ENHANCED STABILITY FILTER INTEGRITY TEST

This application claims priority of U.S. Provisional Application
Serial No. 62/257,830 filed on November 20, 2015, the disclosure

of which is incorporated herein by reference in its entirety.

FIELD OF THE DISCLOSURE

The present disclosure dJenerally relates to a method for
integrity testing filters, such as liquid sterilizing grade
filters.

BACKGROUND

High purity filtration of aqueous media, such as in the fields
of biotechnology, chemistry, electronics, pharmaceuticals, and the
food and beverage industries requires the use of sophisticated
filter modules that are not only capable of a high degree of
separation, but that will tend to prevent contamination of the
environment, of the medium to be filtered, and of the resulting
filtrate. This is designed to prevent unwanted, often dangerous
organisms, such as bacteria or viruses, as well as environmental
contaminants, such as dust, dirt, and the like from entering into
the process stream and end product. To ensure that the sterility
and/or retention capability of the porous material responsible for
the filtration i1s not compromised, integrity testing is a

fundamental requirement of critical process filtration



applications. For example, FDA guidelines recommend integrity
testing of filter modules prior to use and after filtration.
Typically this testing is 1nitially performed after steam
sterilization to ensure that the filter 1s not damaged;
accordingly, care must be taken to ensure that sterility of the
filter, and thus the filtrate, 1s not compromised. Post-
processing, the filter integrity test is performed again in situ
to detect whether the filter was compromised during use. This
information can be used to alert operators to a potential problem
immediately after processing, and to quickly take corrective
action. Further, FDA guidelines require that integrity testing
documentation be included with batch product records.

There are a variety of methods of integrity testing to detect
the presence of oversized pores or defects that can compromise the
retention capability of porous materials, including the particle
challenge test, the liquid-liquid porometry test, the diffusion
test, the bubble point test, the gas-liquid diffusion test and
diffusion tests measuring tracer components. Some of these tests,
such as the particle challenge test, are destructive and therefore
cannot be used as a pre-use test. Gas-liquid diffusion tests often
lack sensitivity for detecting small defects, due to the inherent
background noise in these tests. Liquid-liquid porometry and

bubble point tests are useful for ensuring that a membrane with



the proper nominal pore size is installed, but lack sensitivity
for identifying small numbers of small defects.

Also known in the art is the binary gas test, where two gases
of differing permeabilities are driven through the liquid layer of
a wetted filter. This test allows for improved defect detection
sensitivity compared to the single gas diffusion test and other
integrity tests. A sweep flow of the binary gas pair on the
upstream side of the membrane to maintain a constant composition
on the upstream (inlet) side of the filter is used. A pressure
differential between the upstream and downstream side of the filter
is established by elevating the pressure of the inlet gas. The
concentration of the gases on the downstream (permeate) side of
the filter (enriched in the faster permeating gas) 1is then
measured, and this measured value is compared to a known expected
value from an integral filter. A deviation from the expected value
is indicative of a defect in the filter being tested.

The binary gas test typically uses CO, and C,Fs as the binary
gas palr and water as the wetting ligquid. The use of CO; 1is
advantageous in that it is highly permeable in water, resulting in
a high flow rate through the wetted filter and a rapid measurement
of the permeate concentration. However, CO; is costly, particularly
in a binary gas mixture with the preferred gas pair C,Fs.
Furthermore, the use of this binary gas pair is undesirable in

view of the greenhouse gas implications, since the permeate and



sweep gases are emitted or must be captured to prevent emission to
the ambient air.

Other binary gas pairs, such as 0, and N,, also have been
used. This pair is convenient in that they are present in air, is
low cost and is environmentally friendly. At room temperature,
oxygen permeates through water about twice as fast as nitrogen.
However, the permeability of oxygen in water is about 30 times
slower than carbon dioxide, adding to the time necessary to
complete the test in comparison to when CO, is one of the binary
gases.

The low permeate flow rate with air means that an extended
time is required to flush the volume downstream of the filter and
the volume up to and including the volume in the gas composition
analyzer. Flushing 1is required to ensure that the measured
composition is not compromised by mixing with any gas existing in
the downstream volume prior to the start of the test. The long
test time is in itself problematic but also introduces a secondary
problem in that the liguid contained in the filter will tend to
dry out due to liquid evaporation from both the upstream and
downstream sides of the filter. If the pores dry out, the test can
no longer be performed.

In light of the above, a need exists for an integrity test
method for filters that allows for the use of relatively slow

permeate gas pairs, but does not require excessive test times and



minimizes or eliminates the risk that the filter will dry out

during the test.

