reduce the flow and/or TMP to an
unacceptable level, at which point the membrane cartridge is replaced.

Some MF/UF systems utilize a periodic “backpulse” — a short interval of reverse flow
(which may include air and/or the addition of small doses of oxidants) designed to dislodge
particles from the membrane surface without removing these solids from the system. This
process re-suspends particles, effectively concentrating the suspended solids in the feed near the
membrane surface and increasing the potential for pathogens or other particulate to pass through
an integrity breach and contaminate the filtrate. Consequently, systems that do not utilize a
concentrate stream but still practice backpulsing may be more appropriately and conservatively
modeled as operating in suspension mode.

2.5.2 Suspension Mode

In membrane filtration systems that operate in suspension mode, a scouring force using
water and/or air is applied parallel (i.e., tangential) to the membrane surface during the
production of filtrate in a continuous or intermittent manner, as illustrated in Figure 2.15. The
objective of operating in this mode is to minimize the accumulation of contaminants at the
membrane surface or boundary layer, thus reducing fouling. As shown in Equation 2.22, the
VCF quantifies the increase in the feed side concentration of suspended solids relative to that of
the influent feed stream that occurs in a suspension mode of operation.

Figure 2.15 Conceptual lllustration of Suspension Mode Operation
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The three most common suspension mode hydraulic configurations are the plug flow
reactor (PFR) model, the crossflow model, and the continuous stirred tank reactor (CSTR)
model. Systems operating under a crossflow hydraulic configuration may be further categorized
as either small volume or large volume systems, since the volume affects the manner in which
suspended solids are concentrated in such a system. Depending on the particular hydraulic
configuration, the VCF may vary temporally or spatially. In a PFR, the VCF increases in the
direction of feed flow as a function of position in the system; however, in a CSTR or crossflow
reactor, the VCF increases with time over the course of a filtration cycle. Theoretical methods
for calculating both the average and maximum VCF are presented for PFR, crossflow, and CSTR
systems as discussed in the following subsections. Note that the mechanism for achieving
suspension of particulate matter (e.g., aeration, velocity of water tangential to the membrane
surface, etc.) may not be sufficient to produce the suspended solids concentrations predicted by
the theoretical models presented in this section. Therefore, experimental determination of the
VCF may be appropriate, as described in section 2.5.4.

2.5.2.1 Plug Flow Reactor Model

Membrane filtration systems that operate as PFRs have a VCF that varies as a function of
position in the system. Examples of such systems include spiral-wound NF/RO systems and
vacuum-driven MF/UF systems submerged in tanks with large length-to-width ratios. The
concentration profile of these two types of PFR systems is illustrated in Figure 2.16.

The concentration of suspended solids on the feed side of the membrane in a PFR can be
expressed as a function of the recovery at any position within the system, as shown in
Equation 2.23:

C
C (x) = ! Equation 2.23
" 1-R(x)
Where: Culx) = concentration on the feed side of the membrane at position x

in the membrane unit (number or mass / volume)

X = position in the membrane unit in the direction of tangential
flow (i.e., x = 0 at the entrance to the first module)

Cs = feed concentration at the inlet to the membrane unit
(number or mass / volume)

R(x) = recovery as a function of position within the membrane unit

(decimal percent)
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Figure 2.16 Flow Diagram for a Plug Flow Reactor

Equations 2.22 and 2.23 can be combined to create an expression for the VCF as a
function of position in a PFR, as shown in Equation 2.24:

Equation 2.24

Where: VCF(x) = VCF as a function of position in the membrane unit
(dimensionless)

X = position in the membrane unit in the direction of tangential
flow (i.e., x = 0 at the entrance to the first module)
recovery as a function of position within the membrane unit
(decimal percent)

~
—~
)
~
Il
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The recovery in a PFR varies from zero at the inlet to the membrane unit to the value of
the overall unit recovery at the outlet of the tangential flow stream in the membrane unit.
Accordingly, between these inlet and outlet boundary conditions, the VCF increases from 1.0 at
the system inlet (where the recovery is equal to zero), to a maximum value (VCF,x) at the
concentrate outlet of the membrane unit, as shown in Equation 2.25:

VCF_, = b Equation 2.25
1-R
Where VCF,.x = maximum VCF (dimensionless)
R = membrane unit recovery (decimal percent)

The value of the VCF yielded by Equation 2.25 represents the largest (and thus most
conservative) such value in a PFR. Suspended particulate matter is concentrated to this degree
only at the far end of the unit (in the direction of flow) at the point of the tangential flow stream
outlet; the rest of the membrane unit may be characterized by a lower VCF. Thus, it may be
appropriate to consider an average value of the VCF that is more representative of concentrations
over the membrane unit as a whole.

A simplistic method for estimating the average VCF (VCF,,) is to simply divide the
maximum VCF by two. However, a more accurate method involves calculating a position-
averaged VCF(x) from the system inlet to the concentrate stream outlet. If a mathematical
expression for R(x) is known, it can be inserted into Equation 2.24 to yield a known expression
for the VCF as a function of position (VCF(x)) in a PFR. Subsequently, if this resulting
expression can be integrated, then the average value function can be applied to determine an
accurate value for VCF,,,, as shown in Equation 2.26:

VCF,,, = xiax ° IO - ; (x)(dx) Equation 2.26
Where: VCF,, = average VCF (dimensionless)

Xmax = end position of the membrane unit in the direction of
tangential flow (i.e., at the outlet of the tangential flow
stream)

R(x) = recovery as a function of position within the membrane unit

(decimal percent)
X = position in the membrane unit in the direction of tangential
flow (i.e., x = 0 at the entrance to the first module)

The parameter R(x) in Equation 2.24 is typically a function of pressure, membrane area,
and flow, all of which may vary as a function of position within the membrane unit. For
example, NF and RO systems experience a decrease in NDP due to pressure losses through the
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system and increasing osmotic pressure gradients. For MF and UF membrane systems operating
as PFRs, there may also be a flow imbalance across the membrane surface in the direction of
flow resulting from the increasing concentration of suspended solids, which may increase
resistance to the flow of water through the membrane (i.e., the filtrate flow) toward the outlet the
tangential flow stream. In addition, the back-mixing of suspended solids can also create non-
ideal flow and concentration conditions (C6té et al. 2003). However, in general, the VCF
increases exponentially in the direction of the tangential flow stream in a PFR.

If an expression for the VCF as a function of position (VCF(x)) cannot be developed or if
the resulting equation cannot be integrated, a flow-weighted average can be computed using
numerical techniques, as shown in Equation 2.27:

[}
VCF,, = LIVCF)*0, )] Equation 2.27
Q,
Where: VCF,, = (flow-weighted) average VCF (dimensionless)
VCF(x) = VCF at discrete position “x” within the membrane unit
(dimensionless)
X = position in the membrane unit in the direction of tangential
flow (i.e., x = 0 at the entrance to the first module)
Qp(x) = filtrate flow at position “x” within the membrane unit (gpd)
Qp = total filtrate flow from the membrane unit (gpd)

The use of Equation 2.27 first requires determination of the filtrate flow over a differential
membrane area in the unit at a specific location. The resulting filtrate flow at position “x”
(Qp(x)) can be used to calculate the recovery at position “x” (R(x)) within the membrane unit
using Equation 2.2 (see section 2.4). The VCF at position “x” can then be calculated using
Equation 2.24. These calculation steps are repeated for numerous positions throughout the
membrane unit, and a flow-weighted average is computed from this data using Equation 2.27.
Typically, values for the filtrate flow at discrete intervals within a membrane unit may be
obtained from modeling software available from the membrane module manufacturer, and the

various calculations can be facilitated by the use of a spreadsheet.

Both the maximum and flow-weighted average VCFs (as calculated using Equations 2.25
and 2.27, respectively) for a typical NF/RO system over a range of overall system recoveries
from 70 to 99 percent are summarized in Table 2.1.

Table 2.1 shows that the maximum VCF is substantially higher than the average VCF,
particularly for higher recoveries. For example, a NF/RO system operating at an overall
recovery of 85 percent has a maximum VCF approximately three times larger than its average
VCF. Thus, the concentration of suspended particulate matter at the outlet of the tangential flow
stream in the membrane unit is similarly three times higher than the average concentration. As a
result, a membrane breach located close to the outlet of the tangential flow stream in membrane
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unit operating as a PFR has the potential to allow a significantly larger concentration of
contaminants to pass into the filtrate than a breach occurring at a location further upstream.

