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(57) ABSTRACT

Disclosed are tangential flow filtration (TFF) systems and
methods. A system generally includes a TFF module, a
control unit and one or more process-control components. In
some cases, a system also includes a feed module. The
control unit is electrically connected to the one or more
process-control components and is configured to control the
process of separation using the one or more process-control
components. The systems and methods can maintain con-
stant permeate flow rates to improve the predictability or
consistence of the process, automatically switch membranes

(51) Int.CL in case of membrane fouling, automatically promote mem-
BOID 61/12 (2006.01) brane recovery, and/or permit operation of TFF systems in
BOID 61/22 (2006.01) parallel with other processes in a manufacturing production.
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Obtain a flow rate at a permeate outlet of the TFF module.

+ /-—604

Conirol the backpressure regulator based on the obtained flow rate to adjust a
transmembrane pressure (TMP) of the TFF module, thereby maintaining a
substantially constant flowrateflow rate at the permeate outlet of the TFF module.

l

l

| 1 T
| Raise the set point in response to a decrease of the obtained flow rate. | ‘

vV - - - 777 |
Iy - - - - - - - === """ =7=—====== L
|| Lower the set point in response to an increase of the obtained flow rate. | |
| T T —T——— T, -

Gt e Gt Mt G S St MM G M G MG GG MM SSRGS GG MM MM M GG MMM SRR A S S

_____________ Y e

| Control valve(s) to allow the feed stream to selectively flow through a first set of TFF |
| units of the TFF module, wherein the control of the backpressure regulator adjusts
|the TMP of the first set of TFF units.

Fig. 6
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200 902
Obtain a first pressure, a second pressure or pressures, and a third pressure.
,,,,,,,,,,,,,,,,,,,,,,,,, -
| A first set of TFF units is being used for separation. |
: “““““““““““““““““““““““ - |
| I The first set of TFF units consist of a single TFF unit. ||
e e ot e e o oo o oo e oo e o oo s
I
|
| o T T T e e e e e e - |
| The first set of TFF units includes two or more TFF units. |
.- _
l “““““““““““““““““““““““““ -1
The first pressure is measured at the feed inlet of the TFF module.
I
_________________________ -
IThe second pressure is measured at the retentate outlet of the TFF module or |
| at the retentate outlet of each TFF unit in the first set of TFF units. |
e e e o e o o o ot o e e oo e o e e oo e e e
I “““““““““““““““““““““““““ "
ll’he third pressure is measured at the permeate outlet of the TFF module. |

Caiculate the TMP of the first set of TFF units based on the first, second and third

pressures.
* /- 918

Determine whether the TMP of the first set of TFF units exceeds a predetermined
value.

Fig. 9A
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Control, if it is determined that the TMP of the first set of TFF units exceeds the
predetermined value, the at least one corresponding valve of each of the plurality of
TFF units to stop passing the feed stream 1o the first set of TFF units and to aliow
the feed stream to flow through a second set of TFF units in the plurality of TFF
units.
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| Control the backpressure regulator based on the flow rate measured by the first |
I sensor to adjust a TMP of the first or second set of TFF units, thereby maintaining a |
| substantially constant flow rate at the permeate line of the TFF module. |

Fig. 9B
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Fig. 10

Exemplary TFF Membrane Switch based on TMP
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1202
e

Control the valve coupled with the outlet of a feed unit and the valve coupled
with the outlet of a buffer module to draw either a feed stream or a buffer stream
and flow it through the TFF module. 1204

;.The feed stream and the buffer stream are drawn alternately.

|
| o v e o o o o o v v v o e o e oo o oo - |
|
|
|

| | The feed stream is flowed through the TFF module for a first time |
| period and the buffer stream is flowed through the TFF module for a
lEecond time period. l

! _____________________ -d

- 1208
,,,,,,,,,,,,,,,,,,,,,, ol

’The feed stream is flowed through the TFF module at a first rate and the
buffer stream is flowed through the TFF module at a secand rate.

Fig. 12
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Determine whether an amount of a fluid contained in a first feed unit is below a
predetermined amount.

* /—1404

Control, if it is determined that the amount of the fluid contained in the first feed unit
is below the predetermined amount, the plurality of corresponding valves of the first
feed unit and a second feed unit to draw the feed stream from the second feed unit.

1406
e "' _________ C___

Control, if it is determined that the amount of the fluid contained in the first feed unit 1
' is below the predetermined amount, the plurality of corresponding valves of the first
| and second feed units to flush the first feed unit with a buffer stream from the buffer |

[ T T T e e e Y S A M SO OGS MO LRGSO MO A M A Ot

| is below the predetermined amount, the plurality of corresponding valves of the first
and second feed units to replenish the first feed unit with a feed fluid from the source |
module. |

Fig. 14
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TANGENTIAL FLOW FILTRATION
SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] The present application claims priority to U.S.
Provisional Patent Application No. 63/429,259 for filed Dec.
1, 2022. The disclosure of the application is incorporated
herein for all purposes by reference in its entirety.

TECHNICAL FIELD

[0002] The present invention generally relates to systems
and methods for separation and/or purification of substances
by tangential flow membrane filtration.

BACKGROUND

[0003] Tangential flow filtration (TFF) is a separation
process that uses membranes to separate components in a
solution based on the size, molecular weight or other dif-
ferences. It has become essential to the separation and
purification of target substances, such as proteins or other
macromolecules, in the pharmaceutical, vaccine production,
alternative protein, and biotechnology industries.

[0004] However, conventional TFF systems and methods
are typically designed to maintain a constant transmembrane
pressure (TMP) throughout the process. As the membrane
fouls, the same TMP will result in lower permeate flow rates.
Given this change in flow rate, it is hard to predict how long
a process will take, or whether the flow rate will be sufficient
to complete the task. Moreover, in conventional TFF opera-
tions, an entire batch is usually processed through the
membrane at once. After processing, the membrane is either
discarded or put through an extensive cleaning process,
making it impossible to process multiple batches in an
automated manner. Further, membrane fouling can occur
within a single batch, requiring immediate replacement or
cleaning of the membrane and thus causing interruption of
the process. In addition, biopharmaceuticals and vaccines
are commonly produced using a series of operations and the
filtration is only one operation in the series. A feed (i.c., the
fluid containing the target substances) is generally produced
by other systems and periodically transferred to TFF sys-
tems for separation and/or purification. In many cases,
operation of TFF systems would be interrupted by this feed
transfer.

[0005] Hence, there is a need for TFF systems and meth-
ods that address the above mentioned issues.

SUMMARY

[0006] Embodiments of the present invention utilize a TFF
module, a control unit, one or more process-control com-
ponents (e.g., regulator, valve, pump, or sensor), and in some
cases a feed module, that may be operated to improve the
predictability and/or consistency of the process, to automate
switching of membranes in case of membrane fouling, to
promote membrane recovery in an automated manner, to
permit operation of TFF systems in parallel with feed
generation without interruption by the feed transfer, or any
combination thereof.

[0007] In a first aspect, the present invention provides a
system including a TFF module, a backpressure regulator, a
first sensor and a control unit. The TFF module includes a
feed inlet, a retentate outlet, and a permeate outlet. The feed

Nov. 23,2023

inlet of the TFF module is fluidly connected to an outlet of
a first feed unit to receive a feed stream, and the permeate
outlet of the TFF module is fluidly connected to a permeate
collection module. The backpressure regulator has an inlet
fluidly connected to the retentate outlet of the TFF module,
and an outlet fluidly connected to an inlet of the first feed
unit. The first sensor is configured to measure a flow rate at
the permeate outlet of the TFF module. The control unit is
electrically connected to the backpressure regulator and the
first sensor, and configured to control the backpressure
regulator based on the flow rate measured by the first sensor.
The control of the backpressure regulator adjusts a trans-
membrane pressure (TMP) of the TFF module, thereby
maintaining a first substantially constant flow rate at the
permeate outlet of the TFF module.

[0008] In some embodiments, the control of the backpres-
sure regulator increases a pressure at the retentate outlet of
the TFF module in response to a decrease of the flow rate
measured by the first sensor, or decreases the pressure at the
retentate outlet of the TFF module in response to an increase
of the flow rate measured by the first sensor. In some
embodiments, the control of the backpressure regulator
includes altering a set point of the backpressure regulator
based on the flow rate measured by the first sensor. In an
embodiment, the altering of the set point of the backpressure
regulator includes raising the set point in response to the
decrease of the flow rate measured by the first sensor, and
lowering the set point in response to the increase of the flow
rate measured by the first sensor.

[0009] In an embodiment, the TFF module consists of a
single TFF unit.

[0010] In some embodiments, the TFF module includes a
plurality of TFF units arranged fluidly in parallel. Each
respective TFF unit in the plurality of TFF units includes a
corresponding individual feed inlet, a corresponding indi-
vidual retentate outlet, a corresponding individual permeate
outlet, and at least one corresponding valve. The corre-
sponding individual feed inlet is fluidly connected to the
feed inlet of the TFF module, the corresponding individual
retentate outlet is fluidly connected to the retentate outlet of
the TFF module, and the corresponding individual permeate
outlet is fluidly connected to the permeate outlet of the TFF
module. The at least one corresponding valve includes a
corresponding first valve coupled with the corresponding
individual feed inlet. The control unit is electrically con-
nected to the at least one corresponding valve of each of the
plurality of TFF units, and configured to control the at least
one corresponding valve of each of the plurality of TFF units
to allow the feed stream to selectively flow through a first set
of TFF units in the plurality of TFF units. In addition, the
control of the backpressure regulator adjusts the TMP of the
first set of TFF units.

[0011] In some embodiments, the plurality of TFF units
includes two, three, four, five, six, seven, eight, nine, ten or
more than ten TFF units.

[0012] Insome embodiments, for each respective TFF unit
in the plurality of TFF units, the at least one corresponding
valve further includes a corresponding second valve coupled
with the corresponding individual retentate outlet, a corre-
sponding third valve coupled with the corresponding indi-
vidual permeate outlet, or both.

[0013] In an embodiment, the first set of TFF units con-
sists of a single TFF unit to filter the feed stream. In another
embodiment, the first set of TFF units includes two or more
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TFF units, each to filter a portion of the feed stream. In a
further embodiment, the first set of TFF units consists of all
of the plurality of TFF units.

[0014] In some embodiments, the system further includes
a second sensor, a plurality of third sensors and a fourth
sensor. The second sensor is configured to measure a first
pressure at the feed inlet of the TFF module. Each of the
plurality of third sensors is configured to measure a corre-
sponding second pressure at a corresponding retentate outlet
of a corresponding TFF unit in the plurality of TFF units of
the TFF module. The fourth sensor is configured to measure
a third pressure at the permeate outlet of the TFF module.
The control unit is electrically connected to the second, third
and fourth sensor, and is further configured to (i) calculate
the TMP of the first set of TFF units based on the measured
first pressure, the measured second pressure at the retentate
outlet of each TFF unit in the first set of TFF units and the
measured third pressures, (ii) determine whether the TMP of
the first set of TFF units exceeds a predetermined value, and
(iii) control, if it is determined that the TMP of the first set
of TFF units exceeds the predetermined value, the at least
one corresponding valve of each of the plurality of TFF units
to stop passing the feed stream to the first set of TFF units
and to allow the feed stream to flow through a second set of
TFF units in the plurality of TFF units. In an embodiment,
a pressure at the retentate outlet of the TFF module is
obtained by averaging the second pressures measured at the
retentate outlet of each TFF unit in the first set of TFF units.
[0015] In some embodiments, the system further includes
a second sensor, a third sensor and a fourth sensor. The
second sensor is configured to measure a first pressure at the
feed inlet of the TFF module, the third sensor is configured
to measure a second pressure at the retentate outlet of the
TFF module, and the fourth sensor is configured to measure
a third pressure at the permeate outlet of the TFF module.
The control unit is electrically connected to the second, third
and fourth sensors, and is further configured to (i) calculate
the TMP of the first set of TFF units based on the first,
second and third pressures measured by the second, third
and fourth sensors, (ii) determine whether the TMP of the
first set of TFF units exceeds a predetermined value, and (iii)
control, if it is determined that the TMP of the first set of TFF
units exceeds the predetermined value, the at least one
corresponding valve of each of the plurality of TFF units to
stop passing the feed stream to the first set of TFF units and
to allow the feed stream to flow through a second set of TFF
units in the plurality of TFF units.

[0016] In an embodiment, the control unit is further con-
figured to control the backpressure regulator based on the
flow rate measured by the first sensor to adjust a TMP of the
second set of TFF units, thereby maintaining a second
substantially constant flow rate at the permeate line of the
TFF module.

[0017] In an embodiment, the second set of TFF units
consists of a single TFF unit to filter the feed stream. In
another embodiment, the second set of TFF units includes
two or more TFF units, each to filter a portion of the feed
stream.

[0018] In some embodiments, the feed inlet of the TFF
module is fluidly connected to the outlet of the first feed unit
through a fourth valve, and fluidly connected to an outlet of
a buffer module through a fifth valve. The control unit is
electrically connected to the fourth valve and the fifth valve
and is further configured to control the fourth valve and the
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fifth valve to draw either the feed stream from the first feed
unit or a buffer stream from the buffer module for flowing
through the TFF module. In an embodiment, the feed stream
and the buffer stream are drawn alternately.

[0019] In some embodiments, the system includes a plu-
rality of feed units, and the plurality of feed units includes
the first feed unit and a second feed unit. Each respective
feed unit in the first and second feed units includes corre-
sponding fourth, fifth, sixth, seventh and eighth valves, the
corresponding fourth valve connecting a corresponding indi-
vidual outlet of the respective feed unit with the feed inlet of
the TFF module, the corresponding sixth valve connecting a
corresponding individual inlet of the respective feed unit
with a source module, the corresponding seventh valve
connecting the corresponding individual inlet of the respec-
tive feed unit with a buffer module, the corresponding eighth
valve connecting the corresponding individual inlet of the
respective feed unit with the outlet of the backpressure
regulator, and the corresponding fifth sensor configured to
measure an amount of a fluid contained in the respective
feed unit. The control unit is electrically connected to the
corresponding fourth, sixth, seventh and eighth valves and
the corresponding fitth sensor of each of the first and second
feed units, and configured to (i) determine whether the
amount of the fluid contained in the first feed unit is below
a predetermined amount, and (ii) control, if it is determined
that the amount of the fluid contained in the first feed unit is
below the predetermined amount, the corresponding fourth,
sixth, seventh and eighth valves of each of the first and
second feed units to draw the feed stream from the second
feed unit in the plurality of feed units.

[0020] In some embodiments, the control unit is further
configured to (iii) control, if it is determined that the amount
of the fluid contained in the first feed unit is below the
predetermined amount, the corresponding fourth, sixth, sev-
enth and eighth valves of each of the first and second feed
units to flush the first feed unit with a buffer stream from the
buffer module. In some embodiments, the control unit is
further configured to (iv) control, if it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the corresponding fourth, sixth,
seventh and eighth valves of each of the first and second feed
units to replenish the first feed unit with a feed fluid from the
source module.

[0021] In a second aspect, the present invention provides
a system including a TFF module, a second sensor, a third
sensor, a fourth sensor and a control unit. The TFF module
includes a feed inlet, a retentate outlet, a permeate outlet and
a plurality of TFF units. The feed inlet of the TFF module
is fluidly connected to an outlet of a first feed unit to receive
a feed stream, the retentate outlet of the TFF module is
fluidly connected to an inlet of the first feed unit, and the
permeate outlet of the TFF module is fluidly connected to a
permeate collection module. The plurality of TFF units
arranged is arranged fluidly in parallel. Each respective TFF
unit in the plurality of TFF units includes a corresponding
individual feed inlet fluidly connected to the feed inlet of the
TFF module, a corresponding individual retentate outlet
fluidly connected to the retentate outlet of the TFF module,
and a corresponding individual permeate outlet fluidly con-
nected to the permeate outlet of the TFF module. Each
respective TFF unit in the plurality of TFF units also
includes at least one corresponding valve, and the at least
one corresponding valve includes a corresponding first valve
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coupled with the corresponding individual feed inlet. The
second sensor is configured to measure a first pressure at the
feed inlet of the TFF module, the third sensor is configured
to measure a second pressure at the retentate outlet of the
TFF module, and the fourth sensor is configured to measure
a third pressure at the permeate outlet of the TFF module.
The control unit is electrically connected to the at least one
corresponding valve of each of the plurality of TFF units and
the second, third and fourth sensors. When the feed stream
is flowing through a first set of TFF units in the plurality of
TFF units, and the control unit is configured to (i) calculate
a TAP of the first set of TFF units based on the first, second
and third pressures measured by the second, third and fourth
sensors, (ii) determine whether the TAP of the first set of
TFF units exceeds a predetermined value, and (iii) control,
if it is determined that the TMP of the first set of TFF units
exceeds the predetermined value, the at least one corre-
sponding valve of each of the plurality of TFF units to stop
passing the feed stream to the first set of TFF units and to
allow the feed stream to flow through a second set of TFF
units in the plurality of TFF units.

[0022] In an embodiment, the first or second set of TFF
units consists of a single TFF unit to filter the feed stream.
In another embodiment, the first or second set of TFF units
includes two or more TFF units, each to filter a portion of the
feed stream.

[0023] In a third aspect, the present invention provides a
system including a TFF module and a control unit. The TFF
module includes a feed inlet, a retentate outlet and a per-
meate outlet. The feed inlet of the TFF module is fluidly
connected to an outlet of a first feed unit through a fourth
valve to receive a feed stream, and fluidly connected to an
outlet of a buffer module through a fifth valve to receive a
buffer stream. The retentate outlet of the TFF module is
fluidly connected to an inlet of the first feed unit, and the
permeate outlet of the TFF module is fluidly connected to a
permeate collection module. The control unit is electrically
connected to the fourth valve and the fifth valve and is
configured to control the fourth valve and the fifth valve to
draw either the feed stream from the first feed unit or the
buffer stream from the buffer module for flowing through the
TFF module.

[0024] In some embodiments, the feed stream and the
buffer stream are drawn alternately. In an embodiment, the
feed stream is flowed through the TFF module for a first time
period and the buffer stream is flowed through the TFF
module for a second time period. The first and second time
periods may or may not be the same. In some embodiments,
the feed stream is flowed through the TFF module at a first
rate and the buffer stream is flowed through the TFF module
at a second rate. The first and second rates may or may not
be the same.