SUMMARY

The problems of the prior art are addressed by the embodiments
disclosed herein, which include a method of integrity testing
porous materials that is non-destructive to the material being
tested. In certain embodiments, the method includes humidifying
the inlet gas stream to minimize or prevent the porous material
from drying out. In certain embodiments, the inlet gas stream
includes at 1least two gases, wherein one of the gases has a

different permeability than the other in the liquid (e.g., water)

used to wet the porous material. In certain embodiments, the at
least two gases include oxygen and nitrogen. In certain
embodiments, the inlet gas stream is air. In certain embodiments,

the permeate gas stream is subjected to a driving force such as
reduced pressure to increase the flow of gases and reduce test
time. In some embodiments, multiple porous materials can be
integrity tested at the same time, such as by manifolding a
plurality of them together. The integrity test is capable of
detecting the presence of oversized pores or defects that can
compromise the retention capability of the porous material. In
certain embodiments, the porous material is a sterilizing grade

filter.



In some embodiments, a system for integrity testing a porous
material is provided, the system comprising a gas stream source
comprising at least first and second gases humidified with a
wetting liquid at or near the saturation vapor pressure of the
wetting liquid; a housing comprising a porous material wetted with
a wetting ligquid, the porous material having a first and second
surface, the housing being in fluid communication with the gas
stream source; a vacuum pump or the like in communication with the
housing; and an analyzer for measuring the concentration of at
least one of the first and second gases in a permeate stream
exiting the second surface of the porous material.

In certain embodiments, the integrity test is rapid,
sensitive, non-destructive, inexpensive, not deleterious to the
environment, and easy to carry out. It provides a reliable
assessment of the integrity of the porous material or element,
while maintaining a highly stable integrity signal, and enabling
the use of low permeability but otherwise very convenient and low

cost gases in conjunction with a sensitive binary gas test method.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present disclosure,
reference 1s made to the accompanying drawings, which are

incorporated herein by reference and in which:



FIG. 1 is a schematic diagram of an integrity test arrangement
in accordance with the prior art;

FIG. 2 1is a graph of percent oxygen permeation vs. time in
accordance with the prior art;

FIG. 3 is a schematic diagram of an integrity test arrangement
in accordance with certain embodiments;

FIG. 4 is a graph of percent oxygen permeation vs. time in
accordance with certain embodiments;

FIG. 5 is a schematic diagram of an integrity test arrangement
in accordance with certain embodiments;

FIG. 6 is a graph of percent oxygen permeation vs. time in
accordance with certain embodiments; and

FIG. 7 is a schematic diagram of an integrity test arrangement

for multiple filters in accordance with certain embodiments.

DETAILED DESCRIPTION

Before describing the embodiments in further detail, a number

- Ca e o o \
of Terms will be defined.
Th = o s 3 Ty oy 3 - + - ‘5 T s —~ T S AL AN w7 3 N Y o £
As used herein, the singular forms a”, an”, and the

il

include, plural referents unless the context clearly dictates

D

otherwise,

(

ey R N sy o =1
The eXpression inTedradl

as used herein when referring to

porous materials such as a porous single layer or porous membrane,



cus multilayers, or
noen~defective porous ma

poxrous
porous wmenmbrane, porous
membranes

means a ds

ective p
of defects in a porous
imited to

layer

non—-integral

material

such

or

poxrous membranes S leans a
or as used herein when
3

membrane

single layer or

TLUXre

83}

111t

7 N
Y

of porous
Non-iimiting examplies

lude, bhut are not

pores, 1lmproper bonding (e.g., dela:

Oor separation) etween a plurality of porous layvers o©r membranss

tThat are bonded together to form a multilaver element, and defec

on the porous laver or porous membrans

he expression porous material’”, as used herein, nay

include but 1s not iimited to, one or more
sheets, rods, di;

filtration media,

MY

tai

on ners,
colunns, chigps, beads, plates,
combinatic

ons Tthereof. The porous
spirally wound, and combinaticns
layered or

>

mul memnbrane
symmetric or asymmetric The

Doxr
k)
i

OIS
TOUS

1—\/-
1nd

ers

cass

IR o =]
monoliths,

=rLEaLS
haereof
nere0L.
.
P
agevice.

materis

Tt

L.

