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FIELD
[0001] This specification relates to spiral wound membrane modules, for example

nanofiltration and reverse osmosis modules, and to nanofiltration and reverse osmosis

processes.
BACKGROUND
[0002] Reverse osmosis (RO) and nanofiltration (NF) membranes are made, for

example, for seawater and brackish water desalination. Brackish water RO membranes
(BWRO) typically have higher water permeability and salt permeability than seawater reverse
osmosis membranes (SWRQO). BWRO membranes typically operate at lower pressures than
SWRO membranes. For example, a BWRO membrane may be operated at about 15 bar

whereas a SWRO membrane may be operated at about 55 bar.

INTRODUCTION

[0003] This specification describes a spiral wound membrane module having a
brackish water RO or NF membrane combined with a permeate carrier having a narrow
spacing between membrane contacting elements. The membrane may have water
permeability (A-Value) of at least 8*10% cm/s/bar at 25 °C. The membrane may have salt
diffusion rate, alternatively called salt permeability, (B-Value) of at least 0.5*10-5 cm/s at 25
°C. The permeate carrier may be, for example, a tricot knit fabric wherein the membrane
contacting elements are a set of generally parallel ribs, alternatively called wales. The
permeate carrier may have a density of 54 wales per inch or more; a flow channel width
measured at wide parts of the channel of 215 micrometers or less; or, an average flow
channel width of 175 micrometers or less. Optionally, the permeate carrier may also have
epoxy coating of 20 wt% or less; flow channel width measured at narrow parts of the channel
of 83 micrometers or more; average flow channel width of 121 micrometers or more; or, a
channel cross-sectional area of 16*10-° m? or more.

[0004] This specification describes a process for treating water. The water is treated
with a brackish water RO or NF membrane, but at a high feed pressure, for example a
pressure of at least 50 bar. In some examples, the feed pressure may be 70 bar or more, 90

bar or more, or in a range of 70-120 bar. The membrane may have water permeability (A-
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Value) of at least 8*10-° cm/s/bar at 25 °C. The membrane may have salt diffusion rate,
alternatively called salt permeability, (B-Value) of at least 0.5*10-5 cm/s at 25 °C. The
membrane may be in a spiral wound module, optionally with a permeate carrier as described
in the paragraph above. The process may have a concentration end point (concentration of
retentate discharged from the process) of 100 g/L or more, 130 g/L or more or 150 g/L or
more.

[0005] The process may be used, for example, for brine concentration or high
recovery water or wastewater treatment. Typically, a seawater membrane would be used in
a process intended to produce a high concentration end point, primarily because seawater
membranes have lower salt permeability. However, the inventors have observed that
brackish water membranes are actually able to achieve better flux and/or higher
concentration end points, particularly when operating under high pressure. Without intending
to be limited by theory, the osmotic pressure when operating at high feed/retentate
concentration, combined with the lower initial water permeability of seawater membranes,
may result in insufficient permeate flow through a seawater membrane to reach high

concentration end points.

BRIEF DESCRIPTION OF THE FIGURES

[0006] Figure 1 shows the flux of the two modules, one with a brackish water
membrane (A) and one with a seawater membrane (B), at 80 bar with a variety of feed salt
concentration

[0007] Figure 2 shows the rejection of modules with membranes A and B of Figure 1
at 80 bar with a variety of feed salt concentration.

[0008] Figure 3 shows salt concentration end points from modules of membranes A

and B with a first permeate carrier, PC-1, of Figure 4.

[0009] Figure 4 is a magnified photograph of a first permeate carrier, PC-1.

[0010] Figure 5 is a magnified photograph of a second permeate carrier, PC-2.
[0011] Figure 6 is a magnified photograph of a third permeate carrier, PC-3.

[0012] Figure 7A is a schematic diagram showing spiral wound element deformation

and Figure 7B is a schematic diagram showing a method of measuring the deformation.
[0013] Figures 8A and 8B show the flux of two modules with different permeate
carriers, PC-2 of Figure 5 and PC-3 of Figure 6, while operating at 80 bar with different feed
salt concentrations.
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[0014] Figures 9A and 9B show the rejection of the two modules of Figure 8 while
operating at 80 bar with different feed salt concentrations.
[0015] Figure 10 shows measured and extrapolated concentration end point of the

modules of Figure 8 while operating at different pressures.

DETAILED DESCRIPTION

[0016] A RO or NF spiral wound module as described herein can be used, for
example, to concentrate a contaminant such as a salt, acid or organic compound. The
process may be used to produce filtered water or to recover the contaminant. For example,
the spiral wound module may be used to treat industrial wastewater, for example in a zero-
liquid discharge application.

[0017] When spiral wound membrane modules are operated at moderate pressures,
increasing the feed pressure increases permeate flux. Increasing feed pressure also
increases the contaminant concentration in retentate discharged from the module,
alternatively called the concentration end-point (CEP). However, as concentrate end point
increases, the osmotic pressure of the feed water also increases. The increased osmotic
pressure reduces permeate flux, which reduces the benefit of further increases in pressure.
Spiral wound membranes can also deform when operating under high pressure.

[0018] A spiral wound membrane module described herein has a pressure driven
membrane, e.g. reverse osmosis (RO) or nanofiltration membrane (NF), with water and salt
permeability values higher than values typically used in seawater RO membranes. The use
of these membranes manages the osmotic pressure build up during operation at high
pressure and/or high concentration end point. In some examples, the membrane has water
permeability (A-Value) of at least 8*10-5 cm/s/bar at 25 °C, at least 20*10° cm/s/bar at 25 °C
or in the range of 8-45*10° cm/s/bar at 25 °C, or other values described herein. In some
examples, the membrane has a salt diffusion rate, alternatively called salt permeability, (B-
Value) of at least 0.5*10° cm/s at 25 °C, at least 3.2*10-5 cm/s at 25 °C, or in the range of
0.5-15*10° cm/s at 25 °C or other values described herein.