[0025] In a fourth aspect, the present invention provides a
system including a plurality of feed units and a control unit.
The plurality of feed units includes a first feed unit and a
second feed unit. Each respective feed unit in the first and
second feed units includes corresponding fourth, fifth, sixth,
seventh, and eighth valves, with the corresponding fourth
valve connecting a corresponding individual outlet of the
respective feed unit with a feed inlet of a tangential flow
filtration (TFF) module, the corresponding sixth valve con-
necting a corresponding individual inlet of the respective
feed unit with a source module, the corresponding seventh
valve connecting the corresponding individual inlet of the
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respective feed unit with a buffer module, the corresponding
eighth valve connecting the corresponding individual inlet
of the respective feed unit with a retentate outlet of the TFF
module, and the corresponding fifth sensor configured to
measure an amount of a fluid contained in the respective
feed unit. The control unit is electrically connected to the
corresponding fourth, sixth, seventh and eighth valves and
the corresponding fitth sensor of each of the first and second
feed units. When the first feed unit is supplying the feed
stream to the TFF module, and the control unit is configured
to (i) determine whether the amount of the fluid contained in
the first feed unit is below a predetermined amount, and (ii)
control, if it is determined that the amount of the fluid
contained in the first feed unit is below the predetermined
amount, the corresponding fourth, sixth, seventh and eighth
valves of each of the first and second feed units to draw the
feed stream from the second feed unit in the plurality of feed
units.

[0026] In some embodiments, the control unit is further
configured to (iii) control, if it is determined that the amount
of the fluid contained in the first feed unit is below the
predetermined amount, the corresponding fourth, sixth, sev-
enth and eighth valves of each of the first and second feed
units to flush the first feed unit with a buffer stream from the
buffer module. In some embodiments, the control unit is
further configured to (iv) control, if it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the corresponding fourth, sixth,
seventh and eighth valves of each of the first and second feed
units to replenish the first feed unit with a feed fluid from the
source module.

[0027] In a fifth aspect, the present invention provides a
method for controlling a system where the system includes
a TFF module having a feed inlet fluidly connected to an
outlet of a first feed unit to receive a feed stream and a
retentate outlet fluidly connected to an inlet of a backpres-
sure regulator. The method includes (A) obtaining a flow
rate at a permeate outlet of the TFF module, and (B)
controlling the backpressure regulator based on the obtained
flow rate to adjust a transmembrane pressure (TMP) of the
TFF module, thereby maintaining a substantially constant
flow rate at the permeate outlet of the TFF module. In some
embodiments, the control (B) of the backpressure regulator
includes (B1) altering a set point of the backpressure regu-
lator based on the obtained flow rate. In an embodiment, the
altering (B1) of the set point of the backpressure regulator
includes raising the set point in response to a decrease of the
obtained flow rate, and lowering the set point in response to
an increase of the obtained flow rate.

[0028] In some embodiments where the TFF module
includes a plurality of TFF units arranged fluidly in parallel
and each respective TFF unit in the plurality of TFF units
includes at least one corresponding valve, the method
includes (C) controlling the at least one corresponding valve
of each of the plurality of TFF units to allow the feed stream
to selectively flow through a first set of TFF units in the
plurality of TFF units, and the control (B) of the backpres-
sure regulator adjusts the TMP of the first set of TFF units.
[0029] In some embodiments, the method includes (D)
obtaining a first pressure at the feed inlet of the TFF module,
a second pressure at the retentate outlet of the TFF module,
and a third pressure at the permeate outlet of the TFF
module, (E) calculating the TMP of the first set of TFF units
based on the first, second and third pressures, (F) determin-
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ing whether the TMP of the first set of TFF units exceeds a
predetermined value, and (G) controlling, if it is determined
that the TMP of the first set of TFF units exceeds the
predetermined value, the at least one corresponding valve of
each of the plurality of TFF units to stop passing the feed
stream to the first set of TFF units and to allow the feed
stream to flow through a second set of TFF units in the
plurality of TFF units.

[0030] In some embodiments where the feed inlet of the
TFF module is fluidly connected to the outlet of the first feed
unit through a fourth valve, and fluidly connected to an
outlet of a buffer module through a fifth valve, the method
includes (H) controlling the fourth valve and the fifth valve
to draw either the feed stream from the first feed unit or a
buffer stream from the buffer module for flowing through the
TFF module.

[0031] In some embodiments where the TFF module is
fluidly connected to a plurality of feed units, the plurality of
feed units including the first feed unit and a second feed unit,
and each respective feed unit in the first and second feed
units is fluidly connected to the TFF module, a source
module and a buffer module through a plurality of corre-
sponding valves, the method include (I) determining
whether an amount of a fluid contained in the first feed unit
is below a predetermined amount, and (J) controlling, if it is
determined that the amount of the fluid contained in the first
feed unit is below the predetermined amount, the plurality of
corresponding valves of each of the first and second feed
units to draw the feed stream from the second feed unit in the
plurality of feed units. In some embodiments, the method
further include (K) controlling, if it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the plurality of corresponding
valves of each of the first and second feed units to flush the
first feed unit with a buffer stream from the buffer module.
In some embodiments, the method further include (L) con-
trolling, if it is determined that the amount of the fluid
contained in the first feed unit is below the predetermined
amount, the plurality of corresponding valves of each of the
first and second feed units to replenish the first feed unit with
a feed fluid from the source module.

[0032] In a sixth aspect, the present invention provides a
method for controlling a system where the system includes
a TFF module having a plurality of TFF units arranged
fluidly in parallel, each respective TFF unit in the plurality
of TFF units includes at least one corresponding valve, a
feed inlet of the TFF module is fluidly connected to an outlet
of a first feed unit to receive a feed stream that is flowing
through a first set of TFF units in the plurality of TFF units.
The method include (A) obtaining a first pressure at the feed
inlet of the TFF module, a second pressure at a retentate
outlet of the TFF module, and a third pressure at a permeate
outlet of the TFF module, (B) calculating the TMP of the
first set of TFF units based on the first, second and third
pressures, (C) determining whether the TMP of the first set
of TFF units exceeds a predetermined value, and (D) con-
trolling, if it is determined that the TMP of the first set of
TFF units exceeds the predetermined value, the at least one
corresponding valve of each of the plurality of TFF units to
stop passing the feed stream to the first set of TFF units and
to allow the feed stream to flow through a second set of TFF
units in the plurality of TFF units.

[0033] In a seventh aspect, the present invention provides
a method for controlling a system where the system includes
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a TFF module having a feed inlet fluidly connected to an
outlet of a first feed unit through a fourth valve to receive a
feed stream and fluidly connected to an outlet of a buffer
module through a fifth valve to receive a buffer stream. The
method includes controlling the fourth valve and the fifth
valve to draw either the feed stream from the first feed unit
or the buffer stream from the buffer module for flowing
through the TFF module.

[0034] In an eight aspect, the present invention provides a
method for controlling a system where the system includes
a plurality of feed units having a first feed unit and a second
unit, each respective feed unit in the first and second feed
units is fluidly connected to a TFF module, a source module
and a buffer module through a plurality of corresponding
valves, and the first feed unit is supplying a feed stream to
the TFF module. The method includes (A) determining
whether an amount of a fluid contained in the first feed unit
is below a predetermined amount, and (B) controlling, if it
is determined that the amount of the fluid contained in the
first feed unit is below the predetermined amount, the
plurality of corresponding valves of each of the first and
second feed units to draw the feed stream from a second feed
unit in the first and second feed units. In some embodiments,
the method further includes (C) controlling, if it is deter-
mined that the amount of the fluid contained in the first feed
unit is below the predetermined amount, the plurality of
corresponding valves of each of the first and second feed
units to flush the first feed unit with a buffer stream from the
buffer module. In some embodiments, the method further
includes (D) controlling, if it is determined that the amount
of the fluid contained in the first feed unit is below the
predetermined amount, the plurality of corresponding valves
of'each of the first and second feed units to replenish the first
feed unit with a feed fluid from the source module.

[0035] The systems and methods of the present disclosure
have other features and advantages that will be apparent
from, or are set forth in more detail in, the accompanying
drawings, which are incorporated herein, and the following
Detailed Description, which together serve to explain certain
principles of exemplary embodiments of the present disclo-
sure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] The foregoing summary, as well as the following
detailed description of exemplary embodiments, will be
better understood when read in conjunction with the
appended drawings of exemplary embodiments. It should be
understood, however, that the invention is not limited to the
precise arrangements and instrumentalities shown.

[0037]

[0038] FIG. 1 is a block diagram illustrating a tangential
flow filtration (TFF) system in accordance with some exem-
plary embodiments of the present invention;

[0039] FIGS. 2A and 2B are block diagrams illustrating
exemplary TFF modules in accordance with some exem-
plary embodiments of the present invention;

[0040] FIGS. 3A and 3B are block diagrams illustrating
exemplary feed modules in accordance with some exem-
plary embodiments of the present invention;

[0041] FIG. 4 is a block diagram illustrating an exemplary
control unit in accordance with some exemplary embodi-
ments of the present invention;

In the drawings:
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[0042] FIG. 5 is a block diagram illustrating a first exem-
plary TFF system in accordance with some exemplary
embodiments of the present invention;

[0043] FIG. 6 is a flowchart illustrating a first exemplary
method, in which the preferred parts of the method are
shown in solid line boxes whereas additional, optional, or
alterative parts of the method are shown in dashed line
boxes, in accordance with some exemplary embodiments of
the present invention;

[0044] FIG. 7 is a graph showing some experimental
results in accordance with some exemplary embodiments of
the present invention;

[0045] FIG. 8 is a block diagram illustrating a second
exemplary TFF system in accordance with some exemplary
embodiments of the present invention;

[0046] FIGS. 9A and 9B are flowcharts collectively illus-
trating a second exemplary method, in which the preferred
parts of the method are shown in solid line boxes whereas
additional, optional, or alterative parts of the method are
shown in dashed line boxes, in accordance with some
exemplary embodiments of the present invention;

[0047] FIG. 10 is a graph showing some experimental
results in accordance with some exemplary embodiments of
the present invention;

[0048] FIG. 11 is a block diagram illustrating a third
exemplary TFF system in accordance with some exemplary
embodiments of the present invention;

[0049] FIG. 12 is a flowchart illustrating a third exemplary
method, in which the preferred parts of the method are
shown in solid line boxes whereas additional, optional, or
alterative parts of the method are shown in dashed line
boxes, in accordance with some exemplary embodiments of
the present invention;

[0050] FIG. 13 is a block diagram illustrating a fourth
exemplary TFF system in accordance with some exemplary
embodiments of the present invention;

[0051] FIG. 14 is a flowchart illustrating a fourth exem-
plary method, in which the preferred parts of the method are
shown in solid line boxes whereas additional, optional, or
alterative parts of the method are shown in dashed line
boxes, in accordance with some exemplary embodiments of
the present invention; and

[0052] FIG. 15 is a block diagram illustrating a fourth
exemplary TFF system in accordance with some exemplary
embodiments of the present invention.

DETAILED DESCRIPTION

Introduction and Definition

[0053] The present invention is directed to systems and
methods for separation and/or purification of substances by
tangential flow membrane filtration. A system of the present
invention generally includes a tangential flow filtration
(TFF) module and a control unit. The TFF module includes
one or more TFF units and is configured for separating a feed
stream into a retentate stream and a permeate stream. The
control unit is configured to monitor and/or control the
process of separation. In some embodiments, additionally or
optionally, a system of the present invention includes a feed
module having one or more feed units (e.g., container,
vessel, tank, bag) to provide a feed stream to the TFF
module. In some embodiments, a system of the present
invention is fluidly connected to one or more external
modules such as a source module, a buffer module or both,
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and configured to draw a fluid (e.g., a feed or buffer fluid)
from the one or more external modules when desired.

[0054] In various embodiments, the process of separation
is controlled to (i) maintain a substantially constant perme-
ate flow rate so that process timings are more predictable
and/or more consistent, (ii) automatically switch to other
TFF unit(s) if the current TFF unit(s) is fouled so that the
process can be continued without interruption, (iii) initiate a
buffer stream to the TFF module to promote membrane
recovery so that a TFF unit (e.g., 2 membrane of the TFF
unit) can be used for more than one batch, (iv) automatically
switch and replenish feed units so that the process of feed
separation can be operated in parallel (e.g., concurrently or
overlapping) with a process of feed generation (e.g., a
process occurred in the source module) regardless of their
cyclic frequencies, or (v) any combination thereof.

[0055] Before the invention is described in greater detail,
it is to be understood that the invention is not limited to
particular embodiments described herein as such embodi-
ments may vary. It is also to be understood that the termi-
nology used herein is for the purpose of describing particular
embodiments only, and the terminology is not intended to be
limiting. The scope of the invention will be limited only by
the appended claims. Unless defined otherwise, all technical
and scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. Where a range of values is
provided, it is understood that each intervening value, to the
tenth of the unit of the lower limit unless the context clearly
dictates otherwise, between the upper and lower limit of that
range and any other stated or intervening value in that stated
range, is encompassed within the invention. The upper and
lower limits of these smaller ranges may independently be
included in the smaller ranges and are also encompassed
within the invention, subject to any specifically excluded
limit in the stated range. Where the stated range includes one
or both of the limits, ranges excluding either or both of those
included limits are also included in the invention.

[0056] Itis noted that the claims may be drafted to exclude
any optional element. As such, this statement is intended to
serve as antecedent basis for use of such exclusive termi-
nology as “solely,” “only,” and the like in connection with
the recitation of claim elements, or use of a “negative”
limitation. As will be apparent to those of skill in the art
upon reading this disclosure, each of the individual embodi-
ments described and illustrated herein has discrete compo-
nents and features which may be readily separated from or
combined with the features of any of the other several
embodiments without departing from the scope or spirit of
the invention. Any recited method may be carried out in the
order of events recited or in any other order that is logically

possible.
[0057] As used in the description of the implementations
and the appended claims, the singular forms “a”, “an” and
“the” are intended to include the plural forms as well, unless
the context clearly indicates otherwise. It will be understood
that, although the terms “first,” “second,” etc. may be used
herein to describe various elements, these elements should
not be limited by these terms. These terms are only used to
distinguish one element from another. For example, a first
element could be termed a second element, and, similarly, a
second element could be termed a first element, without
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changing the meaning of the description, so long as the “first
element” and the “second element” are renamed consis-
tently.

[0058] The term “and/or” as used herein refers to and
encompasses any and all possible combinations of one or
more of the associated listed items. It will be further
understood that the terms “comprises” and/or “comprising,”
when used in this specification, specify the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,
elements, components, and/or groups thereof.

[0059] The term “about” or “approximately” is used
herein to provide literal support for the exact number that it
precedes, as well as a number that is near to or approxi-
mately the number that the term precedes. In determining
whether a number is near to or approximately a specifically
recited number, the near or approximating unrecited number
may be a number, which, in the context in which it is
presented, provides the substantial equivalent of the specifi-
cally recited number. It should be appreciated that all
numerical values and ranges disclosed herein are approxi-
mate values and ranges, whether “about” is used in con-
junction therewith. It should also be appreciated that the
term “about,” as used herein, in conjunction with a numeral
refers to a value that may be x0.01% (inclusive), +0.1%
(inclusive), +0.5% (inclusive), 1% (inclusive) of that
numeral, +2% (inclusive) of that numeral, £3% (inclusive)
of that numeral, £5% (inclusive) of that numeral, +10%
(inclusive) of that numeral, or +15% (inclusive) of that
numeral. It should further be appreciated that when a
numerical range is disclosed herein, any numerical value
falling within the range is also specifically disclosed.
[0060] The term “if” used herein is, optionally, construed
to mean “when” or “upon” or “in response to determining”
or “in response to detecting” or “in accordance with a
determination that,” depending on the context. Similarly, the
phrase “if it is determined” or “if [a stated condition or
event] is detected” used herein is, optionally, construed to
mean “upon determining” or “in response to determining” or
“upon detecting [the stated condition or event|” or “in
response to detecting [the stated condition or event]” or “in
accordance with a determination that [a stated condition or
event] is detected,” depending on the context.

[0061] When a reference number is given an “i”*” deno-
tation, the reference number refers to a generic component,
set, or embodiment. For instance, a “unit i” refers to the i
unit in a plurality of units.

[0062] The term “tangential flow filtration unit” or “TFF
unit” used herein refers to a unit that includes a filtration
membrane for separating components in a liquid solution or
suspension on the basis of size, molecular weight or other
differences. In particular, the term “tangential flow filtration
unit” or “TFF unit” used herein refers to a unit where when
a feed stream passes parallel to the filtration membrane, a
portion of the feed stream passes through the filtration
membrane (permeate) while a portion of the feed stream
retained by the filtration membrane (retentate). A TFF unit
has a feed inlet, a retentate outlet and a permeate outlet.
Examples of filtration membranes include, but are not lim-
ited to, ultrafiltration (UF) membranes, microfiltration (MF)
membranes, reverse osmosis (RO) membranes and nanofil-
tration (NF) membranes. The UF membranes refer to mem-
branes that have pore sizes in the range of between about 1
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nanometer to about 100 nanometers. The MF membranes
refer to membranes that have pore sizes in the range between
about 0.1 micrometers to about 10 micrometers.

[0063] The term “tangential flow filtration module” or
“TFF module” used herein refers to a module that includes
one or more TFF units. In embodiments where the TFF
module consists of a single TFF unit, the TFF module is the
TFF unit, or can be used interchangeably with the TFF unit.
In embodiments where the TFF module includes a plurality
of TFF units, the TFF units in the TFF module are fluidly
connected to each other in parallel. That is, the feed inlets of
the TFF units are fluidly connected to each other and
collectively define an feed inlet of the TFF module, the
retentate outlets of the TFF units are fluidly connected to
each other and collectively define a retentate outlet of the
TFF module, and the permeate outlets of the TFF units are
fluidly connected to each other and collectively define a
permeate outlet of the TFF module. The TFF units of a TFF
module can be, but do not necessarily have to be, identical.
For instance, two different TFF units in the same TFF
module can have the same configuration (e.g., size, shape,
membrane type) or different configurations.

[0064] The term “feed” or “feed fluid” used herein refers
to a solution with one or more compounds of interest.
Examples of a compound of interest include, but are not
limited to proteins, salts, chemicals, or other pharmaceutical
ingredients.

[0065] The term “feed stream” used herein refers to the
feed or feed fluid that is delivered or to be delivered to a TFF
module for filtration or separation. Delivery of a feed stream
can be continuously, intermittently, as a batch, or the like.

[0066] The terms “filtration” and “separation” used herein
generally refer to the act of using a membrane or membranes
to separate a feed stream into a permeate stream and a
retentate stream.

[0067] The terms “permeate” and “permeate stream” used
herein refer to the portion of the solution that has permeated
through a membrane or membranes.