Table 2.1 Summary of VCF Values for a NF/RO System Modeled as a PFR

Recovery eF Recovery P Recovery P

(percent) Avg.' Max. ) Avg.' Max. (Beeel Avg. Max.
70 1.73 3.33 80 2.02 5.0 90 2.56 10.0
71 1.75 3.45 81 2.06 5.26 91 2.65 11.1
72 1.78 3.57 82 2.11 5.56 92 2.75 12.5
73 1.80 3.70 83 2.15 5.88 93 2.87 14.3
74 1.83 3.84 84 2.20 6.25 94 3.00 16.7
75 1.86 4.0 85 2.25 6.67 95 3.16 20.0
76 1.89 417 86 2.31 714 96 3.37 25.0
77 1.92 4.35 87 2.37 7.69 97 3.63 33.3
78 1.95 4.55 88 2.43 8.33 98 4.01 50
79 1.99 4.76 89 2.49 9.09 99 4.68 100

1 Ideal, theoretical average

If information regarding the filtrate flow as a function of membrane position cannot be
obtained or approximated, the VCF data presented in Table 2.1 may be used as an estimate for
NF/RO systems. However, it is strongly recommended that Equation 2.24, 2.26, or 2.27 be used
to obtain a more accurate, system-specific estimate for the average VCF. Alternatively, the
maximum VCF (i.e., the most conservative value) can be calculated from the overall recovery
using Equation 2.25.

2.5.2.2 Crossflow Model

The objective of crossflow filtration is to maintain a high scour velocity across the
membrane surface to minimize particle deposition and membrane fouling. Crossflow membrane
processes operate in an unsteady-state manner in which suspended solids accumulate on the feed
side of the membrane over the course of a filtration cycle. Thus, in crossflow systems, the VCF
varies as a function of time. At the end of each filtration cycle the membrane unit is backwashed
to remove the accumulated solids. Crossflow filtration has traditionally been used in conjunction
with inside-out hollow-fiber membrane processes to increase the scouring velocity in the fiber
lumen in order to minimize fouling.

For crossflow systems, a portion of the concentrate stream (i.e., the tangential flow) is
recirculated or recycled to the system inlet and mixed with the incoming feed stream. Because
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the concentrate stream has a higher concentration of suspended solids than the influent feed
stream to the membrane process, the VCF for crossflow systems is greater than one. Although
the recycled concentrate stream in a crossflow system may be less than 10 percent of the
combined feed flow in some cases, it is more typically 5 to 20 times higher than the influent feed
flow. The manner in which crossflow systems concentrate suspended particulate matter depends
on the volume of the feed side of a membrane unit between the point at which the recirculated
stream joins the influent flow and the inlet to the membrane module(s). For simplicity, two
variations of the crossflow configuration are considered in this discussion: small volume and
large volume systems.

Small Volume Crossflow Systems

In a small volume crossflow system, the unfiltered concentrate stream is returned to the
inlet of the membrane system and blended with the incoming feed after any prefiltration that may
be incorporated into the treatment process. The line that connects the concentrate outlet to the
feed inlet is termed the recirculation loop. A schematic of a typical small volume crossflow
system configuration is shown in Figure 2.17. The small volume crossflow configuration, in
which the contaminants accumulated during a filtration cycle are removed via backwashing, is
relatively common among hollow-fiber MF/UF membrane systems.

Figure 2.17 Schematic of a Typical Small Volume Crossflow System

In crossflow systems, the concentration of suspended solids on the feed side of the
membrane (Cp, in Figure 2.17) increases linearly over the filtration cycle. The rate at which the
concentration increases is a function of the feed flow (Qf in Figure 2.17) and volume of the
recirculation loop (V;). As shown in Figure 2.17, this volume would include the volume on the
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feed side of the membrane modules back to the recirculation blending point, as well as that of the
recirculation loop piping.

In analyzing such systems, it is useful to define the volumetric turnover time (t), which
represents the time required for a one-fold increase in the concentration of suspended particulate
matter on the feed side of the membrane. The volumetric turnover time is calculated as the ratio
of the total volume of the recirculation loop to the feed flow, as shown in Equation 2.28:

T=— Equation 2.28
9,
Where: T = volumetric turnover time (min)
V: = total volume of the recirculation loop (gallons)
Qs = feed flow (gpm)

The VCF is a function of the volumetric turnover time and the operational time within a
filtration cycle, as shown in Equation 2.29:

VCF(t)= L Equation 2.29
T
Where: VCF(t) = VCF as a function of filtration cycle time (dimensionless)
t = filtration cycle time (min)
T = volumetric turnover time (min)

At the end of the filtration cycle, backwashing is used to flush the accumulated solids
from the membrane system. Since most crossflow systems are backwashed with filtrate water,
and the concentration of solids in the filtrate is negligible relative to that of the feed and
recirculation streams, it can be assumed that the backwash removes all of the solids from the
entire volume of the recirculation loop. Consequently, the concentration of suspended solids at
the membrane surface is equal to zero immediately after backwash (i.e., at t = 0, both C,, = 0 and
VCF =0). Figure 2.18 illustrates the periodic variation in the concentration of suspended solids
on the feed side of the membrane for a typical small volume crossflow system with a 20-minute
filtration cycle. (Note that the filtration cycle time depicted in Figure 2.18 represents an
arbitrarily selected example; actual times could vary widely from system to system.)

As shown in Figure 2.18, for a small volume crossflow system, the maximum VCF
occurs at the end of the filtration cycle (i.e., t = tf) and is calculated according to Equation 2.30.
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t
VCF, =

Where: VCFoaxx =

tr =
T =

e
T

Equation 2.30

maximum VCF (dimensionless)
filtration cycle duration (min)
volumetric turnover time (min)

Figure 2.18 Concentration Profile in a Small Volume Crossflow System
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Since the VCF increases linearly from zero to VCF,,,x over the course of a filtration cycle
in a crossflow system, the average VCF is simply one half of the maximum value, as shown in

Equation 2.31:
VCF,, =05e (
Where: VCFy =
tr =
T =

Iy

J Equation 2.31
T

average VCF (dimensionless)
filtration cycle duration (min)
volumetric turnover time (min)
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Note that some small volume crossflow systems may be operated at lower crossflow
velocities, resulting in incomplete particle suspension. In these cases the mathematical model
may overestimate the VCF. While this calculated VCF would represent a conservative estimate,
the VCF could also be measured experimentally (as discussed in section 2.5.4) under realistic
operating conditions in order to determine a more accurate value. Also, this simple small
volume crossflow model assumes that the concentration of suspended solids maintained on the
feed side of the membrane (Cy,) reverts to zero following a backwash just prior to beginning a
new filtration cycle; however, this assumption may not be applicable to all such membrane
filtration systems. For example, one potentially common variant is the case in which the
concentration of suspended solids maintained on the feed side of the membrane reverts to that of
the influent feed water following a backwash (i.e., C,, = Cy), such that the VCF is equal to 1 at
the beginning of the subsequent filtration cycle. The manufacturer should be able to provide
information about the applicability of this model and whether some adjustments to the model
may be necessary to accurately describe its membrane filtration system as installed and operated
at a particular site.

Large Volume Crossflow Systems

In a large volume crossflow system the concentrate recycle stream is returned to a large
feed tank, as shown in Figure 2.19, which greatly increases the total volume of the recirculation
loop (V;) and changes the manner in which solids accumulate in the membrane system.

Figure 2.19 Schematic of a Typical Large Volume Crossflow System

Like small volume systems, large volume crossflow systems experience a linear increase
in the solids concentration on the feed side of the membrane over the course of a filtration cycle.
However, in a large volume system, backwashing does not remove all of the contaminants that
have accumulated in the recirculation loop and on the feed side of the membrane; thus
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concentration on the feed side of the membrane (C,,) and the VCF do not return to zero after a
backwash operation. As a result, the solids concentration gradually increases over multiple
filtration cycles, a phenomenon which must be considered when calculating the VCF. A periodic
decrease in concentration occurs during a backwash operation when a portion of the suspended
solids is removed. The suspended particulate matter continues to accumulate over successive
filtration cycles until a stable process condition is reached, in which the amount of solids
delivered to the membrane system during a filtration cycle is equal to the amount of solids that
are discharged during the backwash process. The “saw-tooth pattern” concentration profile and

the gradual establishment of a stable process condition for a large volume crossflow system are
illustrated in Figure 2.20.

Figure 2.20 Concentration Profile in a Large Volume Crossflow System
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Equation 2.32 describes VCF as a function of time for a large volume crossflow system,

taking into account both the buildup of solids over a filtration cycle and the partial removal of
solids during backwash:
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Where:

C, (-1 '
VCF(r) =1+ % . (1 - %j Equation 2.32
T

f v

r

VCFE(t) =  VCF as a function of filtration cycle time (dimensionless)
t = filtration cycle time (min)
T = volumetric turnover time (min)

Cu(t-1) = concentration on the feed side of the membrane
immediately after the previous backwash operation
(number or mass / volume)

Cs = feed concentration at the inlet to the membrane unit
(number or mass / volume)

Qo =  backwash flow (gpm)

th =  backwash duration (min)

V: =  total volume of the recirculation loop (gallons)

The maximum VCF for a large volume crossflow system can be calculated as the ratio of
feed volume processed over a filtration cycle to backwash water volume, as shown in

Equation 2.33:

Where:

! f ® Qf .