The

nay

COl

arn inlet and an outlet
r filtration of unwanted materials including
as 1nfectious organisms and viruses, as well
toxins and poellutants. The porous materizl

D28

porous membranes,
;, TfTilter elements,
ettes

artridges,

fibers, and

cated, flat,
may be a

membrane ma Y

ke

be contained

A

in
It may

be used

taminants

such
N

environmental

any



suitable material, inciuding, but net Jlimited ftTo polyether
suifone, polyamide, e.Y., nylon, cellulose,

polytetrafiuoroethylene, polysulfone, polyvester, polyvinylidene

fluoride, polypropylene, a fluorocarbon, e.q. poly
(tetraflucrecelthylene~co-periluoro{alkyl vinyl ether)), poly

carbonate, polvethylene, glass fiber, poliycarbonate, ceramic, and

Embodiments disclosed herein include a method for integrity
testing porous materials, including porcus single laver materials,
porous materials having a muiti-lavered configuration, porous
membranes and filters. The porous material may be in a housing
providing a feed or inlet side and a permeate or outlet side. In
certain embodiments, a plurality of gases, such as a low-cost
binary gas pair, such as oxygen and nitrogen, available via
compressed air, are used as the inlet gas to perform the test. 1In
certain embodiments, the porous material is wetted (i.e., the pores
in the material are filled) with a ligquid, such as water, and a
first surface of the wetted porous material to be tested is
contacted, under pressure, with the humidified gas. In certain
embodiments, the identity of the liquid used to humidify the gas
is the same as the liquid used to wet the porous material. The
concentration of at least one of the gases near a second surface
of the porous material (e.g., 1in a permeate stream of the porous

material) is measured. In some embodiments, the measured



concentration 1s compared to a predetermined concentration to
determine i1f the porous material is integral or non-integral. In
some embodiments, the predetermined concentration is the
concentration expected from an integral porous material or device.
In certain embodiments, a vacuum is applied to the permeate stream
to accelerate the flushing of the downstream volume of the device
containing the porous material. Suitable wvacuum levels include
any downstream pressure below atmospheric. In certain embodiments,
a downstream pressure between about 1 psia and 5 psia is suitable.

Suitable amounts of each gas are not particularly limited.
The gases should have different permeation rates through the liquid
used to wet the porous material. The ratio of faster permeating
gas to slower permeating gas in the gas mixture is influenced by
a number of factors, including the ease of composition measurement,
gas flow rate through the membrane, and economic considerations.
In the case of air, the composition is fixed by ambient conditions.
The composition of air on a dry basis 1s 20.95% 0,, 78.09% N,
0.93% Ar, 0.04% CO,, and trace levels of other gases.

The predetermined concentration may be the concentration of
gas calculated to diffuse through an integral (i.e., non-
defective), wetted porous material at a given temperature and
pressure, or may be an actual concentration of gas that diffused
through an integral wetted porous material at a given temperature

and pressure.
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analyzer. Alternatively or in addition, more than one gas analyzer

Suitable temperatures for carrying out fthe integrity test

o~ A P - 40 deme e - e s R Sl i, [ N S P PR Y

range from about 47C to about 407°C, preferably beltween about 22~
oa [ T : L - N e T e “ oy T e s o . i -, 1. "
24°C, Sultable feed pressures range from about 15 psia toe about

100 psia, preferably about 40-70 psia.

FIG. 1 illustrates a conventional experimental setup to carry
out an integrity test that does not include humidification of the
inlet gas stream. Thus, compressed air 12 from a suitable source
is introduced into the inlet side or upstream side of a filter 15
contained in a housing. A pressure regulator 13 1is used to
regulate the pressure of the compressed air, and is measured with
a pressure transducer 14. A flow meter 16 is in communication with
the outlet of the upstream side of the filter as shown. An oxygen
analyzer 17 is in fluid communication with the permeate outlet of
the filter 15. In certain embodiments, a desiccant 18 may be
provided upstream of the oxygen analyzer 17 to remove moisture
from the fluid stream prior to the stream entering the oxygen
analyzer 17.

FIG. 2 shows a plot of permeate side oxygen concentration as
a function of test time for two water wetted virus membrane filter
devices (Magnus 2.1, commercially available from EMD Millipore
Corporation), one integral and one containing a controlled 5 um

defect that was created by laser drilling a hole through the
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membrane layers. Since 0, permeates through water at about twice
the rate of N, the permeate stream will be enriched in 0, compared
to the approximately 21% wvalue in atmospheric air. For example,
with an air feed at 21% oxygen, the permeate will have an oxygen
concentration of about 31% at the conditions listed in FIG 2.
Leakage of oxygen into the 31% oxygen permeate stream will be
indicative of a defect.