[0068] The terms “retentate” and “retentate stream” used
herein refer to the portion of the solution that has been
retained by a membrane or membranes. The retentate or the
retentate stream is enriched in a retained species.

[0069] The term “feed unit” used herein refers to a unit
(e.g., container, vessel, tank, bag or the like) configured to
hold a certain amount of a fluid that needs to be fed to a
filtration module (e.g., a TFF module) for separation. A feed
unit includes an inlet and an outlet.

[0070] The term “feed module” used herein refers to a
module that includes one or more feed units. In embodi-
ments where the feed module consists of a single feed unit,
the feed module is the feed unit, or can be used interchange-
ably with the feed unit. In embodiments where the feed
module includes multiple feed units, the feed units can be,
but do not necessarily have to be, identical. For instance, two
different feed units in the same feed module can have the
same configuration (e.g., size, shape, type) or different
configurations.

[0071] The term “fluidly connected” used herein refers to
two or more components (e.g., a TFF unit and a feed unit,
two or more TFF units, feed inlets of two or more TFF units,
etc.) connected by one or more conduits such that a fluid can
flow from one component to another. The fluidic connection
between two components can be direct, i.e., there is no other
component between the two components except the conduit
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(s) that connects the two components. The fluidic connection
between two components can also be indirect, i.e., there is
at least one component between the two components in
addition to the conduit(s) that connects the two components.
For instance, in some embodiments, a feed inlet of a TFF
unit is fluidly connected to an outlet of a feed unit, with a
pump and at least one valve disposed in the flow path
between the feed inlet of the TFF unit and the outlet of the
feed unit. In some embodiment, an retentate outlet of a TFF
module is fluidly connected to an inlet of a feed module,
with a backpressure regulator disposed in the flow path
between the TFF module and the feed module.

[0072] The term ‘“electrically connected” used herein
refers to two or more components (e.g., a control unit and a
sensor) connected by wire or wireless (e.g., using a cable or
a network) such that electrical signals can flow from one
component to another.

[0073] The term “transmembrane pressure of a TFF unit”
or “TMP of a TFF unit” used herein refers to the difference
in pressure between two sides of a membrane of the TFF
unit. It is the force that drives the permeate stream through
the membrane and can be calculated by determining the
difference from the average feed pressure and the permeate
pressure using equation (1):

Pr+P,
2

Pryp =

In equation (1), P, represents the transmembrane pressure
of the TFF unit, P, represents the pressure of the feed stream
at the feed inlet of the TFF unit, P, represents the pressure
of the retentate stream at the retentate outlet of the TFF unit,
and P, represents the pressure of the permeate stream at the
permeate stream of the TFF unit.

[0074] The term “transmembrane pressure of a TFF mod-
ule” or “TMP of a TFF module” used herein refers to the
pressure difference calculated using equation (2):

Pry+Pr,
Pryp = ) - /p'

In equation (2), P';,,, represents the transmembrane pres-
sure of the TFF module, P', represents the pressure of the
feed stream at the feed inlet of the TFF module, P', repre-
sents the pressure of the retentate stream at the retentate
outlet of the TFF module, and P',, represents the pressure of
the permeate stream at the permeate stream of the TFF
module. In embodiments where the TFF module consists of
a single TFF unit, the TMP of the TFF module is generally
the same as the TMP of the TFF unit. In embodiments where
the TFF module includes a plurality of TFF units, the TMP
of the TFF module may or may not be the same as each of
the plurality of TFF units, due to the use of valves and/or
other components.

[0075] The term “batch” used herein refers to a certain
amount of the feed fluid that needs to be fed to the TFF
module for separation or a certain period of time during
which a feed stream is continuously fed to the TFF module
for separation.
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Overview of the Systems and Methods

[0076] FIG. 1 illustrates an exemplary system, generally
designated 100, in accordance with some exemplary
embodiments of the present invention. The system 100
includes a tangential flow filtration (TFF) module 110, a
control unit 130, and in some cases, a feed module 120. The
TFF module 110 is fluidly connected to the feed module 120
to receive a feed stream from the feed module 120 and to
separate the feed stream into a permeate stream and a
retentate stream. In some embodiments, additionally and
optionally, the system 100 includes one or more process-
control components 140 disposed in one or more flow paths
in the system 100, e.g., a flow path between the feed module
and the TFF module, a flow path between the feed module
and a module external to the system 100, or a flow path
between the TFF module and a module external to the
system 100. The one or more process-control components
140 include, but are not limited to, one or more regulators
150, one or more valves 161, etc., one or more pumps 171,
etc., one or more sensors 181, etc., or any combination
thereof.

[0077] The control unit 130 is electrically connected to
one or more process-control components 140 and is config-
ured to control the process of separation using the one or
more process-control components 140. In some embodi-
ments, the control unit 130 monitors one or more sensors,
e.g., obtaining measurement data from one or more sensors
repeatedly, and controls the process based on the measure-
ment data. In some embodiments, the control unit obtains
measurement data from one or more sensors at a rate of
every 60 seconds or less, every 50 seconds or less, every 40
seconds or less, every 30 seconds or less, every 25 seconds
or less, every 20 seconds or less, every 15 seconds or less,
every 10 seconds or less, every 5 seconds or less, every 4
seconds or less, every 3 seconds or less, every 2 seconds or
less, or every 1 second or less. The rate to obtain measure-
ment data may be constant or varied during the process.
[0078] In some embodiments, the system 100 is fluidly
connected to a source module 191, a buffer module 192, a
retentate collection 193, a permeate collection module 194,
or any combination thereof. The source module 191 is
configured to provide a feed fluid to the feed module 120.
The source module 191 can be a module that generates the
feed fluid, a reservoir that stores the feed fluid, or the like.
The buffer module is configured to provide a buffer fluid for
cleansing, conditioning, or priming the TFF module 110
and/or the feed module 120, or the like. The buffer module
includes different types of buffer fluids and the system 100
is configured to selectively draw any buffer fluid from the
buffer module depending on the application and/or the stage
of the process. In some embodiments, the buffer module is
configured to perform other function(s) or provide other
buffer fluid(s). The retentate collection module 193 and the
permeate collection module 194 are configured to receive
the retentate stream and the permeate stream from the
system, respectively. In some embodiments, the retentate
stream contains the compound(s) of interest. Alternatively,
in some embodiments, the permeate stream contains the
compound(s) of interest.

[0079] The TFF module 110 can include any suitable
number of TFF units. For instance, in some embodiments,
the TFF module 110 consists of a single TFF unit, e.g., the
TFF unit 110-1 as illustrated in FIG. 2A. In such embodi-
ments, the TFF module is the TFF unit, or can be used
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interchangeably with the TFF unit because anything that
flows into the TFF module will flow into the TFF unit and
anything that flows out of the TFF unit will flow out of the
TFF module. For instance, in the illustrated embodiment,
anything that flows through the feed inlet 111 of the TFF
module 110 will flow through the feed inlet 111-1 of the TFF
unit 110-1. Anything that flows out of the retentate outlet
112-1 of the TFF unit 110-1 will flow out of the retentate
outlet 112 of the TFF module 110, and anything that flows
out of the permeate outlet 113-1 of the TFF unit 110-1 will
flow out of the permeate outlet 113 of the TFF module 110.

[0080] In some embodiments, the TFF module 110
includes a plurality of TFF units, e.g., 2, 3,4, 5, 6,7, 8, 9,
10 or more than 10 TFF units. By way of example, FIG. 2B
illustrates the TFF module 110 includes a TFF unit 110-1, .
. . and a TFF unit 110-j, where j is an integer equal to or
greater than 2. The TFF units in the plurality of TFF units are
fluidly connected with each other in parallel. That is, the
feed inlets 111-1, . . ., 111+ of the TFF unit 110-1, . . . 110~/
are fluidly connected to each other and collectively define a
common feed inlet 111 of the TFF module 110. Similarly, the
retentate outlet 112-1, . . ., 112~ of the TFF unit 110-1, . .
. 110~ are fluidly connected to each other and collectively
define a common retentate outlet 112 of the TFF module 110.
The permeate outlet 113-1, . . ., 113~/ of the TFF unit 110-1,
... 110~ are fluidly connected to each other and collectively
define a common permeate outlet 113 of the TFF module
110.

[0081] Insome embodiments, a valve is disposed in a flow
path between the feed inlet of an individual TFF unit and the
feed inlet of the TFF module 110. For instance, a valve
161-1 is disposed in the flow path between the feed inlet
111-1 of the TFF unit 110-1 and the feed inlet 111 of the TFF
module 110. A valve 161 is disposed in the flow path
between the feed inlet 111-j of the TFF unit 110~ and the
feed inlet 111 of the TFF module 110. Additionally or
optionally, a valve is disposed in a flow path between the
retentate outlet of an individual TFF unit and the retentate
outlet 112 of the TFF module 110. For instance, an addi-
tional or optional valve 162-1 is disposed in the flow path
between the retentate outlet 112-1 of the TFF unit 110-1 and
the retentate outlet 112 of the TFF module 110. An additional
or optional valve 162~ is disposed in the flow path between
the retentate outlet 112-j of the TFF unit 110-j and the
retentate outlet 112 of the TFF module 110. Additionally or
optionally, a valve is disposed in a flow path between the
permeate outlet of an individual TFF unit and the permeate
outlet 113 of the TFF module 110. For instance, an addi-
tional or optional valve 163-1 is disposed in the flow path
between the permeate outlet 113-1 of the TFF unit 110-1 and
the permeate outlet 113 of the TFF module 110. An addi-
tional or optional valve 163-j is disposed in the flow path
between the permeate outlet 113-; of the TFF unit 110-f and
the permeate outlet 113 of the TFF module 110.

[0082] Any one of the TFF units or any group of the TFF
units can be used selectively and independently to separate
a feed stream regardless of the presence or absence of any
other TFF units. This can be achieved by using the control
unit 130 to control the operation of the valve(s). For
instance, in an embodiment, one TFF unit (e.g., the TFF unit
110-1, the TFF unit 110-2 or the like) is selected and used to
separate a feed stream at a time. In another embodiment, a
group of the TFF units (e.g., two TFF units, three TFF units,
or the like) are selected and used simultaneously to separate
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a feed stream at a time. When two or more TFF units are
used simultaneously, each TFF unit is operated to filter a
portion of the feed stream. For instance, in embodiments
where the TFF unit 110-1 and the TFF unit 110-2 are used
for separation, the TFF unit 110-1 is used to filter a first
portion of the feed stream while the TFF unit 110-2 is used
to filter a second portion of the feed stream. The first and
second portions can be the same, e.g., each TFF unit filtering
about 50% of the feed stream. The first and second portions
can also be different, e.g., one TFF unit filtering more than
50% of the feed stream and the other TFF unit filtering less
than 50% of the feed stream. Using a group of TFF units
instead of a single TFF unit generally increases the capacity
of separation, resulting in a higher permeate flow rate and
shorter processing time. In a further embodiment, when
desired or necessary, all of the TFF units are used simulta-
neously to separate a feed stream at a time.

[0083] Similarly, the feed module 120 can include any
suitable number of feed units, e.g., any suitable number of
containers, vessels, bags or the like, that are configured to
hold a certain amount of a fluid that needs to be fed to the
TFF module 110 for separation. In some embodiments, a
feed unit has a capacity to hold a fluid at an amount of from
about 1 liter (L) to about 5 L, from about 3 L to about 10 L,
from about 5 L to about 15 L, from about 10 L to 20 L, from
about 15 L to 25 L, from about 20 L to about 30 L, from
about 25 L to 35 L, from about 30 L to about 40 L, from
about 35 L to 45 L, or from about 40 L to about 50 L. In
some embodiments, a feed unit has a capacity to hold a fluid
at an amount of more than 5 L, more than 10 L, more than
20 L, more than 30 L, more than 40 L, more than 50 L, more
than 60 L, more than 70 L, more than 80 L, more than 90 L,
or more than 100 L. In some embodiments, a feed unit has
a capacity to hold a fluid at an amount of more than 100 L,
more than 200 L, more than 300 L, more than 400 L, or more
than 500 L. In some embodiments, a feed unit has a capacity
to hold a fluid at an amount less than 5 L, less than 4 L, less
than 3 L, less than 2 L, or less than 1 L.

[0084] In some embodiments, the feed module 120 con-
sists of a single feed unit, e.g., the feed unit 120-1 as
illustrated in FIG. 3A. In such embodiments, the feed
module is the feed unit, or can be used interchangeably with
the feed unit. The feed unit 120-1 has an inlet 121-1 fluidly
connected to the retentate outlet 112 of the TFF module 110
and an outlet 122-1 fluidly connected to the feed inlet 111 of
the TFF module 110. In some embodiments, the inlet 121-1
of the feed unit 120-1 is fluidly connected to one or more
components external to the system 100, such as the source
module 191, the buffer module 192, or both. The system 100
may draw a feed liquid from the source module 191 to
replenish the feed unit 120-1, or a buffer stream from the
buffer module 192 to cleanse, condition or prime the feed
unit 120-1, or the like. In other words, the inlet 121-1 of the
feed unit 120-1 is branched to two, three, four or more
branches. As a non-limiting example, it is illustrated that the
inlet 121-1 of the feed unit 120-1 is branched to three
branches, with a retentate inlet-branch 123-1 fluidly con-
nected to the retentate outlet 112 of the TFF module 110, a
source inlet-branch 124-1 fluidly connected to the source
module 191, and a buffer inlet-branch 125-1 fluidly con-
nected to the buffer module 192.

[0085] Insome embodiments, a valve 168-1 is disposed in
a flow path between the retentate inlet-branch 123-1 and the
retentate outlet 112 of the TFF module 110. A valve 166-1
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is disposed in a flow path between the source inlet-branch
124-1 and the source module 191. A valve 167-1 is disposed
in a flow path between the buffer inlet-branch 125-1 and the
buffer module 192. The control unit 130 is electrically
connected to the valves and is configured to control the
operation of the valves to selectively allow the retentate
stream from the TFF module, the feed fluid from the source
module, or the buffer stream from the buffer module to flow
into the feed unit 120-1.

[0086] In some embodiments, the feed module 120
includes a plurality of feed units, e.g., 2, 3,4, 5,6, 7,8, 9,
10 or more than 10 feed units. By way of example, FIG. 3B
illustrates the feed module 120 includes a feed unit 120-1, .
.. and a feed unit 120-k, where k is an integer equal to or
greater than 2. Each feed unit has an inlet 121-m (m=1, . .
., k) and an outlet 122-m. In some embodiments, the inlet
of at least one feed unit in the feed module is branched for
fluidly connecting the at least one feed unit to the retentate
outlet of the TFF module as well as one or more components
external to the system 100 such as the source module 191
and/or the buffer module 192. In some embodiments, the
inlet of each feed unit in the feed module is branched. By
way of example, FIG. 3B illustrates that the inlet of each of
the feed unit 120-1 and the feed unit 120-% is branched to
three inlet-branches: a retentate inlet branch, a source inlet-
branch and a buffer inlet-branch.

[0087] In some embodiments, the outlets of the plurality
of feed units are fluidly connected to each other and collec-
tively define an outlet 122 of the feed module 120. A valve
is disposed in a flow path between the outlet of an individual
feed unit and the outlet of the feed module. For instance, a
valve 164-1 is disposed in the flow path between the outlet
122-1 of the feed unit 120-1 and the outlet 122 of the feed
module. A valve 164-% is disposed in the flow path between
the outlet 122-k of the feed unit 120-£ and the outlet 122 of
the feed module.

[0088] In some embodiments, the retentate inlet-branches
of the plurality of feed units are fluidly connected to each
other and collectively define a retentate inlet-branch 123 of
the feed module. Similarly, the source inlet-branches of the
plurality of feed units are fluidly connected to each other and
collectively define a source inlet-branch 124 of the feed
module. The buffer inlet-branches of the plurality of feed
units are fluidly connected to each other and collectively
define a buffer inlet-branch 125 of the feed module. A valve
(e.g., the valve 168-1) is disposed in a flow path between the
retentate inlet-branch (e.g., the retentate inlet-branch 123-1)
of an individual feed unit (e.g., the feed unit 120-1) and the
retentate inlet-branch 123 of the feed module. A valve (e.g.,
the valve 166-1) is disposed in a flow path between the
source inlet-branch (e.g., the source inlet-branch 124-1) of
an individual feed unit (e.g., the feed unit 120-1) and the
source inlet-branch 124 of the feed module. A valve (e.g., the
valve 167-1) is disposed in a flow path between the buffer
inlet-branch (e.g., the buffer inlet-branch 125-1) of an indi-
vidual feed unit (e.g., the feed unit 120-1) and the buffer
inlet-branch 125 of the feed module.

[0089] Any one of the feed units can be used selectively
and independently to provide a feed stream to the TFF
module 110 regardless of the presence or absence of any
other feed units. Selection of a feed unit can be achieved by
using the control unit 130 to control the operation of the
corresponding valves.
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[0090] Referring to FIG. 4, the control unit 130 is config-
ured to control the process of separation using the one or
more process-control components 140. The control unit 130
includes one or more processors 131, a memory 132, and
one or more communication busses 133 interconnecting the
processor(s) and memory. The memory stores one or more
programs configured to be executed by the one or more
processors. The memory 132 may include random access
memory, such as RAM, DRAM, SRAM, DDR RAM, or
other random access solid state memory devices, and option-
ally may also include non-volatile memory, such as one or
more magnetic disk storage devices, optical disk storage
devices, flash memory devices, or other non-volatile solid
state storage devices. The memory 132 may optionally
include one or more storage devices remotely located from
the processor(s) 131. The memory 132, or alternatively the
non-volatile memory device(s) within memory 132, may
include a non-transitory computer readable storage medium.
In some embodiments, the memory 132 may include mass
storage that is remotely located with respect to the processor
(s) 131. In other words, some data stored in memory 132
may in fact be hosted on devices that are external to the
control unit 130, but that can be electronically accessed by
the control unit 130 over a network/cable 138 (e.g., an
Internet, intranet, electronic cable or the like) using a
communication interface 134.