VCF, ,, =— Equation 2.33
1,0,

VCFpax = maximum volumetric concentration factor (dimensionless)

te = filtration cycle duration (min)

Qs =  feed flow (gpm)

th = backwash duration (min)

Qv =  backwash flow (gpm)

The average VCF for a large volume crossflow system can be calculated using

Equation 2.34:
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[ J
VCF,,, = M o1 L . Equation 2.34
tb.Qb 2.T.tf Qf
tb ® Qb
Where: VCFu = average VCF (dimensionless)
te = filtration cycle duration (min)
Qs =  feed flow (gpm)
th = backwash duration (min)
Qv =  backwash flow (gpm)
T = volumetric turnover time (min)

2.5.2.3 Continuous Stirred Tank Reactor Model

The CSTR (also known as “feed-and-bleed” in some applications) hydraulic
configuration is similar to that of a crossflow system in that the particulate matter is held in
suspension and increases in concentration on the feed side of the membrane as a function of
time. However, the CSTR incorporates a continuous concentrate waste stream (also referred to
as the reject or bleed stream) that removes suspended solids from the system. Since the solids
are continuously removed from the system, steady-state operation is achieved when the rate at
which solids are removed with the concentrate stream is equal to the rate at which solids enter
the system with the feed water. Although a PFR also utilizes a continuous concentrate stream
and operates at steady-state, the CSTR model assumes complete mixing and thus a uniform
concentration of suspended solids on the feed side of the membrane. A PFR, by contrast, has a
feed side concentration profile that increases in the direction of feed flow through the membrane
unit. Thus, the CSTR model is more appropriate than the PFR model for systems that are
expected to have a relatively uniform suspended solids concentration on the feed side of the
membrane.

CSTR theory generally describes systems that operate continuously without
backwashing. For example, some submerged MF and UF systems may utilize a periodic short
duration reverse flow operation (i.e., a backpulse) to remove solids from the membrane surface
but collect the dislodged solids in the feed tank. Since this operation does not constitute
backwashing (i.e., removal of solids from the system), these MF and UF systems can be modeled
as CSTRs without backwashing. In addition, a small-scale NF or RO membrane unit that is too
small to be considered a PFR (e.g., a single stage system using a high recirculation flow or a
single module system) can also be modeled as CSTR that does not utilize backwashing.
However, there may be types of membrane filtration systems that can be effectively modeled as a
CSTR with backwashing, such as a small, submerged vacuum-driven membrane system in which
the backwash water is removed from the tank after the backwash operation. Thus, CSTR models
both with and without backwashing, respectively, are described as follows.
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CSTR Without Backwashing

Figures 2.21 and 2.22 provide representative schematics illustrating the types of pressure-
and vacuum-driven membrane filtration systems, respectively, that can be modeled as CSTRs
without backwashing. Note that a submerged, vacuum-driven system with mechanical agitation
(e.g., due to aeration) can be modeled as either a CSTR without backwashing or a PFR,
depending on system specific factors such as the number of modules and/or the length to width
ratio of the basin housing the membrane modules (as applicable). Systems with a very small
number of modules and/or a relatively small length to width ratio may be modeled as a CSTR
without backwashing, as shown in Figure 2.22. However, vacuum-driven systems with a larger
number of modules and/or length to width ratio may be more accurately modeled as a PFR, as
shown in Figure 2.16. Alternatively, the VCF may be measured experimentally (as described in
section 2.5.4) if neither model is sufficient to describe the system within an acceptable degree of
accuracy.

Figure 2.21 Schematic of a Typical Pressure-Driven CSTR Without Backwashing
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Figure 2.22 Schematic of a Typical Vacuum-Driven CSTR Without Backwashing

The VCF for a CSTR without backwashing increases as a function of filtration cycle time
and can be defined in terms of the number of volumetric turnover times (i.e., t/T) and the
recovery, as shown in Equation 2.35:

VCF(t) = { ! } {1 - exp(_—tﬂ Equation 2.35
I-R T
Where: VCF(t) = VCF as a function of filtration cycle time (dimensionless)
R =  recovery (dimensionless decimal)
t = filtration cycle time (min)
T =  volumetric turnover time (min)

The concentration profile for a CSTR without backwash exhibits an exponential rise in the VCF
over time to an equilibrium value of VCF,,.x, as illustrated in Figure 2.23. Additional detail is
provided in Table 2.2, which shows the percent of equilibrium value (i.e., VCFy,x) that is
achieved in a CSTR without backwashing as a function of the number of volumetric turnover
times. In general, a CSTR without backwashing approaches equilibrium rapidly — Table 2.2
shows that the concentration of suspended solids within a CSTR without backwashing reaches
95 percent of the equilibrium value after only three volumetric turnover times have elapsed.
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Figure 2.23 Concentration Profile in a CSTR Without Backwashing
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Table 2.2 Increase in VCF as a Function of Number of Turnover Times

No. of Turnover .
Times Fr\e;%t'l:on of
(t/7) max
0 0
1 .632
2 .865
3 .950
4 .982
5 .993

Since most systems are operated significantly longer than three volumetric turnover times
before being purged and cleaned, a CSTR without backwashing generally operates under steady-
state conditions at the maximum VCF. Consequently, the average and maximum VCF are
equivalent, and both can be calculated as shown in Equation 2.36:
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VCF,, =VCF,, = ﬁ Equation 2.36
Where: VCFL.x = maximum VCF (dimensionless)

VCF,, = average VCF (dimensionless)

R = recovery (decimal percent)
CSTR With Backwashing

Figure 2.24 shows a schematic of a representative pressure-driven membrane system that
can be modeled as a CSTR with periodic backwashing. Note that the concentration profile for a
CSTR with backwashing is similar to that for a small volume crossflow system, although with
the latter the maximum VCEF is approached linearly rather than exponentially. Another important
difference between these two types of hydraulic configurations is that the CSTR with
backwashing utilizes a concentrate waste (i.e., bleed) stream, whereas a crossflow system does
not use a concentrate bleed.

Figure 2.24 Schematic of a Typical Pressure-Driven CSTR With Backwashing

As with a CSTR without backwashing, the VCF for a CSTR with backwashing increases
over time according to the first order exponential function given in Equation 2.35. However, in a
CSTR with backwashing, the concentration of suspended solids on the feed side of the
membrane is periodically reduced. Because filtrate is typically used in the backwash process, the
backwash water introduces a negligible amount of particulate matter into the system; thus, it is
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reasonable to assume that the backwash process removes all suspended solids from the feed side
of the membrane. As a result, the VCF is reduced to zero at beginning of each successive
filtration cycle (i.e., at t = 0). However, as discussed for the small volume crossflow model, this
assumption may not be applicable in all cases. As previously noted, one potentially common
variant is the case in which the concentration of suspended solids maintained on the feed side of
the membrane reverts to that of the influent feed water following a backwash (i.e., Cy,, = C¢), such
that the VCF is equal to one at the beginning of the subsequent filtration cycle. The
manufacturer should be consulted in regard to the applicability of this model and whether some
adjustments to the model may be necessary to accurately describe its membrane filtration system
as installed and operated at a particular site. Note that the VCF can also be measured
experimentally, as discussed in section 2.5.4.

Figure 2.25 illustrates the concentration profile of a CSTR with backwashing over time
for a system that is backwash once every four volumetric turnover times.

Figure 2.25 Concentration Profile in a CSTR With Backwashing
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The maximum VCF for a CSTR with backwashing is determined by evaluating

Equation 2.35 at the end of the filtration cycle (i.e., t = t¢), just prior to backwashing, as shown in
Equation 2.37:
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VCF... =[ ! } . {1 _ exp(iﬂ Equation 2.37
1-R T
Where: VCF,.x = maximum VCF (dimensionless)
R = recovery (decimal percent)
te = filtration cycle duration (min)
T =  volumetric turnover time (min)

The average VCF for a CSTR with backwashing is determined by applying the
mathematical average value function to Equation 2.37 over a filtration cycle. The resulting
expression for VCF,,, is shown in Equation 2.38:

VCF, = a[1-| T [1 - exp(iﬂ Equation 2.38
1-R t; T
Where: VCF,, = average VCF (dimensionless)
R = water recovery (decimal percent)
tr =  duration of the filtration cycle (min)
T =  volumetric turnover time (min)

2.5.3 Alternative Configurations

Sections 2.5.1 and 2.5.2 discuss the basic theoretical hydraulic configurations for
deposition and suspension mode operation, respectively, including mathematical modeling to
determine the VCF and examples of the most common types of currently available membrane
filtration systems associated with each respective configuration. However, these examples are
not intended to exclude other types of membrane filtration systems that may also be operated in a
particular hydraulic configuration.