Air was used as the inlet composition, at a feed pressure of
50 psig and a temperature of 22-24°C. The permeate pressure was 0
psig, and the sweep ratio (the flow rate of retentate (non-
permeate) gas to the flow rate of permeate gas) was 500. As seen
in FIG. 2, the measured concentration initially rises with time as
the pre-existing atmospheric air is flushed out in the volume
between the downstream side of the filter 15 and the oxygen
analyzer 17. After about 50-60 minutes of testing, the defective
device can Dbe differentiated from the integral device. The
defective device displays a lower permeate 0O, concentration, due
to the leak of inlet air (approximately 21% 0,) through the defect
and 1into the 0., enriched permeate stream. Continued testing
eventually causes the ligquid contained in the membrane pores to
evaporate, allowing inlet air to leak into the permeate stream.
This leak decreases the 0, permeate concentration, an effect that
cannot be distinguished from the effect of a leak resulting from

a true defect, and could lead to a false positive (integral device
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identified as defective) test result. The eventual drying of the
filter leaves an uncertain time window to assess filter integrity
and risks an inaccurate result i1f the assessment is made too soon
or too late. The relatively long test time also is considered to
be a drawback, as commonly used integrity tests for virus membrane
filters typically can be completed in 30 minutes or less.

FIG. 3 illustrates a testing setup in accordance with certain
embodiments. To prevent premature drying of the porous material,
the inlet gas is humidified, such as with a suitable humidifier
19. In the embodiment shown, the humidifier is a pressure pot
containing water, but those skilled in the art will appreciate
that other devices capable of promoting the transfer of a liquid
into a gas so that the liquid is at or near its saturated wvapor
pressure are within the scope of the embodiments disclosed herein.

In certain embodiments, the humidity is between about 50 and just

below 100% (100%  humidity risks condensation) . In some
embodiments, the humidity is between about 90 and 99%. By

humidifying the inlet gas, such as to a near 100% humidity level
entering the porous material, the driving force for evaporation of
moisture 1into the sweep stream 1n the porous material 1is
essentially eliminated. The conditions of the test were the same
as in FIG. 3, and the data from FIG. 3 is repeated in FIG. 4 for
comparison. As seen in FIG. 4, the humidified inlet air allows

for a practically indefinite higher stable integrity test signal.
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This allows for far more reliable differentiation between integral
and non-integral devices.

In order to accelerate the flushing of the downstream volume,
in certain embodiments a driving force such as a wvacuum can be
applied to the downstream side of the porous material as
illustrated in FIG. 5. Accordingly, 1in certain embodiments, a
vacuum pump 25 is placed in fluid communication with the permeate
stream, upstream of the oxygen analyzer 17. Suitable pressures in
the permeate stream, due to the presence of the wvacuum pump 25,
are between about 1-15 psia. At lower pressure, velocity increases
for the same mass flow rate, thereby reducing flush time which
leads directly to a reduced test time. FIG. 6 shows that applying
a vacuum to the permeate stream (permeate pressure 2 psia) greatly
reduces test time (time at which a defective device can be
differentiated from an integral device) compared to the permeate
stream at atmospheric pressure. Preferably the test time 1is as
short as possible. A humidified inlet stream maintains a stable
signal with the vacuum permeate operation as well. It should be
noted that the pressure differential across the porous material
was maintained at 50 psi for both the atmospheric and vacuum assist
(52 psia feed pressure, 2 psia permeate pressure) conditions, so
the diffusive flow rate across the membrane was about the same for
both sets of conditions. The higher pressure ratio (ratio of inlet

pressure to permeate pressure) at the vacuum assist conditions
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resulted in a significantly higher permeate 0, concentration. The
higher integral permeate stream O, concentration 1is an added
benefit of the vacuum assist condition since the test can be more
sensitive to leaks.

In accordance with certain embodiments, multiple filter
devices can be manifolded together and the permeate streams can be
sampled sequentially, as exemplified in FIG. 7. In the embodiment
shown, there are three filters 15a, 15b and 15c, although fewer or
more could be manifolded. A common inlet feed 12’ may feed the
humidified binary gas to each of the filters 15a, 15b, 1b5c. The
permeate streams from each filter 15a, 15b, 15c¢c may be sent to
suitable wvalving 30 which samples the permeate concentrations
sequentially, selectively sending each stream to the oxygen
analyzer 17. Thus, the downstream volumes of each filter are
flushed simultaneously, and after flushing, a sample of each
permeate stream may be quickly obtained. If the use of vacuum is
desired in this embodiment, separate vacuum pumps can be provided
for each filter.