[0091] In some embodiments, additionally or optionally,
the control unit 130 may include a user interface 135. The
user interface 135 typically includes a display device 136 for
presenting data, receiving instructions (e.g., the display
device including a touch-sensitive surface), or both. In some
embodiments, the user interface 135 includes an optional
input device 137, such as a keyboard, a mouse or the like,
for receiving instructions. The user interface 135 may be an
integral part of the control unit 130. Alternatively, the user
interface 135 may be a part external to the control unit 130
but can be accessed by the control unit 130 over the
network/cable 138 using the communication interface 134.
[0092] The control unit 130 may be electrically connected
to the one or more process-control components 140 through
the one or more communication busses 133, through the
communication interface 134 and the network/cable 138, or
both. For instance, in an embodiment, the control unit 130
is electrically connected to each of the one or more process-
control components 140 through the one or more commu-
nication busses 133. In another embodiment, the control unit
130 is electrically connected to each of the one or more
process-control components 140 through the communica-
tion interface 134 and the network/cable 138. In a further
embodiment, the control unit 130 is electrically connected to
at least one of the one or more process-control components
140 through the one or more communication busses 133 and
to at least one of the one or more process-control compo-
nents 140 through the communication interface 134 and the
network/cable 138.

[0093] Insome embodiments, the systems and methods of
the present invention are configured to maintain a substan-
tially constant permeate flow rate, e.g., maintaining a sub-
stantially constant flow rate at the permeate outlet 113 of the
TFF module 110. This is typically achieved by adjusting a
transmembrane pressure (IMP) of the TFF module. As such,
process timings are more predictable and/or more consistent.
[0094] In some embodiments, the systems and methods of
the present invention are configured to automatically switch
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to other TFF unit(s) if the current TFF unit(s) is fouled. This
is typically achieved by monitoring a pressure required to
reach a certain permeate flow rate through the membrane(s)
of a TFF unit or a group of TFF units. When this pressure
exceeds a specified limit, indicating the membrane(s) is
fouled to a point where it will not be able to process the feed
stream (e.g., the next batch of the feed fluid), the systems
and methods automatically start using other available TFF
unit(s) for separation. As a result, the process can be
continued without interruption or delay.

[0095] In some embodiments, the systems and methods of
the present invention are configured to initiate a buffer
stream through a TFF unit or a group of TFF units to
promote membrane recovery. A buffer stream is typically
initiated after a small batch of the feed fluid is processed
through the membrane(s) of the TFF unit(s), and if neces-
sary, can continue until the next batch of the feed fluid is
ready to be processed. As a result, the membrane(s) can be
used to process more than one batch of the feed fluid.

[0096] In some embodiments, the systems and methods of
the present invention are configured to automatically switch
feed units to permit parallel processing of feed generation
and feed separation. This is typically achieved by directing
the feed fluid from the source module 191 to a second feed
unit (e.g., the feed unit 120-2) while critical operations (e.g.,
concentration or diafiltration) of separation involve a first
feed unit (e.g., the feed unit 120-1). In some embodiments,
after critical operations of separation are completed using
the first feed unit, the first feed unit is flushed with a buffer
stream (e.g., one or more priming fluids) to remove residual
material from the previous cycle and prepared to receive the
feed fluid again. Similarly, while critical operations of
separation involve the second feed unit, the feed fluid from
the source module 191 is directed to the first feed unit. As
a result, the process of feed separation can be operated in
parallel (e.g., concurrently or overlapping) with the process
of feed generation (e.g., a process occurred in the source
module 191) whether their cyclic frequencies are the same
or different.

[0097] Now that the general systems and methods have
been described, exemplary systems and methods for sepa-
ration and/or purification of substances will be described.

First Exemplary System and Method

[0098] The permeate flow rate depends on several factors,
including but not limited to the composition of the material
being processed, the flow rate of the feed stream, the number
of TFF unit(s) being used for separation, the characteristics
of the TFF unit(s) being used for separation, and the
transmembrane pressure (TMP) of the selected TFF unit(s).
In general, as a feed stream or a portion of it flows through
a TFF unit, feed components (e.g., retentate) will gradually
build up on the membrane surface of the TFF unit. This will
affect the membrane’s filtration effectiveness and cause
membrane fouling. When the membrane fouls, the same
TMP will result in slower permeate flow rates. Given this
change in flow rate, it is hard to predict how long a process
will take.

[0099] Accordingly, the present invention provides a first
exemplary system 500 and method 600 for controlling a
permeate flow rate in accordance with some embodiments of
the present disclosure. The system 500 and method 600 are
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configured to maintain a substantially constant permeate
flow rate so that process timings are more predictable and/or
more consistent.

[0100] Referring to FIG. 5, the system 500 includes a TFF
module 110, a control unit 130, a backpressure regulator
150, and a first sensor 181. The TFF module 110 can consist
of'a single TFF unit, such as the TFF unit 110-1 as illustrated
in FIG. 2A and disclosed herein. The TFF module 110 can
also include a plurality of TFF units, such as those illustrated
in FIG. 2B and disclosed herein. The feed inlet 111 of the
TFF module is fluidly connected to an outlet 122-1 of a feed
unit 120-1 of a feed module 120 to receive a feed stream. In
some embodiments, the feed inlet 111 of the TFF module is
fluidly connected to the outlet 122-1 of the feed unit 120-1
through a pump 171. That is, the pump 171 (e.g., a feed
pump) is disposed in a flow path between the feed inlet 111
of the TFF module and the outlet 122-1 of the feed unit
120-1. The pump 171 is operated, for instance, by the control
unit 130, to draw a feed stream from the feed unit 120-1 and
direct the drawn feed stream to the TFF module. In some
embodiments, the outlet of the feed unit 120-1 or the
corresponding individual outlet of each respective feed unit
of'the feed module 120 is connected to a retentate collection
module 193 by a valve 169. In such embodiments, the valve
169 and pump 171 may be operated, for instance, by the
control unit 130, to direct the feed stream to the retentate
collection module.

[0101] The permeate outlet 113 of the TFF module is
fluidly connected to a permeate collection module 194. The
retentate outlet 112 of the TFF module is fluidly connected
to an inlet 151 of the backpressure regulator 150, which has
an outlet 152 fluidly connected to an inlet 121-1 of the feed
unit 120-1. The first sensor 181 is configured to measure a
flow rate at the permeate outlet 113 of the TFF module. The
first sensor 181 can be positioned physically at or adjacent
to the permeate outlet 113 of the TFF module. The first
sensor 181 can also be positioned physically away from the
permeate outlet 113 of the TFF module, for instance, at a
conduit that is fluidly connected to the permeate outlet 113
of'the TFF module, or the first sensor being a non-contact or
non-invasive sensor.

[0102] The control unit 130 is configured to maintain a
substantially constant permeate flow rate so that process
timings are more predictable and/or more consistent. To do
so, the control unit 130 is electrically connected to the
backpressure regulator 150 and the first sensor 181. The
control unit 130 obtains, as illustrated at block 602 in FIG.
6, a flow rate at a permeate outlet of the TFF module, e.g.,
obtaining the flow rate measured by the first sensor 181.
Based on the obtained flow rate, the control unit 130 controls
the backpressure regulator 150 to adjust the TMP of the TFF
module as illustrated at block 604. Adjusting the TMP of the
TFF module changes the TMP of each selected TFF unit that
is currently being used for separation. In turn, the changing
in the TMP of each selected TFF unit changes permeation
through the membrane of each selected TFF unit. As a result,
adjusting the TMP of the TFF module changes the permeate
flow rate at the permeate outlet of the TFF module.

[0103] Insome embodiments, the control unit 130 controls
the backpressure regulator 150 to increase the pressure (e.g.,
P')) at the retentate outlet 122 of the TFF module. The
increase of the pressure (e.g., P',) at the retentate outlet 122
of the TFF module increases the pressure (e.g., P,) at the
retentate outlet (e.g., the retentate outlet 112-1) of each
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selected TFF unit (e.g., the TFF unit 110-1) being used for
separation. The increase of the pressure at the retentate
outlet of each selected TFF unit increases the TMP of the
selected TFF unit (e.g., Py ), which drives more fluid
through the membrane and consequently increases the per-
meate flow rate. Conversely, in response to an increase of the
flow rate measured by the first sensor 181, the control unit
130 controls the backpressure regulator 150 to decrease the
pressure (e.g., P',) at the retentate outlet 122 of the TFF
module. The decrease of the pressure (e.g., P',) at the
retentate outlet 122 of the TFF module decreases the pres-
sure (e.g., P,) at the retentate outlet (e.g., the retentate outlet
112-1) of each selected TFF unit (e.g., the TFF unit 110-1)
being used for separation. The decrease of the pressure at the
retentate outlet of each selected TFF unit decreases the TMP
of the selected TFF unit, which drives less fluid through the
membrane and consequently decreases the permeate flow
rate. As a result, the permeate flow rate at the permeate outlet
of the TFF module is maintained at a substantially constant
flow rate, and consequently, the process timing is more
predictable and/or more consistent.

[0104] In some embodiments, the control of the backpres-
sure regulator 150 to increase or decrease the pressure at the
retentate outlet of the TFF module is achieved by altering a
set point of the backpressure regulator 150. The set point of
the backpressure regulator 150 defines the pressure upstream
of its own inlet, which corresponds to the pressure at the
retentate outlet of the TFF module. In an embodiment, in
response to the decrease of the flow rate measured by the
first sensor 181, the control unit 130 raises the set point of
the backpressure regulator 150 and thus increases the pres-
sure (e.g., P')) at the retentate outlet of the TFF module,
resulting in an increase of the permeate flow rate. Con-
versely, in response to the increase of the flow rate measured
by the first sensor 181, the control unit 130 lowers the set
point of the backpressure regulator 150 and thus decreases
the pressure (e.g., P',) at the retentate outlet of the TFF unit
module, resulting in a decrease of the permeate flow rate.

[0105] In some embodiments, the control unit 130 is
configured to monitor the flow rate measured by the first
sensor 181. For instance, in an embodiment, the control unit
130 obtains the flow rate from the first sensor at a rate of
every 60 seconds or less, every 50 seconds or less, every 40
seconds or less, every 30 seconds or less, every 25 seconds
or less, every 20 seconds or less, every 15 seconds or less,
every 10 seconds or less, every 5 seconds or less, every 4
seconds or less, every 3 seconds or less, every 2 seconds or
less, or every 1 second or less. Based on the obtained flow
rates, the control unit 130 determines whether the measured
flow rate is varied comparing to a preset flow rate or the flow
rate measured during the previous time period. The control
unit 130 then controls the backpressure regulator 150, based
on whether and how the measured flow rate is varied, to
adjust the TMP of the TFF module and thus maintain a
substantially constant permeate flow rate.

[0106] Referring to block 612, in some embodiments
where the TFF module includes a plurality of TFF units, the
control unit 130 is configured to control the valve(s) to allow
the feed stream to selectively flow through a first set of TFF
units of the TFF module. For instance, in the embodiment
illustrated in FIG. 2B, the control unit is electrically con-
nected to the valves of each of the plurality of TFF units, i.e.,
the valves 161-1, . . ., 161+, and if present, the additional/
optional valves 162-1, . . ., 162-j and additional/optional
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valve 163-1, . . ., 163-j. The control unit 130 controls the
operation (e.g., open, close or the like) of these valves to
allow the feed stream to selectively flow through a first set
of TFF units in the plurality of TFF units.

[0107] In some embodiments, the first set of TFF units
consists of a single TFF unit, e.g., the TFF unit 110-1, to
filter the feed stream. In some embodiments, the first set of
TFF units includes two or more TFF units, each to filter a
portion of the feed stream. For instance, in an embodiment,
the first set of TFF units includes two TFF units, e.g., the
TFF unit 110-1 and the TFF unit 110-2. The TFF unit 110-1
filters a first portion and the TFF unit 110-2 filters a second
portion of the feed stream. The first and second portions of
the feed stream can be the same (e.g., each about 50%) or
different (e.g., one greater than 50% and the other less than
50%). In some embodiments, the first set of TFF units
consists of all TFF units. Comparing to a single TFF unit,
simultaneous use of multiple TFF units generally increases
the permeate flow rate at the permeate outlet of the TFF
module and reduces the process time for separation.

[0108] In some embodiments, additionally or optionally,
the system 500 includes a second sensor 182, a third sensor
183 and a fourth sensor 184. The second sensor 182 is
configured to measure a first pressure (e.g., P') at the feed
inlet 111 of the TFF module. The third sensor 183 is
configured to measure a second pressure (e.g., P',) at the
retentate outlet 112 of the TFF module. The fourth sensor
184 is configured to measure a third pressure (e.g., P',) at the
permeate outlet 113 of the TFF module. The control unit 130
is electrically connected to the second, third and fourth
sensors, and is configured to calculate, for instance, using
equation (2) disclosed herein, the TMP of the module based
on the pressures measured by the second, third and fourth
sensors.

[0109] FIG. 7 shows some experimental results that verify
the effectiveness of the permeate flow rate control. In FIG.
7, the line 702 (i.e., the line in pink) shows the permeate flow
rate measured at the permeate outlet of the TFF module. The
line 704 (i.e., the line in green) shows the TMP of the TFF
module calculated based on the pressures measured by the
second, third and fourth sensors. As shown, the TMP of the
TFF module is increased with time and the permeate flow
rate is maintained at a substantially constant of about 155
ml./min over a period of about 9 hours. This is achieved by
controlling the backpressure regulator 150.

Second Exemplary System and Method

[0110] Each membrane has an ideal TMP based on its
material composition and/or the composition of the fluid
used in processing. However, as tangential flow filtration
involves the recirculation of the feed, feed components build
up on the membrane’s surface and increase the TMP. When
this TMP exceeds a specified limit, the membrane will not
be able to properly process a feed stream and membrane
fouling occurs. Correcting membrane fouling generally
requires cleaning or replacing the membrane. As such, the
process of separation has to be paused until the membrane
is cleaned or replaced.

[0111] Accordingly, the present invention provides a sec-
ond exemplary system 800 and method 900 for automati-
cally switching TFF units for separation in accordance with
some exemplary embodiments of the present invention. The
system 800 and method 900 are configured to automatically
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switch to other TFF unit(s) for separation if the current TFF
unit(s) is fouled so that the process can be continued without
interruption or delay.

[0112] Referring to FIG. 8, the system 800 includes a TFF
module 110, a control unit 130, a second sensor 182, a third
sensor 183 and a fourth sensor 184. The feed inlet 111 of the
TFF module is fluidly connected to an outlet 122-1 of a feed
unit 120-1 of a feed module 120 to receive a feed stream.
The retentate outlet 112 of the TFF module is fluidly
connected to an inlet 121-1 of the feed unit 120-1. The
permeate outlet 113 of the TFF module is fluidly connected
to a permeate collection module 194. The second sensor 182
is configured to measure a first pressure (e.g., P'y) at the feed
inlet 111 of the TFF module. The third sensor 183 is
configured to measure a second pressure (e.g., P',) at the
retentate outlet 112 of the TFF module. The fourth sensor
184 is configured to measure a third pressure (e.g., P',) at the
permeate outlet 113 of the TFF module.

[0113] The TFF module includes a plurality of TFF units,
e.g., the TFF unit 110-1, . . ., 110-j, where j is an integer
equal to or greater than 2. The TFF units in the plurality of
TFF units are arranged fluidly in parallel, i.e., the feed inlet
(e.g., the feed inlet 111-1) of each individual TFF unit (e.g.,
the TFF unit 110-1) is fluidly connected to the feed inlet 111
of the TFF module, the retentate outlet (e.g., the retentate
outlet 112-1) of each individual TFF unit (e.g., the TFF unit
110-1) is fluidly connected to the retentate outlet 112 of the
TFF module, and the permeate outlet (e.g., the permeate
outlet 113-1) of each individual TFF unit (e.g., the TFF unit
110-1) is fluidly connected to the permeate outlet 113 of the
TFF module. Each of the plurality of TFF units includes at
least one valve. For instance, each of the plurality of TFF
units includes a valve coupled with its individual feed inlet,
e.g., a valve 161-1 coupled with the feed inlet 111-1 of the
TFF unit 110-1 and a valve 161-; coupled with the feed inlet
111-j of the TFF unit 110-;. In some embodiments, each of
the plurality of TFF units include one or more additional or
optional valve(s). For instance, in some embodiments, each
of the plurality of TFF units includes an additional/optional
valve coupled with its individual retentate outlet, e.g., a
valve 162-1 coupled with the retentate outlet 112-1 of the
TFF unit 110-1 and a valve 162-f coupled with the retentate
outlet 112~ of the TFF unit 110-;. In some further embodi-
ments, each of the plurality of TFF units includes an
additional/optional valve coupled with its individual perme-
ate outlet, e.g., a valve 163-1 coupled with the permeate
outlet 113-1 of the TFF unit 110-1 and a valve 163-/ coupled
with the permeate outlet 113- of the TFF unit 110-j. The
presence of the additional/optional valves allows better or
more precise control of the process.

[0114] The control unit 130 is electrically connected to the
second, third and fourth sensors, and the valve(s) of each of
the plurality of TFF units. Based on the pressures measured
by the second, third and fourth sensors, the control unit
controls the operation of the valve(s) of each of the plurality
of TFF units.

[0115] For instance, referring to block 902 in FIG. 9A, in
some embodiments, a first set of TFF units in the plurality
of TFF units is being used for separation, e.g., the valve(s)
of the TFF unit(s) in the first set is open while the valve(s)
of the remaining TFF unit(s) is closed. The first set of TFF
units can consist of a single TFF unit or include multiple
TFF units (e.g., 2, 3, 4 or more that 4 TFF units). In
embodiments where multiple TFF units are used, each of the
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multiple TFF units filters a portion of the feed stream, and
the portions of the feed stream through different TFF units
can be the same or different.

[0116] The control unit 130 obtains first, second and third
pressures. For instance, in some embodiments, the control
unit 130 obtains the first pressure (e.g., P',) at the feed inlet
111 of the TFF module from the second sensor 182, the
second pressure (e.g., P') at the retentate outlet 112 of the
TFF module from the third sensor 183, the third pressure
(e.g., P',) at the permeate outlet 113 of the TFF module from
the fourth sensor 184. In some embodiments, alternative or
additional to having one third sensor 183 measure the
second pressure at the retentate outlet 112 of the TFF
module, the system includes a plurality of third sensors, each
configured to measure a corresponding second pressure
(e.g., P,) at a corresponding retentate outlet of a correspond-
ing TFF unit in the plurality of TFF units. For instance, the
system includes a third sensor to measure a second pressure
at the retentate outlet 112-1 of the TFF unit 110-1 and
another third sensor to measure a second pressure at the
retentate outlet 112-j of the TFF unit 110-/. The control unit
130 obtains the first pressure (e.g., P'), the corresponding
second pressure (e.g., P,) at the retentate outlet of each TFF
unit in the first set of TFF units, and the third pressure (e.g.,
P).