In addition, there may be cases in which a membrane filtration system does not
necessarily conform to the theoretical description of a particular hydraulic configuration (i.e., the
mathematical modeling does not apply), but which could be operated in such a way as to emulate
the concentration profile of particulate matter associated with that configuration. In these cases,
the manufacturer of the membrane filtration system should be able to provide guidance for
determining the VCF.

One case of particular interest is represented by those systems in which a second stage of
membrane filtration is used to treat the concentrate (NF/RO systems) or residuals (MCF or
MF/UF systems) from a primary stage for filtrate blending as a means to augment the system
recovery and minimize the waste stream (i.e., concentrate staging). For these systems each stage
of membrane filtration must be considered independently such that the membrane units in the
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second stage would have a distinct and higher VCF than those in the first as a result of the
increased particulate concentration in the water feeding the second stage. In this case, for the
purposes of calculating the VCEF, the applicable concentration effect is represented by the
concentration of suspended solids maintained on the feed side of the membranes associated with
the second (or subsequent) stage relative to that of the influent feed water to the initial stage (i.e.,
the feed water to the overall membrane treatment process). This calculation is illustrated in
Equation 2.39.

(c,),

VCF = Equation 2.39
'
Where: VCF = volumetric concentration factor (dimensionless)

(C)i = concentration of suspended solids maintained on the feed
side of the membrane associated with the second or
subsequent stage (i.e., stage “i”’) of a multi-stage membrane
filtration process (number or mass / volume)

(Con = concentration of suspended solids in the influent feed water

to the first stage of a multi-stage membrane filtration
process (number or mass / volume)

Note that the concentration of suspended solids in the feed water to the second (or
subsequent) stage does not factor into the VCF determination. This same methodology for
determining the VCF would be applicable to filtrate staging applications (i.e., cases in which the
filtrate from one stage becomes the feed for the subsequent stage(s)), as well. The various
equations for calculating the VCF associated with each model described in this section may need
to be adapted for these cases of subsequent stages, as appropriate. As with both applicable
concentrate and filtrate staging applications, the VCF must also be determined independently for
dissimilar membrane units operating in parallel within the same stage (e.g., different
manufacturers, capacities, operating modes, etc.).

It is also possible that none of the hydraulic configurations discussed in sections 2.5.1
and 2.5.2 accurately describe the operation and VCF of a particular membrane filtration system.
In these cases the membrane manufacturer should provide experimental data demonstrating the
appropriate VCF. However, site-specific experimental validation is also recommended, as
discussed in section 2.5.4.

2.5.4 Experimental Evaluation

In addition to use of the theoretical models developed in sections 2.5.1 and 2.5.2, the
VCF may also be determined experimentally on a site-specific basis. Experimental evaluation of
the VCF may be necessary for any membrane filtration systems that do not conform to any of
these theoretical models, as a result of either the system design or the manner in which a
particular system is operated. It may also be necessary to measure the VCF experimentally for
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systems that are conceptually similar to one of the models in sections 2.5.1 and 2.5.2, but which
do not exhibit ideal operation to an extent sufficient to enable the system to be accurately
described by that model. For example, some systems that operate in a mode conceptually similar
to a crossflow hydraulic configuration may not generate a scouring force (e.g., using air or water)
sufficient to generate suspension mode conditions. In this case, the actual behavior of the system
may not fully represent either deposition or suspension mode as a result of the incomplete
suspension of particulate matter. Even if a membrane filtration system is expected to generally
correspond well to one the theoretical models, it may still be advantageous to measure the VCF
experimentally to verify the modeling results. If there is a discrepancy between the modeling
and the measured results, the experimentally determined VCF should be used. Note that any
experimental method utilized must be conservative and technically defensible to the satisfaction
of the State.

Determining the VCF experimentally involves measuring the concentration of suspended
solids both in the influent feed water to the membrane filtration system (i.e., Cr in Equation 2.22)
and that maintained on the feed side of the membrane (i.e., Cy, in Equation 2.22) under
conditions that are representative of normal operation, including (as applicable) typical values
for: flux; recovery; crossflow velocity; backwash frequency, flow, and duration; recirculation
and concentrate flows; outside-in vs. inside-out operation; use of mechanically-induced
turbulence; etc. Operating parameters that result in a more conservative (i.e., higher) VCF could
also be used. Because the site-specific design of a membrane filtration system and associated
appurtenances can affect the concentration of suspended solids maintained on the feed side of the
membrane (i.e., Cy,), the VCF for any system using a hydraulic configuration that is not
accurately described by one of the theoretical models presented in sections 2.5.1 and 2.5.2 should
be measured on the full-scale system as installed.

In some hydraulic configurations, the concentration of suspended solids on the feed side
of the membrane (i.e., Cy,) can vary as a function of filtration cycle time and/or position within
the membrane filtration system. In these cases it is important to measure the concentration of
suspended solids as a function of time or position within the practical limitations of the test. At a
minimum, the concentration of suspended solids should be measured at a point (in terms of
position or time, as applicable) that results in the maximum (i.e., most conservative) VCF when
evaluating the systems experimentally, thus accounting for conditions with the potential to allow
the greatest passage of pathogens to the filtrate in the event of an integrity breach. For example,
concentration varying with time is typically characteristic of systems that periodically waste
solids (i.e., removing solids from the system, not simply pulsing them from the membrane
surface) using a backwash process. For membrane filtration systems utilizing such hydraulic
configurations, the concentration of suspended solids should be measured just prior to the
backwash cycle, the point at which the concentration should be maximized. Alternatively, if the
system does not backwash and continually wastes solids (e.g., NF/RO systems and some
submerged MF/UF systems (depending on the operating scheme)) such that the concentration of
suspended solids varies by position, the concentration should be measured at the point within the
system at which it is greatest. It may also be useful to characterize the average VCF during the
experimental evaluation, as this value could be utilized in the determination of direct integrity
test sensitivity (see section 4.3).
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2.5.5 Summary

The hydraulic configuration of a membrane filtration system governs the concentration of
suspended solids on the feed side of membrane and whether it increases as a function of time or
position in a membrane unit. Accordingly, the VCF has a significant impact on the amount of
particulate matter that could pass through an integrity breach and thus on the sensitivity of a
pressure-based direct integrity test (as discussed in section 4.3). Systems that operate in
deposition mode have a VCF equal to one, while the various suspension mode hydraulic
configurations have VCFs greater than one. Table 2.3 summarizes the general range of VCFs
that might be expected for the hydraulic configurations discussed in sections 2.5.1 and 2.5.2,
based on typical values for system operating parameters. Note that the ranges given in Table 2.3
are intended to be illustrative only and not a substitute for more rigorous VCF determination
using the theoretical models or experimental evaluation.

Table 2.3 Typical Range of VCF Values for Various Hydraulic Configurations

Hydraulic Configuration VCF
Deposition Dead-end 1
mode
PFR 3-20
Suspension 1
mode Crossflow 4-20
CSTR? 4-20

1 Encompasses both large and small volume crossflow systems
2 Encompasses CSTR systems both with and without backwash

A summary of the equations used to calculate the average and maximum VCFs for each
of the various hydraulic configurations is presented in Table 2.4. The LT2ESWTR does not
require that a specific value for the VCF (i.e., average, maximum, or other statistical parameter)
be utilized in determining the sensitivity of a pressure-based direct integrity test; any value that is
representative of the membrane filtration system under anticipated operating conditions may be
used at the discretion of the State. However, the VCF used should be appropriately conservative.

The table also indicates the types of membrane filtration systems that are most commonly
associated with the respective hydraulic configurations. It is also possible to determine the VCF
experimentally for a particular system (either full-scale or representative pilot-scale) by
measuring the influent feed concentration (Cy) and the concentration on the feed side of the
membrane (Cp,,). Experimental evaluation should be used to determine the VCF if a membrane
filtration system’s hydraulic configuration does not conform to any of the models developed in
sections 2.5.1 and 2.5.2; it may also be used to verify a VCF calculated using theoretical
modeling. Note that because the hydraulic configuration depends on site-specific design
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features, the VCF is not characteristic of a particular proprietary product, but rather a site-
specific parameter.