Since multiple filters are equilibrating simultaneously, the
average test time for each filter is reduced. For example, 1if 60
minutes is required for the permeate concentration exiting a device
to reach a steady state wvalue, then 1f five devices are
equilibrated simultaneously, and 10 minutes are needed to sample

each device, then with a single oxygen analyzer, 110 minutes would

le



be needed to test the five devices, or an average of 22 minutes
per device, compared to 70 minutes per device 1f tested
sequentially as single devices. This embodiment relies on
maintaining a stable permeate concentration for an extended period
of time (no drying of the porous material), which is assured only
with a humidified inlet stream.

The present disclosure is not to be limited in scope by the
specific embodiments described herein. Indeed, other wvarious
embodiments of and modifications to the present disclosure, in
addition to those described herein, will be apparent to those of
ordinary skill in the art from the foregoing description and
accompanying drawings. Thus, such other embodiments and
modifications are intended to fall within the scope of the present
disclosure. Furthermore, although the present disclosure has been
described herein in the context of a particular implementation in
a particular environment for a particular purpose, those of
ordinary skill in the art will recognize that its usefulness is
not limited thereto and that the present disclosure may be
beneficially implemented in any number of environments for any
number of purposes. Accordingly, the claims set forth below should
be construed in view of the full breadth and spirit of the present

disclosure as described herein.
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What is claimed is:

1. A method of integrity testing a porous material, comprising:
providing a porous material suitable for filtration to
5 be tested, said porous material having a first surface and a
second surface;
wetting said porous material with a wetting liquid;
providing a gas stream comprising at least first and
second gases humidified with said wetting liquid below the
10 saturation vapor pressure of said wetting liquid and wherein
said humidified gas stream has a humidity of 50-99%;
applying a vacuum to the permeate stream exiting said
second surface of said porous material;
introducing said gas stream to said Tirst surface of
15 said porous material;
causing said first and second gases to flow through said
porous material;
measuring the concentration of at least one of said first
and second gases in the permeate stream exiting said second
20 surface of said porous material; and
comparing the measured concentration to a predetermined

concentration;
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wherein a difference between said measured concentration
and said predetermined concentration is indicative of said

porous material being non-integral.

. The method of claim 1, wherein said humidified gas stream

has a humidity of 90-99%.

. The method of claim 1, wherein said first gas iIs oxygen and

said second gas is nitrogen.

. The method of claim 1, wherein said first gas is oxygen, and

wherein said concentration of one of said gases iIs measured

with an oxygen analyzer.

. The method of claim 1, wherein said wetting liquid comprises

water.

. The method of claim 1, wherein said porous material 1Is a

sterilizing grade filter.

. The method of claim 1, wherein said porous material comprises

a membrane.
A method of iIntegrity testing a filter, comprising:
providing a plurality of porous materials suitable for
filtration to be tested, each said porous material having a
first surface and a second surface;
wetting each said porous material with a wetting liquid;
providing a gas stream comprising at least first and

second gases humidified with said wetting liquid below the
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saturation vapor pressure of said wetting liquid and wherein
said humidified gas stream has a humidity of 50-99%;

applying a vacuum to the permeate stream exiting said
second surface of said porous material;

introducing said gas stream to each said first surface
of each porous material;

causing said First and second gases to flow through each
said porous material;

sequentially or selectively measuring via a single
analyzer the concentration of at least one of said first and
second gases In the permeate stream of each said porous
material; and

comparing each measured concentration to a
predetermined concentration;

wherein a difference between each said measured
concentration and saild predetermined concentration 1is

indicative of each said porous material being non-integral.

9. The method of claim 8, wherein said humidified gas stream

has a humidity of 90-99%.

10.The method of claim 8, wherein said first gas i1Is oxygen and

saild second gas i1s nitrogen.

11.A system for integrity testing a porous material suitable

for filtration, comprising:
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a gas stream source comprising at least first and second gases
humidified with a wetting liquid below the saturation vapor
pressure of said wetting liquid and wherein said humidified gas
stream has a humidity of 90-99%;

a housing comprising a porous material wetted with a wetting
liquid, said porous material having a first and second surface,

said housing being in fluid communication with said gas stream
source;

a vacuum pump In communication with said housing; and

an analyzer configured to measure the concentration of at

least one of said first and second gases in a permeate stream
exiting said second surface of said porous material.

12. The system of claim 11, wherein said first gas is oxygen
and said second gas 1s nitrogen.

13.The system of claim 11, wherein said analyzer iIs an oxygen
analyzer.

14_The system of claim 11, wherein said wetting liquid comprises

water.
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