[0117] Referring to block 916, the control unit 130 calcu-
lates, for instance, using equation (2) disclosed herein, the
TMP (e.g., P',) of the TFF module based on the first, second
and third pressures measured by the second, third and fourth
sensors. Since the feed inlet, retentate outlet and permeate
outlet of each individual TFF are fluidly connected to the
feed inlet, retentate outlet and permeate outlet of the TFF
module, the TMP of the TFF module reflects the TMP of the
first set of TFF units or the TMP of each individual TFF unit
in the first set of TFF units. In some embodiments, alterna-
tively, the control unit 130 calculates the TMP of the first set
of TFF units based on the measured first pressure, the
measured third pressures, and the measured second pressure
at the retentate outlet of each TFF unit in the first set of TFF
units. In some embodiments, the control unit 130 calculates
an average of the measured second pressures at the retentate
outlets of the first set of TFF units and assigns this average
as the second pressure at the retentate outlet of the TFF
module.

[0118] Referring to block 918, once the TMP of the TFF
module or the TMP of the first set of TFF units is calculated,
the control unit 130 determines whether the TMP of the TFF
module or the TMP of the first set of TFF units exceeds a
predetermined value. The predetermined value may be set
by a personnel (e.g., a person in charge of the system/
process, or the like), for instance, using the input device 137,
or may be determined based on the characteristics of the TFF
units in the TFF module.

[0119] Referring to block 920 in FIG. 9B, if it is deter-
mined that the TMP of the TFF module or the TMP of the
first set of TFF units exceeds the predetermined value, the
control unit 130 controls the valve(s) of each of the plurality
of TFF units to stop passing the feed stream to the first set
of TFF units and to allow the feed stream to flow through a
second set of TFF units in the plurality of TFF units. Like the
first set of TFF units, the second set of TFF units can consist
of a single TFF unit or include multiple TFF units (e.g., 2,
3, 4 or more that 4 TFF units). For instance, in an embodi-
ment, the TFF unit 110-1 is the first set of TFF units being
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used for separation. If it is determined that the TMP of the
TFF module exceeds the predetermined value, the control
unit 130 closes the valve(s) of the TFF unit 110-1 to stop
passing the feed stream to the TFF unit 110-1, and opens the
valve(s) of the TFF unit 110-2 to allow the feed stream to
flow through the TFF unit 110-2.

[0120] Referring to block 926, in some embodiments, the
system 800 includes a backpressure regulator and a first
sensor, such as the backpressure regulator 150 and the first
sensor 181 illustrated in FIG. 5 and disclosed herein. In such
embodiments, when the first set of TFF units is being used
for separation, the control unit 130 controls the backpressure
regulator based on the flow rate measured by the first sensor
to adjust a TMP of the first set of TFF units and thus
maintain a first substantially constant flow rate at the per-
meate line of the TFF module until the TMP of the first set
of TFF units exceeds the predetermined value. Similarly,
after switching to the second set of TFF units, the control
unit 130 controls the backpressure regulator based on the
flow rate measured by the first sensor to adjust a TMP of the
second set of TFF units and thus maintains a second sub-
stantially constant flow rate at the permeate line of the TFF
module until the TMP of the second set of TFF units exceeds
the predetermined value.

[0121] It should be noted that the predetermined value for
determining whether the first set of TFF units is fouled and
the predetermined value for determining whether the second
set of TFF units is fouled can be the same or different. For
instance, in embodiments where the first and second sets of
TFF units include identical TFF units, the same predeter-
mined value may be used for determining whether the first
set of TFF units is fouled and whether the second set of TFF
units is fouled. In embodiments where the first and second
sets of TFF units include different TFF units (e.g., different
sizes, types, etc.), different predetermined values may be
used for determining whether the first set of TFF units is
fouled and whether the second set of TFF units is fouled.

[0122] Similarly, it should be note that the first substan-
tially constant flow rate at the permeate line of the TFF
module to be maintained when the first set of TFF units is
used for separation and the second substantially constant
flow rate at the permeate line of the TFF module to be
maintained when the second set of TFF units is used for
separation can be the same or different. For instance, in
embodiments where the first and second sets of TFF units
include the same number of identical TFF units, the first
substantially constant flow rate and second substantially
constant flow rate may be the same. A non-limiting example
is an embodiment with two identical TFF units where each
of the first and second sets has one identical TFF unit. In
embodiments where the first and second sets of TFF units
include different TFF units or different numbers of TFF
units, the first substantially constant flow rate and second
substantially constant flow rate may be different. A non-
limiting example is an embodiment with three identical TFF
units where one of the first and second sets has one identical
TFF units and the other of the first and second sets has two
identical TFF units.

[0123] FIG. 10 shows some experimental results where
the process of separation is switched from a TFF unit having
a membrane B to a TFF unit having a membrane C. In FIG.
10, the line 702 (i.e., the line in pink) shows the permeate
flow rate measured at the permeate outlet of the TFF module.
The line 704 (i.e., the line in green) shows the TMP of the
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TFF module calculated based on the pressures measured by
the second, third and fourth sensors. As shown, at a point of
time when the TFF unit having membrane B is being used
for separation, the TMP of the TFF module reaches a high
level of about 21 pounds per square inch (psi) but does not
produce a meaningful permeate flow. This indicates that the
membrane B is fouled and is no longer suitable for filtering
the feed stream. Accordingly, the system automatically
switches to the TFF unit having the membrane C for
separation. As can be seen, switching to the TFF unit having
the membrane C lowers the TMP of the TFF module to about
6 psi, which produces a permeate flow rate of about 30
ml/min.

Third Exemplary System and Method

[0124] In conventional TFF operations, a big batch (e.g.,
a large amount of feed fluid) is processed through a mem-
brane at once. After processing, the membrane is either
discarded or put through an extensive cleaning process. This
is not suitable for TFF processing of multiple small batches
because it is not possible to do conventional cleaning in an
automated manner between these small batches.

[0125] Accordingly, the present invention provides a third
exemplary system 1100 and method 1200 for promoting
membrane recovery in accordance with some exemplary
embodiments of the present invention. The system 1100 and
method 1200 are configured to initiate a buffer stream to
promote membrane recovery after a small batch of the feed
fluid is processed. The buffer stream removes feed compo-
nents (e.g., retentate) built up on the membrane surface and
rejuvenates the membrane. As a result, the membrane can be
used to process more than one batch of the feed fluid.
[0126] Referring to FIG. 11, the system 1100 includes a
TFF module 110 and a control unit 130. The retentate outlet
112 of the TFF module is fluidly connected to an inlet 121-1
of the feed unit 120-1. The permeate outlet 113 of the TFF
module is fluidly connected to a permeate collection module
194. The feed inlet 111 of the TFF module is fluidly
connected to an outlet 122-1 of a feed unit 120-1 of a feed
module 120 to receive a feed stream, and to an outlet of a
buffer module 192 to receive a buffer stream. In some
embodiments, the feed inlet 111 of the TFF module is fluidly
connected to the outlet 122-1 of the feed unit 120-1 through
a valve 164-1 disposed in the flow path between the outlet
122-1 of the feed unit 120-1 and the feed inlet 111 of the TFF
module. Similarly, the feed inlet 111 of the TFF module is
fluidly connected to the outlet of the buffer module 192
through a valve 165 disposed in the flow path between the
outlet of the buffer module 192 and the feed inlet 111 of the
TFF module. In some embodiments, the pump 171 is
disposed in a common flow path between the feed inlet 111
of the TFF module and the outlet 122-1 of the feed unit
120-1 and between the feed inlet 111 of the TFF module and
the outlet of the buffer module. The control unit 130 is
electrically connected to the valve 164-1, the valve 165 and
the pump 171, and is configured to control the operation of
the valve 164-1, the valve 165 and the pump 171.

[0127] Referring to block 1202 in FIG. 12, the control unit
130 is configured to control the operation of the valve 164-1
and the valve 165 so that the system can draw either a feed
stream from the feed unit 120-1 or a buffer stream from the
buffer module 192 and flow it through the TFF module. For
instance, when a small batch of the feed fluid (e.g., the
amount of the feed fluid contained in the feed unit 120-1, or
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a portion of the feed fluid contained in the feed unit 120-1)
has been processed, the control unit 130 closes the valve
164-1 and opens the valve 165 to draw a buffer stream from
the buffer module and flow the buffer stream through the
TFF module. When the membrane(s) is recovered or when
a next batch of the feed fluid is ready to be processed, the
control unit 130 closes the valve 165 to stop drawing the
buffer stream from the buffer module.

[0128] Referring to block 1204, in some embodiments, the
feed stream and the buffer stream are drawn alternately. For
instance, the feed stream is drawn and flowed through the
TFF module for a first time period and the buffer stream is
drawn and flowed through the TFF module for a second time
period. Typically, the first time period is less than 50 hours,
less than 45 hours, less than 40 hours, less than 35 hours, less
than 30 hours, less than 25 hours, less than 20 hours, less
than 15 hours, less than 10 hours, less than 8 hours, less than
6 hours, less than 5 hours, less than 4 hours, less than 3
hours, less than 2 hours, or less than 1 hours. The second
time period is more than 10 hours, more than 15 hours, more
than 20 hours, more than 25 hours, more than 1 day, or more
than 2 days.

[0129] The first or second time period may be set or
adjusted by a personnel (e.g., a person in charge of the
system/process, or the like). In some embodiments, the
system 1100 includes the first sensor 181 that measures a
flow rate at the permeate outlet 113 of the TFF module,
and/or the second sensor 182, third sensor 183 and fourth
sensor 184 that measure the pressures at the feed inlet 111,
retentate outlet 112 and permeate outlet 113 of the TFF
module. In such embodiments, the control unit 130 may be
configured to determine or adjust the first or second time
period based on the measured permeate flow rate and/or
measured pressures. For instance, in an embodiment, when
the permeate flow rate obtained from the first sensor is below
a certain level or when the TAP of the TFF module calcu-
lated based on the measured pressures exceeds a certain
value, the control unit 130 closes the valve 164-1 to stop
drawing a feed stream from the feed unit 120-1, and opens
the valve 165 to start drawing a buffer stream from the buffer
module.

[0130] Referring to block 1208, in some embodiments, the
feed stream is flowed through the TFF module at a first rate
and the buffer stream is flowed through the TFF module at
a second rate. The first or second rate may be constant or
varied over a period of time. Typically, the first rate is higher
than 25 ml./min, higher than 50 ml./min, higher than 100
ml./min, higher than 200 mI./min, higher than 300 mI./min,
higher than 400 ml./min, higher than 500 ml./min, higher
than 1000 m[/min, higher than 2000 m[./min, higher than
3000 ml./min, higher than 4000 ml./min, or higher than
5000 mL/min. The second rate is lower than 500 mL/min,
lower than 400 mL/min, lower than 300 mL/min, lower than
250 mL/min, lower than 200 mL/min, lower than 150
ml/min, lower than 100 mL/min, or lower than 50 mL/min.

Fourth Exemplary System and Method

[0131] FIG. 13 is a block diagram illustrating a fourth
exemplary system 1300, and FIG. 14 is a flowchart illus-
trating an exemplary method 1400 for automatically switch-
ing feed units to permit parallel processing of feed genera-
tion and feed separation in accordance with some
embodiments of the present disclosure. The system 1300 and
method 1400 are configured to automatically switch to
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another feed unit for providing a feed stream if the amount
of feed fluid in the current feed unit is below a certain level.
In some embodiments, additionally or optionally, the system
1300 and method 1400 are configured to prepare (e.g., clean,
condition or prime) the used feed unit, and replenish the
used feed unit with a feed fluid.

[0132] Referring to FIG. 13, the system 1300 includes a
feed module 120 and a control unit 130. The feed module
includes a first feed unit (e.g., one of the feed unit 120-1 and
feed unit 120-2) and a second feed unit (e.g., the other of the
feed unit 120-1 and feed unit 120-2). In some embodiments,
except the first and second feed units, the feed module
includes one or more additional feed units. The one or more
additional feed units can be arranged the same as the first or
second feed unit in terms of the fluidic connection to the TFF
module, source module or buffer module. The one or more
additional feed units can also be arranged differently than the
first or second feed unit. For instance, an additional feed unit
may not be fluidly connected to the source module or buffer
module. Also, an addition feed unit may not be fluidly
connected to the TFF module but instead may be fluidly
connected to the first or second feed unit to provide the feed
fluid to the first or second feed unit.

[0133] The feed unit 120-1 has an inlet 121-1 and an outlet
122-1. The inlet 121-1 is branched to at least three branches,
with one fluidly connected to the retentate outlet 112 of the
TFF module 110 through a valve 168-1, one fluidly con-
nected to the source module 191 through a valve 166-1, and
one fluidly connected to the buffer module 192 through a
valve 167-1. The outlet 122-1 is fluidly connected to the feed
inlet 111 of the TFF module 110 through a valve 164-1. A
fifth sensor 185-1 is positioned and configured to measure an
amount of a fluid (e.g., weight, volume, fluid level or the
like) contained in the feed unit 120-1.

[0134] Similarly, the feed unit 120-2 has an inlet 121-2
and an outlet 122-2. The inlet 121-2 is branched to at least
three branches, with one fluidly connected to the retentate
outlet 112 of the TFF module 110 through a valve 168-2, one
fluidly connected to the source module 191 through a valve
166-2, and one fluidly connected to the buffer module 192
through a valve 167-2. The outlet 122-2 is fluidly connected
to the feed inlet 111 of the TFF module 110 through a valve
164-2. A fifth sensor 185-2 is positioned and configured to
measure an amount of a fluid (e.g., weight, volume, fluid
level or the like) contained in the feed unit 120-2.

[0135] In some embodiments, additionally or optionally,
the system includes one or more other components. For
instance, in some embodiments, the system includes a pump
172, e.g., a buffer pump, disposed in a flow path between the
buffer module 192 and the buffer inlet-branch 125 of the
feed module. That is, the pump 172 is fluidly connected to
the outlet of the buffer module 192, the valve 187-1 of the
feed unit 120-1 and the valve 187-2 of the feed unit 120-2,
and can be used to draw a buffer stream from the buffer
module and direct it to the feed unit 120-1 or the feed unit
120-2.

[0136] The control unit 130 is electrically connected to the
valves and fifth sensors of the first and second feed units, and
is configured to control the operation of the valves, and/or
other components in the system such as the pump 172, based
on the amount of the fluid measured by the fifth sensors. For
instance, referring to block 1402 in FIG. 14, while the first
feed unit (e.g., one of the feed unit 120-1 and feed unit
120-2) is supplying a feed stream to the TFF module for
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separation, the control unit 130 monitors the amount of the
fluid contained in the first feed unit through the correspond-
ing fifth sensor. It determines whether the amount of the
fluid contained in the first feed unit is below a predetermined
amount. The predetermined amount may be a minimal
amount of the feed fluid that can provide an appropriate feed
stream to the TFF module for sustainable separation process.
The predetermined amount may also be a value set by a
personnel (e.g., a person in charge of the system/process, or
the like).

[0137] Referring to block 1404, when the amount of the
fluid in the first feed unit is below the predetermined
amount, the control unit controls the valves to draw a feed
stream from the second feed unit (e.g., the other of the feed
unit 120-1 and feed unit 120-2). For instance, while the feed
unit 120-1 is supplying a feed stream to the TFF module, the
control unit 130 obtains the amount of the fluid measured
from the fifth sensor 185-1 and determines whether it is
below a predetermined amount. If it is below a predeter-
mined amount, the control unit closes the valve 164-1 to stop
drawing the feed stream from the feed unit 120-1 and opens
the valve 164-2 to start drawing the feed stream from the
feed unit 120-2. The control unit also closes the valve 168-1
to stop sending the retentate stream to the feed unit 120-1
and opens the valve 168-2 to start sending the retentate
stream to the feed unit 120-2. Similarly, while the feed unit
120-2 is supplying a feed stream to the TFF module, the
control unit 130 obtains the amount of the fluid measured
from the fifth sensor 185-2 and determines whether it is
below a predetermined amount. If it is below a predeter-
mined amount, the control unit closes the valve 164-2 to stop
drawing the feed stream from the feed unit 120-2 and opens
the valve 164-1 to start drawing the feed stream from the
feed unit 120-1. The control unit also closes the valve 168-2
to stop sending the retentate stream to the feed unit 120-2
and opens the valve 168-1 to start sending the retentate
stream to the feed unit 120-1. It should be noted that the
predetermined amount for the first feed unit and the prede-
termined amount for the second feed unit may be the same
or different.

[0138] Referring to block 1406, in some embodiments,
additionally or optionally, when it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the control unit 130 controls the
valves, and/or other components in the system such as the
pump 172, to flush the first feed unit with a buffer stream
from the buffer module. Flushing the first feed unit with a
buffer stream will remove residual material from the previ-
ous cycle and prepare the first feed unit to receive the feed
fluid again. For instance, while critical operations (e.g.,
concentration or diafiltration) of separation involve the feed
unit 120-2, the control unit opens the valve 167-1 and closes
valve 167-2 to direct a buffer stream from the buffer module
192 to the feed unit 120-1 to prepare it for receiving the feed
fluid again. Similarly, while critical operations (e.g., con-
centration or diafiltration) of separation involve the feed unit
120-1, the control unit opens the valve 167-2 and closes
valve 167-1 to direct a buffer stream from the buffer module
192 to the feed unit 120-2 to prepare it for receiving the feed
fluid again.

[0139] Referring to block 1408, in some embodiments,
additionally or optionally, when it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the control unit 130 controls the
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operation of the corresponding valves to replenish the first
feed unit with a feed fluid from the source module. For
instance, after flushing a buffer stream that prepares the feed
unit 120-1 for receiving a feed fluid, the control unit closes
the valve 167-1 and stops pumping a buffer stream to the
feed unit 120-1. To replenish the feed unit 120-1 with a feed
fluid, the control unit opens the valve 166-1 (and closes the
valve 166-2 if it is opened) to start filling the feed unit 120-1
with the feed fluid from the source module 191. Similarly,
after flushing a buffer stream that prepares the feed unit
120-2 for receiving a feed fluid, the control unit closes the
valve 167-2 and stops pumping a buffer stream to the feed
unit 120-2. To replenish the feed unit 120-2 with a feed fluid,
the control unit opens the valve 166-2 (and closes the valve
166-1 if it is opened) to start filling the feed unit 120-2 with
the feed fluid from the source module 191. As such, the
process of feed separation can be operated in parallel (e.g.,
concurrently or overlapping) with the process of feed gen-
eration (e.g., a process occurred in the source module 191)
whether their cyclic frequencies are the same or different.