Table 2.4 Summary of VCF Equations for Various Hydraulic Configurations

i VCF Equation
Hydraulic Typical q
Configuration | embrane 1
Process(es) Average Maximum
Deposition e MCF
Mode * MF/UF ! 1
> VCF(x)*Q,(x) 1
PFR ¢ NF/RO
o, 1-R
Small Volume t ¢
Crossflow * MF/UF 05e| L ty
(w/o feed tank) ) r i
[(tb «Qp) < Vf]
Large Volume
C%ossflow e MF/UF 1,00, ol I, 1,90
[(to +Q) > V] (wifeed tantg 0O, Qere ﬂ t,*0Q,
1,0,
¢ NF/RO
CSTR (small-scale) 1 1
w/o - N
Backwashing | ® MF/UF 1-R 1-R
(w/ bleed)
CSTR o MF/UF 1 T T 1 3 —I
w/ Backwashing | (w/ bleed) x| ( / ) {1 ex;{ T m L - R} ) [l exp( T

1 Ideal, theoretical average
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3.0 Challenge Testing

3.1 Introduction

The Long-Term 2 Enhanced Surface Water Treatment Rule (LT2ZESWTR) requires that
any membrane filtration system used to comply with the Cryptosporidium treatment
requirements of the rule undergo challenge testing (40 CFR 141.719(b)(2)). The primary
purpose of this challenge testing is to establish the log removal value (LRV) that an integral
membrane can achieve. Under the LT2ESWTR, the maximum removal credit that a membrane
filtration system is eligible to receive is the lower of the two values established as follows
(40 CFR 141.719(b)(1)):

¢ The removal efficiency demonstrated during challenge testing; or

¢ The maximum LRV that can be verified by the particular direct integrity test used
during the course of normal operation

The requirement for challenge testing under the LT2ZESWTR is intended to be product-
specific such that site-specific demonstration of Cryptosporidium removal efficiency is not
necessary. Once the LRV of a membrane has been established through a challenge test that
meets the requirements of the LT2ESWTR, additional challenge testing is not required unless
significant modifications are made to the membrane process (as discussed in section 3.14). The
rule specifies criteria for the following aspects of challenge testing:

e Full-scale vs. small-scale module testing

e Appropriate challenge particulates

¢ Challenge particulate concentrations

e Test operating conditions

¢ Calculation of removal efficiency

e Verifying characteristic removal efficiency for untested modules

¢ Module modifications
Specific requirements of the rule are summarized in section 3.2 and further discussed in the
appropriate context in subsequent sections of Chapter 3. The discussion of challenge testing in
this chapter applies similarly to microfiltration (MF), ultrafiltration (UF), nanofiltration (NF),
reverse osmosis (RO), and membrane cartridge filtration (MCF), except as otherwise noted.
Although the primary focus of challenge testing as required under the LT2ESWTR is

demonstration of Cryptosporidium removal, the general framework for challenge testing
developed in this guidance manual may be adapted for use in establishing removal efficiencies
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for other microbial pathogens of concern, including bacteria, viruses, and other protozoa such as

Giardia.

Chapter 3 is organized into sections that describe the various issues to be considered in
the design and implementation of a challenge test. Furthermore, it presents the various aspects
of challenge testing in order from the planning and design phase, through test implementation,
and finally to the analysis and interpretation of results.

This chapter is divided into the following sections:

Section 3.2:

Section 3.3:

Section 3.4:

Section 3.5:

Section 3.6:

Section 3.7:

Section 3.8:

Section 3.9:

Summary of Challenge Testing Requirements
This section summarizes the requirements for challenge testing under the
LT2ESWTR.

Test Organization Qualification
This section provides an overview of factors to consider when selecting an
organization for conducting a challenge test.

General Procedure for Developing a Challenge Test Protocol
This section describes the general procedures for developing a challenge
testing protocol that meets the requirements of the LT2ZESWTR.

Module Specifications
This section outlines the particular module specifications that are
important considerations in the development of a challenge test.

Non-Destructive Performance Testing

This section describes the important role of non-destructive performance
testing — a common quality control procedure used in the production of
membrane modules — in the challenge testing process.

Selection of Modules for Challenge Testing

This section discusses some considerations and two potential approaches
for both selecting particular modules for challenge testing and identifying
an appropriate number of modules to test.

Small-Scale Module Testing
This section describes some of the issues associated with testing small-
scale rather than full-scale modules.

Target Organisms and Challenge Particulates

This section discusses factors to consider in selecting a challenge
particulate for evaluating the removal efficiency of a membrane filtration
process, including attributes of potential surrogates for Cryptosporidium.
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Section 3.10:

Section 3.11:

Section 3.12:

Section 3.13:

Section 3.14:

Section 3.15:

Challenge Test Solutions
This section describes methods and procedures for preparing a challenge
test solution and for seeding challenge particulates into the solution.

Challenge Test Systems

This section provides some examples of typical challenge test apparatuses
used under different conditions, as well as the appropriate operational
parameters to use during the testing.

Sampling
This section describes aspects of sampling during a challenge test,

including sampling methods, sample port design and location, process
monitoring, and the development of a thorough sampling plan.

Analysis and Reporting of Challenge Test Results

This section discusses the calculation of removal efficiency based on the
results of challenge testing, as well as suggestions for statistical analyses
and the preparation of a summary report for State review.

Re-Testing of Modified Membrane Modules
This section provides guidance with respect to product modifications that
would warrant re-testing of a membrane filtration device.

Grandfathering Challenge Test Data From Previous Studies

This section discusses factors that should be considered when evaluating
data from previously conducted removal studies that may not meet all of
the specific requirements for challenge testing under the LT2ESWTR for
potential acceptance for satisfying the rule requirements.

3.2 Summary of Challenge Testing Requirements

The LT2ESWTR specifies the core requirements that a challenge test must meet in order
to demonstrate the removal efficiency of a membrane filtration system with respect to
Cryptosporidium. These requirements are summarized as follows:

o Full-Scale vs. Small-Scale Module Testing:

Challenge testing must be conducted on a full-scale membrane module identical in
material and construction to the membrane modules proposed for use in full-scale
treatment facilities. Alternatively, challenge testing may be conducted on a smaller
scale module that is identical in material and similar in construction to the full-scale
modules (40 CFR 141.719(b)(2)(1)).
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e Appropriate Challenge Particulates:
Challenge testing must be conducted using Cryptosporidium oocysts or a surrogate
that has been determined to be removed no more efficiently than Cryptosporidium
oocysts. The organism or surrogate used during challenge testing is referred to as the
challenge particulate. The concentration of the challenge particulate in both the feed
and the filtrate must be determined using a method capable of discretely quantifying
the specific challenge particulate used in the test; gross water quality measurements
such as turbidity or conductivity cannot be used for this purpose
(40 CFR 141.719(b)(2)(i1)).

¢ Challenge Particulate Concentrations:
The maximum allowable feed water concentration used during a challenge test is
based on the detection limit of the challenge particulate in the filtrate and must be
determined according to the following equation:

Maximum Feed Concentration = (3.16 x 106) x (Filtrate Detection Limit)

This expression allows for the demonstration of up to 6.5 log removal during
challenge testing if the challenge particulate is removed to the detection limit
(40 CFR 141.719(b)(2)(ii1)).

e Test Operating Conditions:
Challenge testing must be conducted under representative hydraulic conditions at the
maximum design flux and maximum design system recovery specified by the
membrane module manufacturer (40 CFR 141.719(b)(2)(iv)).

e Calculation of Removal Efficiency:
The removal efficiency of a membrane filtration process as determined from the
results of the challenge test is expressed in terms of a LRV according to the following
equation:

LRV =log(C,) —log(C,)

Where: LRV = logremoval value demonstrated during challenge testing
Cs =  feed concentration measured during challenge testing
(number or mass / volume)
(O = filtrate concentration measured during challenge testing

(number or mass / volume)

In order for this equation to be valid, equivalent units must be used for both the feed
and filtrate concentrations. If the challenge particulate is not detected in the filtrate,
then the term C, is set equal to the detection limit. A single LRV is calculated for
each module tested. The overall removal efficiency demonstrated during challenge
testing is referred to as LRV res. If fewer than 20 modules are tested, then LRV ¢_res
is assigned a value equal to the lowest of the representative LRVs among the various
modules tested. If 20 or more modules are tested, then LRV ¢ ey is assigned a value

Membrane Filtration Guidance Manual 3-4 November 2005



Chapter 3 — Challenge Testing

equal to the 10" percentile of the representative LRVs among the various modules, as
defined by [i/(n+1)], where “i” is the rank of “n” individual data points ordered from
lowest to highest. It may be necessary to calculate the 10" percentile using linear

interpolation (40 CFR 141.719(b)(2)(v), 40 CFR 141.719(b)(2)(v1)).

e Verifying Characteristic Removal Efficiency for Untested Modules:
Because the LT2ESWTR does not require that every membrane module be subject to
challenge testing, a non-destructive performance test (NDPT) (e.g., bubble point test,
diffusive airflow test, pressure or vacuum decay test, etc.) must be applied to each
production membrane module that did not undergo challenge testing in order to verify
Cryptosporidium removal efficiency. A quality control release value (QCRV) must
be established for the NDPT that is directly related to the removal efficiency of the
membrane filtration process as demonstrated during challenge testing. Membrane
modules that do not meet the established QCRYV are not eligible for the removal credit
demonstrated during challenge testing (40 CFR 141.719(b)(2)(vii)).

* Module Modifications:
Any significant modification to the membrane media (e.g., a change in the polymer
chemistry), hydraulic configuration (e.g., changing from suspension to deposition
mode), or any other modification that could potentially affect removal efficiency or
NDPT parameters would require additional challenge testing to both demonstrate the
removal efficiency of the modified module and define a new QCRYV for the NDPT
(40 CFR 141.719(b)(2)(viii)).

Beyond these core requirements, the rule provides substantial flexibility in the design of a
challenge test. Guidance for planning, designing, and implementing a challenge test, including
elaboration on the core requirements in the appropriate context, is provided in the subsequent
sections of this chapter.

3.3 Test Organization Qualification

The LT2ESWTR does not specify any requirements with respect to the qualifications of
an organization conducting a challenge test, as long as the test is performed according to the
criteria mandated under the rule (40 CFR 141.719(b)(2)). Each State has discretion in approving
the results from a challenge test conducted by any organization. However, since challenge
testing is intended to be product-specific, it is important that there be some consensus regarding
what constitutes an acceptable test. Thus, the guidance provided in this section is intended to
outline the skills and capabilities that a test organization should possess in order to produce
quality data.
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In general, to conduct a successful challenge test, the testing organization should
demonstrate effective knowledge of the following:

¢ The various membrane processes commonly used in drinking water treatment

® QOperation of membrane filtration equipment and related system processes, including
pretreatment, post-treatment, backwashing, chemical cleaning, and integrity testing

® Proper challenge particulate seeding and sampling techniques

® Analytical techniques for the enumeration of the challenge particulate used in the
challenge test, including analyses of microorganisms, inert particulate markers, or
molecular markers (as applicable)

¢ Adequate quality assurance (QA)/quality control (QC) procedures to ensure that data
quality objectives are achieved

¢ Basic statistical procedures that may be used in data analysis
e Preparation of reports for regulatory agencies

Historically, many utilities and States have used independent, third party organizations to
conduct verification testing (i.e., challenge testing) in order to ensure an unbiased evaluation of
the process. While there are advantages to this approach, a membrane manufacturer may have
the ability to conduct an acceptable challenge test if it can demonstrate that appropriate QA/QC
procedures are used.

3.4 General Procedure for Designing a Challenge Test Protocol

The core challenge test requirements of the LT2ZESWTR should be incorporated into a
detailed protocol for implementing the test that documents the necessary equipment, procedures,
and analyses. Due to the variety of membrane systems available from numerous suppliers, it is
not possible to develop a single comprehensive protocol. However, the following general list of
procedures describes the basic steps in the development of such a protocol.

1. Document basic membrane module specifications (as indicated in section 3.5),
including:

e Maximum design flux

®* Mode of operation
(i.e., inside-out or outside-in)

¢ Hydraulic configuration
(i.e., deposition or suspension)
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o Module dimensions and filtration area

e Operating constraints
(e.g., maximum feed pressure, temperature, pH range, oxidant tolerance, etc.)

e Backwash and chemical cleaning procedures

2. Document the manufacturer’s procedure for conducting non-destructive performance
testing and ensure that the associated QCRYV (i.e., the minimal result from the NDPT
that constitutes an acceptable product) is indicative of a NDPT resolution of 3 um in
order to demonstrate Cryptosporidium removal capability, as discussed in section 3.6.
If available, the statistical distribution of the NDPT results for the product line may
also be useful.

3. Determine the number of modules that will be evaluated during the challenge test and
the method or criteria that will be used to select specific modules for testing (see
section 3.7).

4. Determine whether or not small-scale module testing is an option (see section 3.8).

5. Identify the target organism or contaminant for the test. For the purposes of
compliance with the LT2ZESWTR, the target organism is Cryptosporidium (see
section 3.9).

6. Establish the target LRV for the challenge test. Because challenge testing is intended
to be product-specific under the LT2ESWTR, it is generally advantageous for a
manufacturer to set this target at the maximum LRV for which it is anticipated that
the system will qualify.

7. Select the challenge particulate to be used for testing. If it is not feasible or desirable
to use the target organism as the challenge particulate, it is necessary to identify an
acceptable surrogate that is removed on an equivalent or more conservative basis (see
section 3.9).

8. Select an analytical method that will be used to discretely quantify (i.e., enumerate)
the challenge particulate and collect information relevant to the methodology for use
in developing a sampling plan (see section 3.9). Determine the detection limit for the
challenge particulate in the filtrate based on the method capabilities and filtrate
sample volume.

9. Design the challenge test solution and establish the method for seeding the challenge
particulates into the solution (e.g., continuous or batch seeding) (see section 3.10).

10. Design and construct the testing apparatus, and select appropriate operational
parameters (see section 3.11).
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11. Develop a sampling and monitoring plan that specifies (as described in section 3.12):
¢ The number of feed and filtrate samples to be collected and analyzed
e The frequency of feed and filtrate sample collection
¢ The feed and filtrate sample volumes
e Procedures for sample collection

® Additional operating and water quality parameters to be monitored and associated
monitoring frequency

After completing the steps outlined above, the specific protocol for conducting challenge
testing should be documented and submitted for State approval, if required. Note that the
LT2ESWTR does not require that the challenge test protocol be reviewed or approved by
USEPA; however, each State may exercise its discretion regarding whether approval of the
protocol is required before results of the challenge testing are accepted in that State.

3.5 Module Specifications

Because there are significant differences in the numerous types of membrane modules
that are commercially available from various suppliers, it is important to document the
specifications of the module of interest prior to developing a product-specific challenge test.
Membrane equipment suppliers typically provide product specification sheets that contain
general information about a particular product line. These sheets are generally applicable to all
the modules in a particular product line and typically contain the following information:

e Membrane module (i.e., product) designation

® Type of membrane material

e Membrane pore size or molecular weight cutoff (MWCO) — both mean and maximum
values

e Feed side membrane filtration area within a module

® Module configuration
(e.g., hollow-fiber, spiral-wound, etc.)

e Module dimensions
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e Membrane media dimensions

— Hollow-fiber modules: inside and outside fiber diameters, membrane
thickness, fiber length, etc.

— Spiral-wound modules: sheet dimensions, sheet thickness, etc.

¢ Membrane media symmetry
(e.g., symmetric, asymmetric, composite, etc.)

e Maximum design flux
e Maximum feed and transmembrane pressure (TMP)

e Mode of operation
(i.e., inside-out or outside-in)

e Hydraulic configuration
(i.e., deposition or suspension)

e Operating constraints
(e.g., temperature limit, pH range, oxidant tolerance, etc.)

Although not all of the information listed above or provided with any particular product
specification sheet may be necessary for developing a challenge test, it is nevertheless prudent to
compile as much available information about the product as possible not only for its potential use
in challenge testing, but for long-term use during operation of the full-scale facility.

It is also common for manufacturers to supply data for each specific module produced.
Membrane module data sheets are applicable only to the particular module with the listed serial
number and typically contain the results from a manufacturer’s QC process. If available, it is
important that these data sheets be obtained for each module that is to undergo challenge testing,
since it is critical to document as much information about these particular modules as possible.
For reference, it may also be useful to document the QC procedures associated with the
production of modules to be used for challenge testing.

3.6 Non-Destructive Performance Testing

While challenge testing is used to establish the LRV of an integral module of a particular
product type, it does not necessarily guarantee that all such modules produced will achieve the
same level of performance due to variability in the manufacturing process. In order to address
this issue, a NDPT is applied to all subsequently manufactured modules that are not subject to
challenge testing to ensure that these modules comply with the minimum standards for
Cryptosporidium removal under the LT2ESWTR. A NDPT is a physical test applied to the
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membrane module with the objective of characterizing some aspect of process performance and
which does not alter or damage the membrane.