Fifth Exemplary System and Method

[0140] The features disclosed herein with respect to the
first, second, third and fourth exemplary systems and meth-
ods can be combined in any suitable and meaningful ways.
For instance, the features for maintaining a substantially
constant permeate flow rate disclosed herein with respect to
the first exemplary system and method (e.g., the use of the
backpressure regulator 150) can be combined with the
features for automatically switching TFF units disclosed
herein with respect to the second exemplary system and
method (e.g., the use of the second sensor 182, third sensor
183 and fourth sensor 184), with the features for promoting
membrane recovery disclosed herein with respect to the
third exemplary system and method (e.g., fluidic connection
to the buffer module 192), with the features for automati-
cally switching feed units to permit parallel processing
disclosed herein with respect to the fourth exemplary system
and method (e.g., the use of multiple feed units and/or fluidic
connection to the source module), or any combination
thereof. Similarly, the features for automatically switching
TFF units disclosed herein with respect to the second
exemplary system and method can be combined with the
features for promoting membrane recovery disclosed herein
with respect to the third exemplary system and method (e.g.,
fluidic connection to the buffer module 192), with the
features for automatically switching feed units to permit
parallel processing disclosed herein with respect to the
fourth exemplary system and method (e.g., the use of
multiple feed units and/or fluidic connection to the source
module), or any combination thereof. In addition, the fea-
tures for promoting membrane recovery disclosed herein
with respect to the third exemplary system and method can
be combined with the features for automatically switching
feed units to permit parallel processing disclosed herein with
respect to the fourth exemplary system and method (e.g., the
use of multiple feed units and/or fluidic connection to the
source module).

[0141] As a non-limiting example, FIG. 15 illustrated a
fifth exemplary system 1500 for maintaining a substantially
constant permeate flow rate, automatically switching TFF
units, promoting membrane recovery, and automatically
switching feed units to permit parallel processing. The
system 1500 includes a TFF module 110, a feed module 120,
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a control unit 130, and a backpressure regulator 150. The
system 1500 also includes a plurality of valves (e.g., the
valves 161, 162, 163, 164, 165, 167 and 168), a plurality of
pumps (e.g., the pumps 171 and 172), and a plurality of
sensors (e.g., the sensors 181, 182, 183, 184 and 185). The
control unit 130 is electrically connected to the plurality of
valves, the plurality of pumps and the plurality of sensors.
[0142] The TFF module 110 includes a plurality of TFF
units fluidly arranged in parallel. While FIG. 15 illustrates
four TFF units, it should be noted that this is by way of
example and is non-limiting. The TFF module can have 2,
3,4, 5, 6,7, 8 or more than 8 TFF units. The TFF module
110 has a feed inlet 111, a retentate outlet 112 and a permeate
outlet 113. The feed inlet 11 of the TFF module is collec-
tively defined by the feed inlets of the plurality of TFF units.
Similarly, the retentate outlet 112 of the TFF module is
collectively defined by the retentate outlets of the plurality
of TFF units. The permeate outlet 113 of the TFF module is
collectively defined by the permeate outlets of the plurality
of TFF units.

[0143] The feed module 120 includes a plurality of feed
units. While FIG. 15 illustrates two feed units, it should be
noted that this is by way of example and is non-limiting. The
feed module can have 2, 3, 4, 5, 6, 7, 8 or more than 8 feed
units. The feed module 120 has an outlet 122, a retentate
inlet-branch 123, a source inlet-branch 124 and a buffer
inlet-branch 125. The outlet 122 of the feed module is
collectively defined by the outlets of the plurality of feed
units. Similarly, the retentate inlet-branch 123 is collectively
defined by the retentate inlet-branches of the plurality of
feed units. The source inlet-branch 124 is collectively
defined by the source inlet-branches of the plurality of feed
units. The buffer inlet-branch 125 is collectively defined by
the buffer inlet-branches of the plurality of feed units.
[0144] The feed inlet 111 of the TFF module is fluidly
connected to the outlet 122 of the feed module and fluidly
connected to an outlet of a buffer module 192. The permeate
outlet 122 of the TFF module is fluidly connected to a
permeate collection 194. The retentate outlet 122 of the TFF
module is fluidly connected to an inlet 151 of the backpres-
sure regulator, while an outlet 152 of the backpressure
regulator is fluidly connected to the retentate inlet-branch
123 of the feed module. The source inlet-branch 124 of the
feed module is fluidly connected to a source module 191,
and the buffer inlet-branch 125 of the feed module is fluidly
connected to the buffer module 192.

[0145] The valves 161, 162 and 163 are disposed in flow
paths within the TFF module in a manner the same as or
similar to those disclosed herein with respect to FIG. 2B and
the second exemplary system and method (e.g., FIG. 8). The
valves 164, 166, 167 and 168 are disposed in flow paths
within the feed module in a manner the same as or similar
to those disclosed herein with respect to FIGS. 3A-3B, the
third exemplary system and method (e.g., FIG. 11) and the
fourth exemplary system and method (e.g., FIG. 13). The
valve 165 is disposed in the flow path between the outlet of
the buffer module 192 and the feed inlet 111 of the TFF
module in a manner the same as or similar to that disclosed
herein with respect to the third exemplary system and
method (e.g., FIG. 11) and the fourth exemplary system and
method (e.g., FIG. 13).

[0146] The pump 171 is disposed in a common flow path
between the feed inlet 111 of the TFF module and the outlet
122 of the feed unit 120 and between the feed inlet 111 of
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the TFF module and the outlet of the buffer module in a
manner the same as or similar to that disclosed herein with
respect to the third exemplary system and method (e.g., FIG.
11) and the fourth exemplary system and method (e.g., FIG.
13). The pump 172 is disposed in a flow path between the
buffer module 192 and the buffer inlet-branch 125 of the
feed module in a manner the same as or similar to that
disclosed herein with respect to the fourth exemplary system
and method (e.g., FIG. 13).

[0147] The first sensor 181 is configured to measure a flow
rate at the permeate outlet 113 of the TFF module. It is the
same as or similar to those disclosed herein with respect to
the first exemplary system and method (e.g., FIG. 5) and the
second exemplary system and method (e.g., FIG. 8). The
second sensor 182, third sensor 183 and fourth sensor 184
are configured to measure the pressures at the feed inlet 111,
retentate outlet 112 and permeate outlet 113 of the TFF
module. In some embodiments, there are a plurality of third
sensors 183, each configured to measure a corresponding
second pressure at the retentate outlet of each respective TFF
unit in the plurality of TFF units. The second sensor 182,
third sensor 183 and fourth sensor 184 are the same as or
similar to those disclosed herein with respect to the first
exemplary system and method (e.g., FIG. 5) and the second
exemplary system and method (e.g., FIG. 8). The fifth sensor
185 is configured to measure the amount of a fluid in a feed
unit in a manner the same as or similar to those disclosed
herein with respect to the fourth exemplary system and
method (e.g., FIG. 13).

[0148] The control unit 130 is electrically connected to the
plurality of valves (e.g., the valves 161, 162, 163, 164, 165,
167 and 168), the plurality of pumps (e.g., the pumps 171
and 172), and the plurality of sensors (e.g., the sensors 181,
182, 183, 184 and 185), and configured to control the
process of separation.

[0149] In some embodiments, the control unit 130 is
configured to perform the exemplary method 600 to main-
tain a substantially constant flow rate at the permeate outlet
of the TFF module. For instance, the control unit obtains the
flow rate from the first sensor 181. Based on the flow rate
measured by the first sensor, the control unit controls the
backpressure regulator (e.g., altering the set point of the
backpressure regulator)to adjust the TMP of the TFF mod-
ule, and thus maintains a substantially constant flow rate at
the permeate outlet of the TFF module.

[0150] In some embodiments, the control unit 130 is
configured to perform the exemplary method 900 to auto-
matically switch TFF units for separation. For instance, the
control unit obtains the first pressure measured by the
second sensor 182 at the feed inlet of the module, the second
pressure(s) measured by the third sensor(s) 183 at the
retentate outlet of the TFF module or at the retentate outlet
of'each TFF unit in a first set of TFF units that is being used
for separation, and the third pressure measured by the fourth
sensor 184 at the permeate outlet of the TFF module. The
control unit calculates the TMP of the first set of TFF units
based on the measured first, second and third pressures, and
determine whether the TMP of the first set of TFF units
exceeds a predetermined value. If it is determined that the
TMP of the first set of TFF units exceeds the predetermined
value, the control unit controls the valves, and other addi-
tional/optional components if present, to stop passing the
feed stream to the first set of TFF units and to allow the feed
stream to flow through a second set of TFF units in the
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plurality of TFF units. In some embodiments, based on the
flow rate measured by the first sensor, the control unit 130
controls the backpressure regulator to adjust a TMP of the
TFF module and thus maintains a first substantially constant
permeate flow rate when the first set of TFF units is being
used for separation and a second substantially constant
permeate flow rate when the second set of TFF units is being
used for separation. The first and second substantially con-
stant permeate flow rates can be the same or different.
[0151] In some embodiments, the control unit 130 is
configured to perform the exemplary method 1200 to pro-
mote membrane recovery. For instance, when the first or
second set of TFF units has been used to process a certain
amount of a feed fluid or used for a certain period of time,
the control unit closes the valve 164 and open the valve 165
to draw a buffer stream from the buffer module and flow it
through the TFF module. When the membrane(s) of the first
or second set of TFF units is recovered or when a next batch
of'the feed fluid is ready to be processed, the control unit 130
closes the valve 165 to stop flowing the buffer stream to the
TFF module.

[0152] In some embodiments, the control unit 130 is
configured to perform the exemplary method 1400 to auto-
matically switch feed units to permit parallel processing of
feed generation and feed separation. For instance, in
embodiments where a first feed unit (e.g., the feed unit
120-1) is involving critical operations of separation, the
control unit monitors the amount of the fluid contained in the
first feed unit through a corresponding fifth sensor (e.g., the
fifth sensor 185-1), and determines whether the amount of
the fluid contained in the first feed unit is below a prede-
termined amount. If it is determined that the amount of the
fluid contained in the first feed unit is below the predeter-
mined amount, the control unit controls the operation of the
valves 164, 166, 167 and 168 of the first feed unit and a
second feed unit (e.g., the feed unit 120-2) to draw the feed
stream from the second feed unit. In some embodiments,
additionally or optionally, when the amount of the fluid
contained in the first feed unit is below the predetermined
amount, the control unit controls the operation of the cor-
responding valves to flush the first feed unit with a buffer
stream from the buffer module. In some embodiments,
additionally or optionally, when the amount of the fluid
contained in the first feed unit is below the predetermined
amount, the control unit 130 controls the operation of the
corresponding valves to replenish the first feed unit with a
feed fluid from the source module.

EXEMPLARY IMPLEMENTS

[0153] Implement 1. A system comprising: a tangential
flow filtration (TFF) module comprising a feed inlet, a
retentate outlet, and a permeate outlet, wherein the feed inlet
of the TFF module is fluidly connected to an outlet of a first
feed unit to receive a feed stream, and the permeate outlet of
the TFF module is fluidly connected to a permeate collection
module; a backpressure regulator, wherein an inlet of the
backpressure regulator is fluidly connected to the retentate
outlet of the TFF module, and an outlet of the backpressure
regulator is fluidly connected to an inlet of the first feed unit;
a first sensor configured to measure a flow rate at the
permeate outlet of the TFF module; and a control unit
electrically connected to the backpressure regulator and the
first sensor, and configured to control the backpressure
regulator based on the flow rate measured by the first sensor
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to adjust a transmembrane pressure (ITMP) of the TFF
module, thereby maintaining a first substantially constant
flow rate at the permeate outlet of the TFF module.

[0154] Implement 2. The system of Implement 1, wherein
the control of the backpressure regulator increases a pressure
at the retentate outlet of the TFF module in response to a
decrease of the flow rate measured by the first sensor, or
decreases the pressure at the retentate outlet of the TFF
module in response to an increase of the flow rate measured
by the first sensor.

[0155] Implement 3. The system of Implement 2, wherein
the control of the backpressure regulator comprises altering
a set point of the backpressure regulator based on the flow
rate measured by the first sensor.

[0156] Implement 4. The system of Implement 3, wherein
the altering of the set point of the backpressure regulator
comprises: raising the set point in response to the decrease
of the flow rate measured by the first sensor; and lowering
the set point in response to the increase of the flow rate
measured by the first sensor.

[0157] Implement 5. The system of any one of Implements
1-4, wherein the TFF module consists of a single TFF unit.

[0158] Implement 6. The system of any one of Implements
1-4, wherein the TFF module comprises a plurality of TFF
units arranged fluidly in parallel, wherein each respective
TFF unit in the plurality of TFF units comprises: a corre-
sponding individual feed inlet fluidly connected to the feed
inlet of the TFF module; a corresponding individual reten-
tate outlet fluidly connected to the retentate outlet of the TFF
module; a corresponding individual permeate outlet fluidly
connected to the permeate outlet of the TFF module; and at
least one corresponding valve, wherein the at least one
corresponding valve comprises a corresponding first valve
coupled with the corresponding individual feed inlet. The
control unit is electrically connected to the at least one
corresponding valve of each of the plurality of TFF units,
and configured to control the at least one corresponding
valve of each of the plurality of TFF units to allow the feed
stream to selectively flow through a first set of TFF units in
the plurality of TFF units, wherein the control of the
backpressure regulator adjusts the TMP of the first set of
TFF units.

[0159] Implement 7. The system of Implement 6, wherein
the plurality of TFF units comprises two, three, four, five,
six, seven, eight, nine, ten or more than ten TFF units.

[0160] Implement 8. The system of Implement 6 or Imple-
ment 7, wherein for each respective TFF unit in the plurality
of TFF units, the at least one corresponding valve further
comprises a corresponding second valve coupled with the
corresponding individual retentate outlet, a corresponding
third valve coupled with the corresponding individual per-
meate outlet, or both.

[0161] Implement 9. The system of any one of Implements
6-8, wherein the first set of TFF units consists of a single
TFF unit to filter the feed stream.

[0162] Implement 10. The system of any one of Imple-
ments 6-8, wherein the first set of TFF units comprises two
or more TFF units, each to filter a portion of the feed stream.

[0163] Implement 11. The system of Implement 10,
wherein the first set of TFF units consists of all of the
plurality of TFF units.
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[0164] Implement 12. The system of any one of Imple-
ments 7-11 further comprising:

[0165] a second sensor configured to measure a first
pressure at the feed inlet of the TFF module; a plurality
of third sensors, each configured to measure a corre-
sponding second pressure at a corresponding retentate
outlet of a corresponding TFF unit in the plurality of
TFF units of the TFF module; and a fourth sensor
configured to measure a third pressure at the permeate
outlet of the TFF module, wherein the control unit is
electrically connected to the second, third and fourth
sensor, and is further configured to (i) calculate the
TMP of the first set of TFF units based on the measured
first pressure, the measured second pressure at the
retentate outlet of each TFF unit in the first set of TFF
units and the measured third pressures; (ii) determine
whether the TMP of the first set of TFF units exceeds
a predetermined value; and (iii) control, if it is deter-
mined that the TMP of the first set of TFF units exceeds
the predetermined value, the at least one corresponding
valve of each of the plurality of TFF units to stop
passing the feed stream to the first set of TFF units and
to allow the feed stream to flow through a second set of
TFF units in the plurality of TFF units.

[0166] Implement 13. The system of Implement 12,
wherein a pressure at the retentate outlet of the TFF module
is obtained by averaging the second pressures measured at
the retentate outlet of each TFF unit in the first set of TFF
units.

[0167] Implement 14. The system of any one of Imple-
ments 7-11 further comprising: a second sensor configured
to measure a first pressure at the feed inlet of the TFF
module; a third sensor configured to measure a second
pressure at the retentate outlet of the TFF module; and a
fourth sensor configured to measure a third pressure at the
permeate outlet of the TFF module, wherein the control unit
is electrically connected to the second, third and fourth
sensors, and is further configured to (i) calculate the TMP of
the first set of TFF units based on the first, second and third
pressures measured by the second, third and fourth sensors;
(i1) determine whether the TMP of the first set of TFF units
exceeds a predetermined value; and (iii) control, if it is
determined that the TMP of the first set of TFF units exceeds
the predetermined value, the at least one corresponding
valve of each of the plurality of TFF units to stop passing the
feed stream to the first set of TFF units and to allow the feed
stream to flow through a second set of TFF units in the
plurality of TFF units.

[0168] Implement 15. The system of Implement 14,
wherein the control unit is further configured to control the
backpressure regulator based on the flow rate measured by
the first sensor to adjust a TMP of the second set of TFF
units, thereby maintaining a second substantially constant
flow rate at the permeate line of the TFF module.

[0169] Implement 16. The system of any one of Imple-
ments 14-15, wherein the second set of TFF units consists of
a single TFF unit to filter the feed stream.

[0170] Implement 17. The system of any one of Imple-
ments 14-15, wherein the second set of TFF units comprises
two or more TFF units, each to filter a portion of the feed
stream.

[0171] Implement 18. The system of any one of the
preceding Implements, wherein: the feed inlet of the TFF
module is fluidly connected to the outlet of the first feed unit
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through a fourth valve, and fluidly connected to an outlet of
a buffer module through a fifth valve; and the control unit is
electrically connected to the fourth valve and the fifth valve
and is further configured to control the fourth valve and the
fifth valve to draw either the feed stream from the first feed
unit or a buffer stream from the buffer module for flowing
through the TFF module.

[0172] Implement 19. The system of Implement 18,
wherein the feed stream and the buffer stream are drawn
alternately.

[0173] Implement 20. The system of Implement 18 or
Implement 19, wherein the feed stream is flowed through the
TFF module for less than 50 hours, less than 45 hours, less
than 40 hours, less than 35 hours, less than 30 hours, less
than 25 hours, less than 20 hours, less than 15 hours, less
than 10 hours, less than 5 hours, less than 4 hours, less than
3 hours, less than 2 hours, or less than 1 hour.

[0174] Implement 21. The system of any one of Imple-
ments 18-20, wherein the feed stream is flowed through the
TFF module at a rate higher than 25 m[./min, higher than 50
ml./min, higher than 100 mI./min, higher than 200 mI./min,
higher than 300 mI/min, higher than 400 ml./min, higher
than 500 ml./min, higher than 1000 m[./min, higher than
2000 mI/min, higher than 3000 m[./min, higher than 4000
ml./min, or higher than 5000 mI./min.

[0175] Implement 22. The system of any one of Imple-
ments 18-21, wherein the buffer stream is flowed through the
TFF module for more than 2 hours, more than 4 hours, more
than 6 hours, more than 8 hours, more than 10 hours, more
than 15 hours, more than 20 hours, or more than 25 hours.

[0176] Implement 23. The system of any one of Imple-
ments 18-22, wherein the feed stream is flowed through the
TFF module at a rate lower than 500 mL/min, lower than
400 ml/min, lower than 300 ml/min, lower than 250
ml/min, lower than 200 mL/min, lower than 150 mL/min,
lower than 100 mL/min, or lower than 50 mL/min.

[0177] Implement 24. The system of any one of the
preceding Implements comprising: a plurality of feed units,
wherein the plurality of feed units comprises the first feed
unit and a second feed unit, wherein each respective feed
unit in the first and second feed units comprises: a corre-
sponding fourth valve connecting a corresponding indi-
vidual outlet of the respective feed unit with the feed inlet of
the TFF module; a corresponding sixth valve connecting a
corresponding individual inlet of the respective feed unit
with a source module; a corresponding seventh valve con-
necting the corresponding individual inlet of the respective
feed unit with a buffer module; a corresponding eighth valve
connecting the corresponding individual inlet of the respec-
tive feed unit with the outlet of the backpressure regulator;
and a corresponding fifth sensor configured to measure an
amount of a fluid contained in the respective feed unit,
wherein the control unit is electrically connected to the
corresponding fourth, sixth, seventh and eighth valves and
the corresponding fitth sensor of each of the first and second
feed units, and configured to (i) determine whether the
amount of the fluid contained in the first feed unit is below
a predetermined amount; and (ii) control, if it is determined
that the amount of the fluid contained in the first feed unit is
below the predetermined amount, the corresponding fourth,
sixth, seventh and eighth valves of each of the first and
second feed units to draw the feed stream from the second
feed unit in the plurality of feed units.
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[0178] Implement 25. The system of Implement 24,
wherein the control unit is further configured to: (iii) control,
if it is determined that the amount of the fluid contained in
the first feed unit is below the predetermined amount, the
corresponding fourth, sixth, seventh and eighth valves of
each of the first and second feed units to flush the first feed
unit with a buffer stream from the buffer module.

[0179] Implement 26. The system of Implement 24 or
Implement 25, wherein the control unit is further configured
to: (iv) control, if it is determined that the amount of the fluid
contained in the first feed unit is below the predetermined
amount, the corresponding fourth, sixth, seventh and eighth
valves of each of the first and second feed units to replenish
the first feed unit with a feed fluid from the source module.
[0180] Implement 27. The system of any one of Imple-
ments 24-26 further comprising: a buffer pump fluidly
connected to the outlet of the buffer module and the corre-
sponding seventh valve of each respective feed unit in the
plurality of feed units.

[0181] Implement 28. The system of any one of the
preceding Implements further comprising: a feed pump
fluidly connected to the feed inlet of the TFF module, and
fluidly connected to one or more of (i) the outlet of the first
feed unit, (ii) the corresponding individual outlet of each
respective feed unit in the plurality of feed units, (iii) the
outlet of the buffer module.

[0182] Implement 29. The system of any one of the
preceding Implements wherein the outlet of the first feed
unit or the corresponding individual outlet of each respective
feed unit in the plurality of feed units is connected to a
retentate collection module by a configurable valve.
[0183] Implement 30. The system of any one of the
preceding Implements wherein the control of the backpres-
sure regulator includes monitoring the flow rate measured by
the first sensor every 60 seconds or less, every 50 seconds
or less, every 40 seconds or less, every 30 seconds or less,
every 25 seconds or less, every 20 seconds or less, every 15
seconds or less, every 10 seconds or less, every 5 seconds or
less, every 4 seconds or less, every 3 seconds or less, every
2 seconds or less, or every 1 seconds or less.

[0184] Implement 31. A system comprising: a tangential
flow filtration (TFF) module comprising: a feed inlet of the
TFF module fluidly connected to an outlet of a first feed unit
to receive a feed stream; a retentate outlet of the TFF module
fluidly connected to an inlet of the first feed unit; a permeate
outlet of the TFF module fluidly connected to a permeate
collection module; and a plurality of TFF units arranged
fluidly in parallel. Each respective TFF unit in the plurality
of TFF units comprises: a corresponding individual feed
inlet fluidly connected to the feed inlet of the TFF module;
a corresponding individual retentate outlet fluidly connected
to the retentate outlet of the TFF module; a corresponding
individual permeate outlet fluidly connected to the permeate
outlet of the TFF module; and at least one corresponding
valve, wherein the at least one corresponding valve com-
prises a corresponding first valve coupled with the corre-
sponding individual feed inlet. The system further comprises
a second sensor configured to measure a first pressure at the
feed inlet of the TFF module; a third sensor configured to
measure a second pressure at the retentate outlet of the TFF
module; and a fourth sensor configured to measure a third
pressure at the permeate outlet of the TFF module; and a
control unit electrically connected to the at least one corre-
sponding valve of each of the plurality of TFF units and the
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second, third and fourth sensors, wherein the feed stream is
flowing through a first set of TFF units in the plurality of
TFF units, and the control unit is configured to (i) calculate
a TMP of the first set of TFF units based on the first, second
and third pressures measured by the second, third and fourth
sensors; (ii) determine whether the TMP of the first set of
TFF units exceeds a predetermined value; and (iii) control,
if it is determined that the TMP of the first set of TFF units
exceeds the predetermined value, the at least one corre-
sponding valve of each of the plurality of TFF units to stop
passing the feed stream to the first set of TFF units and to
allow the feed stream to flow through a second set of TFF
units in the plurality of TFF units.

[0185] Implement 32. The system of Implement 31,
wherein the first or second set of TFF units consists of a
single TFF unit to filter the feed stream.

[0186] Implement 33. The system of Implement 31,
wherein the first or second set of TFF units comprises two
or more TFF units, each to filter a portion of the feed stream.
[0187] Implement 34. The system of any one of Imple-
ments 31-33, wherein: the feed inlet of the TFF module is
fluidly connected to the outlet of the first feed unit through
a fourth valve, and fluidly connected to an outlet of a buffer
module through a fifth valve; and the control unit is elec-
trically connected to the fourth valve and the fifth valve and
is further configured to control the fourth valve and the fifth
valve to draw either the feed stream from the first feed unit
or a buffer stream from the buffer module for flowing
through the TFF module.

[0188] Implement 35. The system of Implement 34,
wherein the feed stream and the buffer stream are drawn
alternately.

[0189] Implement 36. The system of Implement 35,

wherein the feed stream is flowed through the TFF module
for a first time period and the buffer stream is flowed through
the TFF module for a second time period.

[0190] Implement 37. The system of Implement 36,
wherein the first time period is less than 25 hours, less than
20 hours, less than 15 hours, less than 10 hours, less than 5
hours, less than 4 hours, less than 3 hours, less than 2 hours,
or less than 1 hour.

[0191] Implement 38. The system of Implement 36 or
Implement 37, wherein the second time period is more than
10 hours, more than 15 hours, more than 20 hours, or more
than 25 hours.

[0192] Implement 39. The system of any one of Imple-
ments 35-38, wherein the feed stream is flowed through the
TFF module at a first rate and the buffer stream is flowed
through the TFF module at a second rate.

[0193] Implement 40. The system of Implement 40,
wherein the first rate is higher than 500 m[/min, higher than
1000 mI/min, higher than 2000 m[./min, higher than 3000
ml./min, higher than 4000 mI/min, or higher than 5000
ml/min.

[0194] Implement 41. The system of Implement 39 or
Implement 40, wherein the second rate is lower than 500
ml/min, lower than 400 mL/min, lower than 300 mL/min,
lower than 250 ml/min, lower than 200 ml./min, or lower
than 150 mIL/min.

[0195] Implement 42. The system of any one of Imple-
ments 31-41 further comprising a plurality of feed units,
wherein the plurality of feed units comprises the first feed
unit and a second feed unit, wherein each respective feed
unit in the first and second feed units comprises: a corre-
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sponding fourth valve connecting a corresponding indi-
vidual outlet of the respective feed unit with the feed inlet of
the TFF module; a corresponding sixth valve connecting a
corresponding individual inlet of the respective feed unit
with a source module; a corresponding seventh valve con-
necting the corresponding individual inlet of the respective
feed unit with a buffer module; a corresponding eighth valve
connecting the corresponding individual inlet of the respec-
tive feed unit with the retentate outlet of the TFF module;
and a corresponding fifth sensor configured to measure an
amount of a fluid contained in the respective feed unit. The
control unit is electrically connected to the corresponding
fourth, sixth, seventh and eighth valves and the correspond-
ing fifth sensor of each of the first and second feed units, and
configured to (i) determine whether the amount of the fluid
contained in the first feed unit is below a predetermined
amount; and (ii) control, if it is determined that the amount
of the fluid contained in the first feed unit is below the
predetermined amount, the corresponding fourth, sixth, sev-
enth and eighth valves of each of the first and second feed
units to draw the feed stream from the second feed unit in the
plurality of feed units.

[0196] Implement 43. The system of Implement 42,
wherein the control unit is further configured to: (iii) control,
if it is determined that the amount of the sample contained
in the first feed unit is below the predetermined amount, the
corresponding fourth, sixth, seventh and eighth valves of
each of the first and second feed units to flush the first feed
unit with a buffer stream from the buffer module.

[0197] Implement 44. The system of Implement 42 or
Implement 43, wherein the control unit is further configured
to: (iv) control, if it is determined that the amount of the
sample contained in the first feed unit is below the prede-
termined amount, the corresponding fourth, sixth, seventh
and eighth valves of each of the first and second feed units
to replenish the first feed unit with a feed fluid from the
source module.

[0198] Implement 45. The system of any one of Imple-
ments 42-44 further comprising a buffer pump fluidly con-
nected to the outlet of the buffer module and the correspond-
ing seventh valve of each respective feed unit in the plurality
of feed units.

[0199] Implement 46. A system comprising a tangential
flow filtration (TFF) module and a control unit. The TFF
module comprises: a feed inlet fluidly connected to an outlet
of a first feed unit through a fourth valve to receive a feed
stream, and fluidly connected to an outlet of a buffer module
through a fifth valve to receive a buffer stream; a retentate
outlet fluidly connected to an inlet of the first feed unit; and
a permeate outlet fluidly connected to a permeate collection
module. The control unit is electrically connected to the
fourth valve and the fifth valve and is configured to control
the fourth valve and the fifth valve to draw either the feed
stream from the first feed unit or the buffer stream from the
buffer module for flowing through the TFF module.

[0200] Implement 47. The system of Implement 46,
wherein the feed stream and the buffer stream are drawn
alternately.

[0201] Implement 48. The system of Implement 47,

wherein the feed stream is flowed through the TFF module
for a first time period and the buffer stream is flowed through
the TFF module for a second time period.

[0202] Implement 49. The system of Implement 48,
wherein the first time period is less than 50 hours, less than
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45 hours, less than 40 hours, less than 35 hours, less than 30
hours, less than 25 hours, less than 20 hours, less than 15
hours, less than 10 hours, less than 8 hours, less than 6 hours,
less than 5 hours, less than 4 hours, less than 3 hours, less
than 2 hours, or less than 1 hours.

[0203] Implement 50. The system of Implement 48 or
Implement 49, wherein the second time period is more than
10 hours, more than 15 hours, more than 20 hours, more than
25 hours, more than 1 day, or more than 2 days.

[0204] Implement 51. The system of any one of Imple-
ments 46-50, wherein the feed stream is flowed through the
TFF module at a first rate and the buffer stream is flowed
through the TFF module at a second rate.

[0205] Implement 52. The system of Implement 51,
wherein the first rate is higher than 25 mI./min, higher than
50 ml/min, higher than 100 ml./min, higher than 200
ml./min, higher than 300 mI./min, higher than 400 mI./min,
higher than 500 mI/min, higher than 1000 mI./min, higher
than 2000 ml./min, higher than 3000 m[L./min, higher than
4000 mL/min, or higher than 5000 mI./min.

[0206] Implement 53. The system of Implement 51 or
Implement 52, wherein the second rate is lower than 500
ml/min, lower than 400 mL/min, lower than 300 mL/min,
lower than 250 mI/min, lower than 200 mL/min, lower than
150 ml/min, lower than 100 ml/min, or lower than 50
ml/min.

[0207] Implement 54. The system of any one of Imple-
ments 46-53 further comprising a plurality of feed units,
wherein the plurality of feed units comprises the first feed
unit and a second feed unit, wherein each respective feed
unit in the first and second feed units comprises: a corre-
sponding fourth valve connecting a corresponding indi-
vidual outlet of the respective feed unit with a feed inlet of
a tangential flow filtration (TFF) module; a corresponding
sixth valve connecting a corresponding individual inlet of
the respective feed unit with a source module; a correspond-
ing seventh valve connecting the corresponding individual
inlet of the respective feed unit with a buffer module; a
corresponding eighth valve connecting the corresponding
individual inlet of the respective feed unit with a retentate
outlet of the TFF module; and a corresponding fifth sensor
configured to measure an amount of a fluid contained in the
respective feed unit. The control unit is electrically con-
nected to the corresponding fourth, sixth, seventh and eighth
valves and the corresponding fifth sensor of each of the first
and second feed units, wherein the first feed unit is supply-
ing the feed stream to the TFF module, and the control unit
is configured to (i) determine whether the amount of the fluid
contained in the first feed unit is below a predetermined
amount; and (ii) control, if it is determined that the amount
of the fluid contained in the first feed unit is below the
predetermined amount, the corresponding fourth, sixth, sev-
enth and eighth valves of each of the first and second feed
units to draw the feed stream from the second feed unit in the
plurality of feed units.

[0208] Implement 55. The system of Implement 54,
wherein the control unit is further configured to: (iii) control,
if it is determined that the amount of the fluid contained in
the first feed unit is below the predetermined amount, the
corresponding fourth, sixth, seventh and eighth valves of
each of the first and second feed units to flush the first feed
unit with a buffer stream from the buffer module.

[0209] Implement 56. The system of Implement 54 or
Implement 55, wherein the control unit is further configured
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to: (iv) control, if it is determined that the amount of the fluid
contained in the first feed unit is below the predetermined
amount, the corresponding fourth, sixth, seventh and eighth
valves of each of the first and second feed units to replenish
the first feed unit with a feed fluid from the source module.

[0210] Implement 57. A system comprising a plurality of
feed units and a control unit. The plurality of feed units
comprises a first feed unit and a second feed unit, wherein
each respective feed unit in the first and second feed units
comprises: a corresponding fourth valve connecting a cor-
responding individual outlet of the respective feed unit with
a feed inlet of a tangential flow filtration (TFF) module; a
corresponding sixth valve connecting a corresponding indi-
vidual inlet of the respective feed unit with a source module;
a corresponding seventh valve connecting the corresponding
individual inlet of the respective feed unit with a buffer
module; a corresponding eighth valve connecting the cor-
responding individual inlet of the respective feed unit with
a retentate outlet of the TFF module; and a corresponding
fifth sensor configured to measure an amount of a fluid
contained in the respective feed unit. The control unit is
electrically connected to the corresponding fourth, sixth,
seventh and eighth valves and the corresponding fifth sensor
of each of the first and second feed units, wherein the first
feed unit is supplying the feed stream to the TFF module,
and the control unit is configured to (i) determine whether
the amount of the fluid contained in the first feed unit is
below a predetermined amount; and (ii) control, if it is
determined that the amount of the fluid contained in the first
feed unit is below the predetermined amount, the corre-
sponding fourth, sixth, seventh and eighth valves of each of
the first and second feed units to draw the feed stream from
the second feed unit in the plurality of feed units.

[0211] Implement 58. The system of Implement 57,
wherein the control unit is further configured to: (iii) control,
if it is determined that the amount of the fluid contained in
the first feed unit is below the predetermined amount, the
corresponding fourth, sixth, seventh and eighth valves of
each of the first and second feed units to flush the first feed
unit with a buffer stream from the buffer module.

[0212] Implement 59. The system of Implement 57 or
Implement 58, wherein the control unit is further configured
to: (iv) control, if it is determined that the amount of the fluid
contained in the first feed unit is below the predetermined
amount, the corresponding fourth, sixth, seventh and eighth
valves of each of the first and second feed units to replenish
the first feed unit with a feed fluid from the source module.

[0213] Implement 60. The system of any one of Imple-
ments 57-59 further comprising: a buffer pump fluidly
connected to the outlet of the buffer module and the corre-
sponding seventh valve of each respective feed unit in the
first and second feed units.

[0214] Implement 61. A method for controlling a system,
wherein the system comprises a tangential flow filtration
(TFF) module having a feed inlet fluidly connected to an
outlet of a first feed unit to receive a feed stream and a
retentate outlet fluidly connected to an inlet of a backpres-
sure regulator, the method comprising: (A) obtaining a flow
rate at a permeate outlet of the TFF module; and (B)
controlling the backpressure regulator based on the obtained
flow rate to adjust a transmembrane pressure (TMP) of the
TFF module, thereby maintaining a substantially constant
flow rate at the permeate outlet of the TFF module.
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[0215] Implement 62. The method of Implement 61,
wherein the control (B) of the backpressure regulator com-
prises: (B1) altering a set point of the backpressure regulator
based on the obtained flow rate.

[0216] Implement 63. The method of Implement 62,
wherein the altering (B1) of the set point of the backpressure
regulator comprises: raising the set point in response to a
decrease of the obtained flow rate; and lowering the set point
in response to an increase of the obtained flow rate.
[0217] Implement 64. The method of any one of Imple-
ments 61-63, wherein the TFF module comprises a plurality
of TFF units arranged fluidly in parallel and each respective
TFF unit in the plurality of TFF units comprises at least one
corresponding valve, the method further comprising: (C)
controlling the at least one corresponding valve of each of
the plurality of TFF units to allow the feed stream to
selectively flow through a first set of TFF units in the
plurality of TFF units, wherein the control (B) of the
backpressure regulator adjusts the TMP of the first set of
TFF units.

[0218] Implement 65. The method of Implement 64 fur-
ther comprising: (D) obtaining a first pressure at the feed
inlet of the TFF module, a second pressure at the retentate
outlet of the TFF module, and a third pressure at the
permeate outlet of the TFF module; (E) calculating the TMP
of the first set of TFF units based on the first, second and
third pressures; (F) determining whether the TMP of the first
set of TFF units exceeds a predetermined value; and (G)
controlling, if it is determined that the TMP of the first set
of TFF units exceeds the predetermined value, the at least
one corresponding valve of each of the plurality of TFF units
to stop passing the feed stream to the first set of TFF units
and to allow the feed stream to flow through a second set of
TFF units in the plurality of TFF units.

[0219] Implement 66. The method of Implement 65,
wherein the first or second set of TFF units consists of a
single TFF unit to filter the feed stream.