In order to be utilized in a membrane filtration system that is applied for the purpose of
receiving Cryptosporidium removal credit under the LT2ZESWTR, each module must pass a
NDPT that is consistent with the 3 wm resolution requirement of the rule. For example, one
commonly used type of NDPT is the bubble point test, which characterizes the largest pore (or
defect) in a membrane module. (Note that the “bubble point test” — in this context a type of
NDPT - is not the same as the “bubble test” — a diagnostic direct integrity test — described in
Chapter 4, although these two procedures are both based on the same principles of bubble point
theory, as described in Appendix B.) In a bubble point test, a pressure is applied to a fully-
wetted membrane module and gradually increased. The pressure at which water is first
evacuated from the pores represents the bubble point of the membrane associated with a
particular module. If the established bubble point of the membrane is sufficient to demonstrate
that there are no pores (or defects) larger than 3 um (as described in section 4.2.1.), then the
NDPT is consistent with resolution specified in the rule for the removal of Cryptosporidium.

The minimum passing test result for a NDPT is known as the quality control release
value (QCRYV). In the context of the LT2ESWTR, a test result that surpasses the QCRV
indicates both that a module can adequately remove Cryptosporidium and is sufficiently similar
in quality to the modules subjected to challenge testing to demonstrate the ability of the module
of interest (which would not have been subject to challenge testing) to achieve the same LRV.
After a group of modules has been subjected to challenge testing, the NDPT is applied to those
modules to determine an appropriate QCRYV associated with the removal efficiency observed
during the test. Subsequently, all modules that are not subjected to challenge testing must pass
the same NDPT by exceeding the established QCRYV applicable to Cryptosporidium removal
under the LT2ZESWTR. Modules that do not pass the NDPT at the QCRV would not be eligible
for Cryptosporidium removal credit under the rule and could not be used in any membrane
filtration systems applied for this purpose (40 CFR 141.719(b)(2)(vii)).

The LT2ESWTR does not specify a particular procedure for determining the QCRV from
the various modules that are subjected to challenge testing. Thus, the manufacturer or
independent testing organization may exercise its discretion in selecting an appropriate
methodology. The QCRYV may be selected as the average result among the various modules
tested, the most conservative result (to establish the most stringent QA/QC standards), or the
least conservative result (to maximize the number of modules eligible for removal credit under
the LT2ESWTR). Alternatively, a methodology similar to that required by the LT2ESWTR for
determining the overall removal efficiency based on the number of LRV observations could be
applied to the various NDPT results to yield an appropriate QCRV, as described in
section 3.13.1. The method of module selection for challenge testing, as discussed in section 3.7,
should also be considered when determining the QCRYV from the test data.

Note that the rule does not specify the manner in which the QCRYV is determined from the
challenge test data; however, the methodology must be acceptable to each State in which the
product line is applied for the purpose of receiving Cryptosporidium removal credit under the
LT2ESWTR. It is recommended that each module subjected to challenge testing also undergo
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subsequent non-destructive performance testing for the purpose of establishing a QCRV. The
manner in which the NDPT results are used to determine the QCRYV should reflect the manner in
which modules are selected, as well as the range of LRVs observed during the test. If modules
are selected in a conservative manner (see section 3.7), and if the range of LRVs observed during
challenge testing is small, the average of the respective NDPT results from the modules
subjected to challenge testing might be selected to represent the QCRV. However, if a statistical
distribution of modules is selected for challenge testing, or if the range of LRV's observed during
challenge testing is significant, a more conservative value is recommended for the QCRYV, such
as the minimum of the NDPT results observed among the tested modules.

Because it is common for manufacturers to conduct some type of NDPT on every module
as a routine component of their respective QA/QC programs, the NDPT requirements of the
LT2ESWTR simply ensure that the QCRV used by the manufacturer is sufficient to justify the
LRV for Cryptosporidium demonstrated via challenge testing. Note that because different
NDPTs may be used by the various membrane module manufacturers, the rule does not specify a
particular type of NDPT. However, the NDPT used must be consistent with the resolution
requirements of the LT2ESWTR in order for a module to be eligible for Cryptosporidium
removal credit.

3.7 Selection of Modules for Challenge Testing

The intent of challenge testing under the LT2ESWTR is to characterize the removal
efficiency of a specific membrane product without requiring challenge testing for all production
modules. In addition, the rule does not specify a particular number of modules that are required
to undergo challenge testing in order to demonstrate Cryptosporidium removal efficiency.
However, because it is important that manufacturing variability in the product line be considered
in the development of an appropriate challenge test, the number of modules subject to challenge
testing, as well as the particular modules chosen, should be carefully selected on a scientifically
defensible basis. Although manufacturers or independent testing organizations may develop any
number of different procedures for module selection, two common approaches are discussed in
this guidance as illustrative examples:

1. Selection of modules based on previously collected QC data for the product line

2. Random sampling of membrane modules from several manufactured lots according to
a statistical sample design

Use of the first approach listed above is predicated on the existence of significant QC
data for the product line accumulated over time by the manufacturer. Since manufacturers
typically conduct some kind of NDPT on all modules produced to ensure quality and
characterize the variability of a product line independent of the link established between non-
destructive performance testing and challenge testing under the LT2ZESWTR, such data should
generally be available. Because the modules subject to challenge testing will be subsequently re-
characterized with the NDPT to establish an acceptable QCRV required for all modules to be
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eligible for Cryptosporidium removal credit under the LT2ZESWTR, it may be most
advantageous for a manufacturer to select modules for challenge testing that are near the lower
end of the statistical distribution of acceptable (i.e., under the manufacturer’s in-house QC
procedures) NDPT results based on historical data. If these tested modules yield a QCRYV that is
consistent with the resolution requirement of the rule, then it is likely that the majority of
production modules will also meet the established QCRYV and thus be eligible for
Cryptosporidium removal credit. Using this approach, the number of modules selected for
challenge testing is generally at the discretion of the manufacturer or independent testing
organization.

If historical QC data for the product line is not available from the manufacturer, the
second approach listed above may represent an appropriate option. This method involves the
evaluation of a statistically significant random sample of modules from a number of production
lots. Because the modules at the lower end of the QC data are not artificially selected (as with
the first approach described above), it is likely that this method will result in a higher QCRV,
resulting in a somewhat higher rejection rate of modules eligible for Cryptosporidium removal
credit under the LT2ESWTR. The number of modules selected for challenge testing using this
approach will likely be dictated by the particular statistical sampling technique used.

Either of these two approaches or other rational approach developed by the manufacturer
or independent testing organization could be utilized to select modules for challenge testing.
Regardless of the method used, it is suggested that at least five (5) membrane modules from
different manufactured lots be evaluated during a challenge test.

3.8 Small-Scale Module Testing

The evaluation of small-scale (as opposed to full-scale) modules during a challenge test is
permitted under the LT2ZESWTR to allow for cases in which it may not be feasible or practical to
test a full-scale module (40 CFR 141.719(b)(2)(i)). For example, if it is desirable to conduct
challenge testing using the target organism (i.e., Cryptosporidium for the purposes of the
LT2ESWTR) rather than a surrogate, the use of a small-scale module may be the only
economically viable alternative.

All challenge testing requirements under the LT2ZESWTR (as well as the associated
guidance) are equally applicable to both full-scale and small-scale modules. Furthermore, any
small-scale module tested must be similar in design to the full-scale modules of the product of
interest such that it can be operated (and thus tested) under a hydraulic configuration and at a
maximum design flux and recovery that are representative of the full-scale modules. Simulating
the full-scale recovery and hydraulic configuration are important considerations for small-scale
challenge testing, since both of these parameters affect the concentration of suspended solids on
the feed side of the membrane. In addition, it is essential that any small-scale module used for
the purposes of challenge testing use membrane material that is identical to that utilized by the
full-scale modules.
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Although the decision to allow the use of small-scale module testing is left to the
discretion of the State, the option is permitted under the LT2ESWTR since it is considered a
valid approach for characterizing removal efficiencies. For the purposes of consistency, it is
recommended that manufacturers or independent testing agencies that opt to subject a product
line to challenge testing using small-scale modules utilize a protocol that has been accepted by a
wide range of stakeholders. Such a protocol has been developed for use under the National
Sanitation Foundation (NSF) Environmental Technology Verification (ETV) program.
Information about this protocol may be obtained by contacting the NSF at (800) 673-6275
(NSF 2005).

3.9 Target Organisms and Challenge Particulates

The purpose of a challenge test is to determine the removal efficiency of a membrane
module for one or more target organisms or pathogens. Challenge testing can be conducted
using either the target organism itself or an appropriate surrogate; the organism or surrogate used
in the test is referred to as the challenge particulate. The selection of a suitable challenge
particulate is critical to the design of a challenge test.

This section provides guidance for selecting an appropriate challenge particulate,
including the selection of a target organism for the test and characteristics of suitable surrogates
for the target organism. A more detailed discussion of particular surrogates for Cryptosporidium
is also provided.