[0220] Implement 67. The method of Implement 65,
wherein the first or second set of TFF units comprises two
or more TFF units, each to filter a portion of the feed stream.
[0221] Implement 68. The method of any one of Imple-
ments 61-67, wherein the feed inlet of the TFF module is
fluidly connected to the outlet of the first feed unit through
a fourth valve, and fluidly connected to an outlet of a buffer
module through a fifth valve, the method further comprising:
(H) controlling the fourth valve and the fifth valve to draw
either the feed stream from the first feed unit or a buffer
stream from the buffer module for flowing through the TFF
module.

[0222] Implement 69. The method of Implement 68,
wherein the feed stream and the buffer stream are drawn
alternately.

[0223] Implement 70. The method of Implement 69,
wherein the feed stream is flowed through the TFF module
for a first time period and the buffer stream is flowed through
the TFF module for a second time period.

[0224] Implement 71. The method of Implement 69 or
Implement 70, wherein the feed stream is flowed through the
TFF module at a first rate and the buffer stream is flowed
through the TFF module at a second rate.

[0225] Implement 72. The method of any one of Imple-
ments 61-71, wherein the TFF module is fluidly connected
to a plurality of feed units, the plurality of feed units
comprising the first feed unit and a second feed unit, and
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each respective feed unit in the first and second feed units is
fluidly connected to the TFF module, a source module and
a buffer module through a plurality of corresponding valves,
the method further comprising: (I) determining whether an
amount of a fluid contained in the first feed unit is below a
predetermined amount; and (J) controlling, if it is deter-
mined that the amount of the fluid contained in the first feed
unit is below the predetermined amount, the plurality of
corresponding valves of each of the first and second feed
units to draw the feed stream from the second feed unit in the
plurality of feed units.

[0226] Implement 73. The method of Implement 72 fur-
ther comprising: (K) controlling, if it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the plurality of corresponding
valves of each of the first and second feed units to flush the
first feed unit with a buffer stream from the buffer module.

[0227] Implement 74. The method of Implement 72 or
Implement 73 further comprising: (L) controlling, if it is
determined that the amount of the fluid contained in the first
feed unit is below the predetermined amount, the plurality of
corresponding valves of each of the first and second feed
units to replenish the first feed unit with a feed fluid from the
source module.

[0228] Implement 75. A method for controlling a system,
wherein the system comprises a tangential flow filtration
(TFF) module having a plurality of TFF units arranged
fluidly in parallel, each respective TFF unit in the plurality
of TFF units comprises at least one corresponding valve, a
feed inlet of the TFF module is fluidly connected to an outlet
of a first feed unit to receive a feed stream that is flowing
through a first set of TFF units in the plurality of TFF units,
the method comprising: (A) obtaining a first pressure at the
feed inlet of the TFF module, a second pressure at a retentate
outlet of the TFF module, and a third pressure at a permeate
outlet of the TFF module; (B) calculating the TMP of the
first set of TFF units based on the first, second and third
pressures; (C) determining whether the TMP of the first set
of TFF units exceeds a predetermined value; and (D) con-
trolling, if it is determined that the TMP of the first set of
TFF units exceeds the predetermined value, the at least one
corresponding valve of each of the plurality of TFF units to
stop passing the feed stream to the first set of TFF units and
to allow the feed stream to flow through a second set of TFF
units in the plurality of TFF units.

[0229] Implement 76. The method of Implement 75,
wherein the first or second set of TFF units consists of a
single TFF unit to filter the feed stream.

[0230] Implement 77. The method of Implement 75,
wherein the first or second set of TFF units comprises two
or more TFF units, each to filter a portion of the feed stream.

[0231] Implement 78. The method of any one of Imple-
ments 75-77, wherein the feed inlet of the TFF module is
fluidly connected to the outlet of the first feed unit through
a fourth valve, and fluidly connected to an outlet of a buffer
module through a fifth valve, the method further comprising:
(E) controlling the fourth valve and the fifth valve to draw
either the feed stream from the first feed unit or a buffer
stream from the buffer module for flowing through the TFF
module.

[0232] Implement 79. The method of Implement 78,
wherein the feed stream and the buffer stream are drawn
alternately.
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[0233] Implement 80. The method of Implement 79,
wherein the feed stream is flowed through the TFF module
for a first time period and the buffer stream is flowed through
the TFF module for a second time period.

[0234] Implement 81. The method of Implement 79 or
Implement 80 the feed stream is flowed through the TFF
module at a first rate and the buffer stream is flowed through
the TFF module at a second rate.

[0235] Implement 82. The method of any one of Imple-
ments 75-81, wherein the system comprises a plurality of
feed units, the plurality of feed units comprising the first
feed unit and a second feed unit, and each respective feed
unit in the first and second feed units is fluidly connected to
the TFF module, a source module and a buffer module
through a plurality of corresponding valves, the method
further comprising: (F) determining whether an amount of a
fluid contained in the first feed unit is below a predetermined
amount; and (G) controlling, if it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the plurality of corresponding
valves of each of the first and second feed units to draw the
feed stream from the second feed unit in the plurality of feed
units.

[0236] Implement 83. The method of Implement 82 fur-
ther comprising: (H) controlling, if it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the plurality of corresponding
valves of each of the first and second feed units to flush the
first feed unit with a buffer stream from the buffer module.
[0237] Implement 84. The method of Implement 82 or
Implement 83 further comprising: (I) controlling, if it is
determined that the amount of the fluid contained in the first
feed unit is below the predetermined amount, the plurality of
corresponding valves of each of the first and second feed
units to replenish the first feed unit with a feed fluid from the
source module.

[0238] Implement 85. A method for controlling a system,
wherein the system comprises a tangential flow filtration
(TFF) module, and the TFF module comprises a feed inlet
fluidly connected to an outlet of a first feed unit through a
fourth valve to receive a feed stream and fluidly connected
to an outlet of a buffer module through a fifth valve to
receive a buffer stream, the method comprising: (A) con-
trolling the fourth valve and the fifth valve to draw either the
feed stream from the first feed unit or the buffer stream from
the buffer module for flowing through the TFF module.
[0239] Implement 86. The method of Implement 85,
wherein the feed stream and the buffer stream are drawn
alternately.

[0240] Implement 87. The method of Implement 86,
wherein the feed stream is flowed through the TFF module
for a first time period and the buffer stream is flowed through
the TFF module for a second time period.

[0241] Implement 88. The method of Implement 86 or
Implement 87, wherein the feed stream is flowed through the
TFF module at a first rate and the buffer stream is flowed
through the TFF module at a second rate.

[0242] Implement 89. The method of any one of Imple-
ments 85-88, wherein the system comprises a plurality of
feed units, the plurality of feed units comprising the first
feed unit and a second feed unit, and each respective feed
unit in the first and second feed units is fluidly connected to
the TFF module, a source module and a buffer module
through a plurality of corresponding valves, the method
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further comprising: (B) determining whether an amount of a
fluid contained in the first feed unit is below a predetermined
amount; and (C) controlling, if it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the plurality of corresponding
valves of each of the first and second feed units to draw the
feed stream from the second feed unit in the plurality of feed
units.

[0243] Implement 90. The method of Implement 89 fur-
ther comprising: (D) controlling, if it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the plurality of corresponding
valves of each of the plurality of feed units to flush the first
feed unit with a buffer stream from the buffer module.
[0244] Implement 91. The method of Implement 89 or
Implement 90 further comprising: (E) controlling, if it is
determined that the amount of the fluid contained in the first
feed unit is below the predetermined amount, the plurality of
corresponding valves of each of the plurality of feed units to
replenish the first feed unit with a feed fluid from the source
module.

[0245] Implement 92. A method for controlling a system,
wherein the system comprises a plurality of feed units, the
plurality of feed units comprises a first feed unit and a
second unit, each respective feed unit in the first and second
feed units is fluidly connected to a TFF module, a source
module and a buffer module through a plurality of corre-
sponding valves, and the first feed unit is supplying a feed
stream to the TFF module, the method comprises:(A) deter-
mining whether an amount of a fluid contained in the first
feed unit is below a predetermined amount; and (B) con-
trolling, if it is determined that the amount of the fluid
contained in the first feed unit is below the predetermined
amount, the plurality of corresponding valves of each of the
first and second feed units to draw the feed stream from a
second feed unit in the first and second feed units.

[0246] Implement 93. The method of Implement 92 fur-
ther comprising: (C) controlling, if it is determined that the
amount of the fluid contained in the first feed unit is below
the predetermined amount, the plurality of corresponding
valves of each of the first and second feed units to flush the
first feed unit with a buffer stream from the buffer module.
[0247] Implement 94. The method of Implement 92 or
Implement 93 further comprising: (D) controlling, if it is
determined that the amount of the fluid contained in the first
feed unit is below the predetermined amount, the plurality of
corresponding valves of each of the first and second feed
units to replenish the first feed unit with a feed fluid from the
source module.

[0248] The systems and methods of the present invention
can include other additional, optional or alternative compo-
nents. For instance, a system (e.g., system 100, system 500,
system 800, system 1100, system 1300, or system 1500) may
include a sensor configured to measure a flow rate of the
buffer stream, a sensor configured to measure a flow rate at
the feed inlet of the TFF module, a sensor configured to
measure a flow rate at the retentate outlet of the TFF module,
a sensor configured to measure an acidity or alkalinity of the
feed stream, a sensor to measure a position of a valve (e.g.,
whether a valve is open or closed, or the degree of opening),
a module for sampling a feed fluid between the source
module and the feed module, or any combination thereof.
[0249] It will be appreciated by those skilled in the art that
changes could be made to the exemplary embodiments
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shown and described above without departing from the
broad inventive concepts thereof. It is to be understood that
the embodiments and claims disclosed herein are not limited
in their application to the details of construction and
arrangement of the components set forth in the description
and illustrated in the drawings. Rather, the description and
the drawings provide examples of the embodiments envi-
sioned. The embodiments and claims disclosed herein are
further capable of other embodiments and of being practiced
and carried out in various ways.

[0250] Specific features of the exemplary embodiments
may or may not be part of the claimed invention and various
features of the disclosed embodiments may be combined.
Accordingly, those skilled in the art will appreciate that the
conception upon which the application and claims are based
may be readily utilized as a basis for the design of other
structures, methods, and systems for carrying out the several
purposes of the embodiments and claims presented in this
application. It is important, therefore, that the claims be
regarded as including such equivalent constructions.

What is claimed is:

1. A system comprising:

a tangential flow filtration (TFF) module comprising a
feed inlet, a retentate outlet, and a permeate outlet,
wherein the feed inlet of the TFF module is fluidly
connected to an outlet of a first feed unit to receive a
feed stream, and the permeate outlet of the TFF module
is fluidly connected to a permeate collection module;

a backpressure regulator, wherein an inlet of the back-
pressure regulator is fluidly connected to the retentate
outlet of the TFF module, and an outlet of the back-
pressure regulator is fluidly connected to an inlet of the
first feed unit;

a first sensor configured to measure a flow rate at the
permeate outlet of the TFF module; and

a control unit electrically connected to the backpressure
regulator and the first sensor, and configured to control
the backpressure regulator based on the flow rate
measured by the first sensor to adjust a transmembrane
pressure (TMP) of the TFF module, thereby maintain-
ing a first substantially constant flow rate at the per-
meate outlet of the TFF module.

2. The system of claim 1, wherein the control of the
backpressure regulator increases a pressure at the retentate
outlet of the TFF module in response to a decrease of the
flow rate measured by the first sensor, or decreases the
pressure at the retentate outlet of the TFF module in
response to an increase of the flow rate measured by the first
sensor.

3. The system of claim 2, wherein the control of the
backpressure regulator comprises altering a set point of the
backpressure regulator based on the flow rate measured by
the first sensor.

4. The system of claim 3, wherein the altering of the set
point of the backpressure regulator comprises:
raising the set point in response to the decrease of the flow
rate measured by the first sensor; and
lowering the set point in response to the increase of the
flow rate measured by the first sensor.
5. The system of claim 1, wherein the TFF module
consists of a single TFF unit.
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6. The system of claim 1, wherein:

the TFF module comprises a plurality of TFF units
arranged fluidly in parallel, wherein each respective
TFF unit in the plurality of TFF units comprises:

a corresponding individual feed inlet fluidly connected
to the feed inlet of the TFF module;

a corresponding individual retentate outlet fluidly con-
nected to the retentate outlet of the TFF module;

a corresponding individual permeate outlet fluidly con-
nected to the permeate outlet of the TFF module; and

at least one corresponding valve, wherein the at least
one corresponding valve comprises a corresponding
first valve coupled with the corresponding individual
feed inlet; and

the control unit is electrically connected to the at least one
corresponding valve of each of the plurality of TFF
units, and configured to control the at least one corre-
sponding valve of each of the plurality of TFF units to
allow the feed stream to selectively flow through a first
set of TFF units in the plurality of TFF units, wherein
the control of the backpressure regulator adjusts the
TMP of the first set of TFF units.

7. The system of claim 6, wherein for each respective TFF
unit in the plurality of TFF units, the at least one corre-
sponding valve further comprises a corresponding second
valve coupled with the corresponding individual retentate
outlet, a corresponding third valve coupled with the corre-
sponding individual permeate outlet, or both.

8. The system of claim 6, wherein the first set of TFF units
consists of a single TFF unit to filter the feed stream.

9. The system of claim 6, wherein the first set of TFF units
comprises two or more TFF units, each to filter a portion of
the feed stream.

10. The system of claim 6 further comprising:

a second sensor configured to measure a first pressure at

the feed inlet of the TFF module;
a plurality of third sensors, each configured to measure a
corresponding second pressure at a corresponding
retentate outlet of a corresponding TFF unit in the
plurality of TFF units of the TFF module; and
a fourth sensor configured to measure a third pressure at
the permeate outlet of the TFF module,
wherein the control unit is electrically connected to the
second, third and fourth sensor, and is further config-
ured to
(1) calculate the TMP of the first set of TFF units based
on the measured first pressure, the measured second
pressure at the retentate outlet of each TFF unit in the
first set of TFF units and the measured third pres-
sures;

(i1) determine whether the TMP of the first set of TFF
units exceeds a predetermined value; and

(iii) control, if it is determined that the TMP of the first
set of TFF units exceeds the predetermined value, the
at least one corresponding valve of each of the
plurality of TFF units to stop passing the feed stream
to the first set of TFF units and to allow the feed
stream to flow through a second set of TFF units in
the plurality of TFF units.

11. The system of claim 10, wherein a pressure at the
retentate outlet of the TFF module is obtained by averaging
the second pressures measured at the retentate outlet of each
TFF unit in the first set of TFF units.
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12. The system of claim 6 further comprising:

a second sensor configured to measure a first pressure at
the feed inlet of the TFF module;

a third sensor configured to measure a second pressure at
the retentate outlet of the TFF module; and

a fourth sensor configured to measure a third pressure at
the permeate outlet of the TFF module,

wherein the control unit is electrically connected to the
second, third and fourth sensors, and is further config-
ured to
(1) calculate the TMP of the first set of TFF units based

on the first, second and third pressures measured by
the second, third and fourth sensors;

(i1) determine whether the TMP of the first set of TFF
units exceeds a predetermined value; and

(iii) control, if it is determined that the TMP of the first
set of TFF units exceeds the predetermined value, the
at least one corresponding valve of each of the
plurality of TFF units to stop passing the feed stream
to the first set of TFF units and to allow the feed
stream to flow through a second set of TFF units in
the plurality of TFF units.

13. The system of claim 12, wherein the control unit is
further configured to control the backpressure regulator
based on the flow rate measured by the first sensor to adjust
a TMP of the second set of TFF units, thereby maintaining
a second substantially constant flow rate at the permeate line
of the TFF module.

14. The system of claim 1, wherein:

the feed inlet of the TFF module is fluidly connected to
the outlet of the first feed unit through a fourth valve,
and fluidly connected to an outlet of a buffer module
through a fifth valve; and

the control unit is electrically connected to the fourth
valve and the fifth valve and is further configured to
control the fourth valve and the fifth valve to draw
either the feed stream from the first feed unit or a buffer
stream from the buffer module for flowing through the
TFF module.

15. The system of claim 14, wherein the feed stream and

the buffer stream are drawn alternately.

16. The system of claim 1 comprising:

a plurality of feed units, wherein the plurality of feed units
comprises the first feed unit and a second feed unit,
wherein each respective feed unit in the first and second
feed units comprises:

a corresponding fourth valve connecting a correspond-
ing individual outlet of the respective feed unit with
the feed inlet of the TFF module;

a corresponding sixth valve connecting a correspond-
ing individual inlet of the respective feed unit with a
source module;

a corresponding seventh valve connecting the corre-
sponding individual inlet of the respective feed unit
with a buffer module;

a corresponding eighth valve connecting the corre-
sponding individual inlet of the respective feed unit
with the outlet of the backpressure regulator; and

a corresponding fifth sensor configured to measure an
amount of a fluid contained in the respective feed
unit,

wherein the control unit is electrically connected to the
corresponding fourth, sixth, seventh and eighth valves
and the corresponding fifth sensor of each of the first
and second feed units, and configured to



US 2023/0372870 Al

(1) determine whether the amount of the fluid contained
in the first feed unit is below a predetermined
amount; and

(ii) control, if it is determined that the amount of the
fluid contained in the first feed unit is below the
predetermined amount, the corresponding fourth,
sixth, seventh and eighth valves of each of the first
and second feed units to draw the feed stream from
the second feed unit in the plurality of feed units.

17. The system of claim 16, wherein the control unit is

further configured to:

(iii) control, if it is determined that the amount of the fluid
contained in the first feed unit is below the predeter-
mined amount, the corresponding fourth, sixth, seventh
and eighth valves of each of the first and second feed
units to flush the first feed unit with a buffer stream
from the buffer module.

18. The system of claim 16, wherein the control unit is

further configured to:
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(iv) control, if it is determined that the amount of the fluid
contained in the first feed unit is below the predeter-
mined amount, the corresponding fourth, sixth, seventh
and eighth valves of each of the first and second feed
units to replenish the first feed unit with a feed fluid
from the source module.

19. The system of claim 16 further comprising:

a buffer pump fluidly connected to the outlet of the buffer
module and the corresponding seventh valve of each
respective feed unit in the plurality of feed units.

20. The system of claim 1 further comprising:

a feed pump fluidly connected to the feed inlet of the TFF
module, and fluidly connected to one or more of (i) the
outlet of the first feed unit, (ii) the corresponding
individual outlet of each respective feed unit in a
plurality of feed units, (iii) the outlet of a buffer
module.