3.9.1 Selecting a Target Organism

The target organism or pathogen of interest for the purposes of challenge testing is
selected based on the treatment objectives for the membrane filtration system. For example,
Cryptosporidium would be the target organism in a challenge test conducted to demonstrate the
ability of a membrane filtration system to comply with the treatment requirements of the
LT2ESWTR. However, in some cases it may be desirable to determine the removal efficiency of
a system for multiple target organisms. In such cases, the most conservative target organism
should be selected for the purpose of designing a challenge test. For example, if the challenge
test is designed to evaluate the removal efficiency of a system for both Cryptosporidium and
Giardia, then the smaller of these two pathogens should be used as the target organism.
Although the approximate size ranges for these two organisms overlap to some degree, as shown
in Table 3.1, Cryptosporidium has the smaller lower bound. Since membrane filtration is a
barrier technology based primarily on the principle of size exclusion, the removal efficiency for
the smallest organism of interest should be conservative for larger pathogens.
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Table 3.1 Potential Target Organisms for Challenge Testing

Target Organism Size(ﬂF,{;l)nge
Enteric viruses 0.03-0.1
Fecal coliform 1-4

Cryptosporidium 3-7
Giardia 7-15

3.9.2 Surrogate Characteristics

Although use of the target organism as the challenge particulate offers the advantages of
directly measuring removal efficiency for the pathogen of interest and eliminates issues
regarding the appropriateness of a surrogate, it may not be practical or feasible as a result of
economic considerations or concerns about working directly with the pathogen. Thus, the use of
surrogates may be the most viable option for challenge testing. An ideal surrogate should have
characteristics that are likely to affect removal efficiency which are similar to those of the target
organism, while a conservative surrogate would have characteristics that may result in a lower
removal efficiency relative to the target organism. In general, it is necessary to use a
conservative surrogate unless there are data to support the use of an ideal surrogate.

As aresult of the cost and potential health concerns associated with conducting a
challenge test using Cryptosporidium oocysts, the LT2ZESWTR allows challenge testing to be
administered with a surrogate that has been verified to be removed no more efficiently than
Cryptosporidium oocysts (i.e., an ideal or conservative surrogate) (40 CFR 141.719(b)(2)(i1)).
The most direct means of demonstrating that a surrogate is ideal or conservative is through a
comparative test in which removal of the surrogate and the target organism(s) are evaluated side-
by-side. However, if the characteristics of a surrogate are sufficiently conservative, direct
verification may not be necessary. Key physical characteristics to consider when evaluating the
suitability of a surrogate for Cryptosporidium removal using membrane filtration include size,
shape, and surface charge. Other considerations include ease of use and measurement, as well as
cost. Each of these factors is discussed as follows.

Particle size and shape

The effective size of an appropriate surrogate should be equivalent to or smaller than the
lower bound of the size range of the target organism. Furthermore, the effective size of the
surrogate should be characterized using an upper bound of its size distribution such the 99™ or
99.9"™ percentile rather than the median. Ideally, a surrogate would have a relatively narrow size
distribution and a high uniformity coefficient. For example, the lower size range of
Cryptosporidium is approximately 3 wm, and thus a conservative surrogate might be one in
which 99 percent of particles have a diameter of 1 wm or less.
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Generally, it is desirable to use a surrogate that is the same shape as the target organism.
In the case of Cryptosporidium, an appropriate surrogate would have a spherical shape, although
in some cases a non-spherical surrogate might be considered. If a non-spherical surrogate is
used, it is recommended that the smallest dimension be considered as the effective size since
particles can interact with a membrane barrier at any orientation.

Another consideration is the surface structure of the proposed surrogate. A particle that
has a highly irregular surface structure may be removed more efficiently than a similarly sized
particle that has a smooth surface. While it may be difficult to completely characterize the
surface of a potential surrogate, those with rough surfaces that are known to exhibit a high
degree of adherence may be removed through mechanisms other than size exclusion, and thus
may not provide a conservative estimate of removal efficiency.

The manner in which the surrogate disperses in the challenge test solution has a
significant impact on the effective size and shape of the challenge particulate. Some may
agglomerate or become attached to other particles while in solution, which would yield larger
effective particle sizes. For example, organisms such as Staphylococci exist as clumps and
Streptococci exist as chains. In its aggregate form each of these organisms is too large to be
considered conservative surrogates for Cryptosporidium. Surface structure also impacts the
tendency of particles to agglomerate, and in general particles with a smooth surface are more
likely to be mono-dispersed in solution.

Particle surface charge

A conservative challenge particulate should have a neutral surface charge, since charged
particles may interact with other particles and surfaces, thus enhancing removal. The solution
pH can also affect the charge of some surrogates and thus should be considered in the
preparation of a test solution. If there is a concern regarding the charge of the surrogate such that
mechanisms of particle retention other than size exclusion may be responsible for surrogate
removal in a MF or UF system, a nonionic surfactant could be used in the challenge test solution
to significantly reduce the impact of charge-related removal mechanisms.

Ease of Use and Measurement

Although factors such as ease of handling and measurement are not critical to
determining the appropriateness of a surrogate, these nevertheless may be important factors to
consider. Handling the surrogate could expose personnel to the challenge particulate, and thus
the surrogate should be selected to minimize unacceptable risk to the technicians conducting the
test. The material should also be easy to work with and dose accurately since repeated tests may
be conducted in which reproducibility is desirable. Surrogates that could degrade during the test,
resulting in an inconsistent challenge concentration, should be avoided.

It is also desirable to use a surrogate that is easy to enumerate through established
analytical techniques. The LT2ESWTR requires that the concentration of challenge particulate

Membrane Filtration Guidance Manual 3-15 November 2005



Chapter 3 — Challenge Testing

be determined using a discrete measuring technique; gross measurements such as turbidity are
not acceptable (40 CFR 141.719(b)(2)(ii)). Particle counters may be appropriate for enumerating
challenge particulates in some circumstances. For example, because particle counters are
susceptible to coincidence errors and clogging at higher solution concentrations (as described in
section 5.3.3), these devices may not be as suitable for accurately enumerating challenge
particulates in the feed, which would exhibit a concentration several orders of magnitude (or
more) greater than that observed in the filtrate. It is important to note that particle counters used
to enumerate challenge particulates in a challenge test should be precisely calibrated for
detecting particles smaller than 3 pum in size.

Cost

The cost of seeding and analysis may preclude the use of some surrogates. Both the cost
of the surrogate itself and cost of the required analytical techniques should be considered, as well
as any other miscellaneous costs associated with the surrogate.

3.9.3 Surrogates for Cryptosporidium

In the absence of an acceptable surrogate, formalin- or heat-fixed Cryptosporidium
parvum could be used as the challenge particulate for compliance with the requirements of the
LT2ESWTR. However, the rule does permit surrogates for the purpose of challenge testing, and
several different surrogates have been successfully used in studies evaluating physical removal
of Cryptosporidium. There are three general classifications of surrogates: alternate
microorganisms, inert particles, and molecular markers. It is important to note that not all of
these classes of surrogates are appropriate for each type of membrane filtration system.
Generally, particulate surrogates such as alternate microorganisms and inert particles are
appropriate for MF, UF, and MCF systems, while molecular markers would not be removed by
these types of membranes. It may be necessary to use molecular makers with NF and RO
membrane systems that can remove dissolved substances and which are not designed to
accommodate large particulate concentrations. Each of these surrogate classes is discussed in
further detail in the following subsections. Some of the potential advantages and disadvantages
associated with each class are summarized in Table 3.2.
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Table 3.2 Comparative Summary of Cryptosporidium and Potential Surrogates

Challenge . .
Particulate Size Range Advantages Disadvantages
Cryptosporidium 3-7um ¢ No verification of ¢ High cost
parvum H surrogate required ¢ Difficult to measure
Alternate 001 -1 um L Difficult to handle
microorganisms ' H y Potential clumping
e Accepted use
* Moderate cost Difficult to measure
Inert particles <1um e High uniformity

e Easytouse

accurately

Molecular markers

< 100,000 Daltons

e Low cost
e Easy to measure

Inappropriate for
some applications

3.9.3.1

Alternate Microorganisms

Microorganisms other than the target can be used as surrogates for the purposes of
challenge testing for MF, UF, and MCF systems. Numerous organisms that have a history of use
in filter evaluation studies are smaller than 1 pm (when mono-dispersed in solution), and these
could be considered conservative surrogates for Cryptosporidium. A number of these organisms,
including both bacteria and viruses, along with appropriate enumeration methods, are listed in
Table 3.3. Table 3.3 also includes common surrogates for Giardia and enteric viruses. S.
marcessans and P. dimunita have been widely used as surrogates within the membrane filtration
industry, and the use of MS2 bacteriophage has generally been accepted as a surrogate for enteric
viruses, since it is similar in size and shape to the poliovirus and hepatitis virus.
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