[0019] In a water treatment process, water may be fed to the spiral wound module at
a high pressure, for example 50 bar or more, 70 bar more, or in a range of 50-120 bar. At
moderate to high concentration end points, for example 50 g/L or more, the membrane
described herein may have greater flux than typical seawater RO membranes. In some

examples described herein, the spiral wound membranes may be able to achieve high
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concentration end points, for example over 130 g/L or in a range of 130 — 150 g/L, optionally
while operating at a pressure of 100 bar or more.

[0020] The spiral wound module may also have a permeate carrier selected to
manage module deformation. Under high pressure operation, the membrane can be pushed
into gaps in the membrane supporting elements, such as the ribs of a tricot fabric. In a
module, operating at high pressure can also cause the membrane spiral to pull away from
the anti-telescoping device (ATD). In some examples, a spiral wound module described
herein may be operated with a concentration end point of over 130 g/L, for example in a
range of 130 — 150 g/L, at a feed pressure of 100 bar or more.

[0021] The spiral wound membrane module has a permeate carrier. The permeate
carrier may be a tricot knit fabric with a set of generally parallel ribs, alternatively called
wales. The permeate carrier may be knit from yarns of, for example, polypropylene (PP) or
polyethylene terephthalate (PET). Optionally, the permeate carrier may be coated with a
resin, for example epoxy. Optionally, the module has a permeate carrier with one or more of:
a density of 54 wales per inch (25.4 mm) or more; flow channel width measured at wide parts
of the channel of 215 micrometers (microns or um) or less; or, average flow channel width of
175 micrometers or less, or other values described herein. Optionally, the permeate carrier
has a resin (i.e.) epoxy coating of 20 wt% or less, density of 60 wales per inch or less, flow
channel width measured at narrow parts of the channel of 83 micrometers or more, average
flow channel width of 121 micrometers or more, or a channel cross-sectional area of 16*10-°
m? or more, or other values described herein. Optionally, a doubly layer permeate carrier

may be used.

Example 1 - Membrane selection

[0022] Spiral wound membrane modules were made with two different flat sheet
membranes. Membrane A is a brackish water reverse osmosis membrane. Membrane B is
a seawater reverse osmosis membrane. Both modules had the same feed spacer and
permeate carrier. The feed spacer was 34 mil (0.86 mm) thick. The permeate carrier has 48
wales per inch (25.4 mm) and 40 wt% epoxy. The A-Value and B-Value were measured at

25 °C for samples of both types of membranes and the results are provided in Table 1.
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Table 1
Water permeability (A-value) [Salt permeability (B-Value)
(*10°° cm/s/bar) (*10° cm/s)
Membrane A 21-30 6-11
Membrane B 3-4 0.1-0.4
[0023] The modules were operated to concentrate a salt (NaCl) solution at various

feed salt concentrations and a feed pressure of 80 bar. Figure 1 shows the flux of the two
modules at a variety of feed salt concentration. Figure 2 shows the rejection of the two
modules at a variety of feed salt concentration. As indicated in Figures 1 and 2, the flux of
the module with membrane A is much higher than the flux of the module with membrane B,
while membrane A has only slightly reduced rejection compared to membrane B. At feed
concentration at 100 g/L, the module with membrane A still had a flux of about 7 LMH with
70% rejection. In contrast, the module with membrane B was not able to maintain a
minimum permeate flux of 5 LMH, which is considered necessary for practical use of the
module, at feed concentration at 100 g/L. Module with membrane B is not suitable to
concentrate feed concentration higher than 75g/L.

[0024] Modules having membranes A and B as described above, and a permeate
carrier PC-1 shown in Figure 4, were operated at a variety of pressures and their
concentration end points were measured. The results are shown in Figure 3. The module
with membrane A has higher concentration end-point at a variety of operating pressures
compared to a module with membrane B. In summary, membrane A provided better
management of osmotic pressure during the salt concentration process.

[0025] The data shows that a membrane with a water permeability (A-Value) of at
least 20*10-5 cm/s/bar at 25 °C or at least 21*10-5 cm/s/bar at 25 °C is preferred. However, it
is estimated that a membrane having water permeability (A-Value) of at least 8*10-5 cm/s/bar
at 25 °C would also be useful. Optionally, the membrane does not have an extremely high
water permeability, for example the membrane has water permeability (A-Value) of 45*10-5
cm/s/bar at 25 °C or less, 35*10-5 cm/s/bar at 25 °C or less or 30*10% cm/s/bar at 25 °C or
less. The data also shows that a salt permeability, (B-Value) of at least 5*10-5 cm/s at 25 °C
or of at least 6*10° cm/s at 25 °C is preferred. However, it can be estimated that a salt
permeability of at least 3.2*10-5 cm/s at 25 °C or of at least 0.5*10% cm/s at 25 °C may be

useful. Optionally, the membrane does not have an extremely high salt permeability. For
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example, the membrane may have a salt permeability (B-Value) of 15*10° cm/s at 25 °C or

less or 11*105 cm/s at 25 °C or less.

Example 2 - Permeate carrier selection
[0026]

of the permeate carriers are shown in Figures 4, 5 and 6 respectively. All three permeate

Three permeate carriers (PC) were obtained, PC-1, PC-2, PC-3. Photographs

carriers are made of a tricot knit fabric. One side of each permeate carrier has a series of
parallel wales. The density of the permeate carrier is the number of wales per inch. Two of
the three permeate carriers, PC-1 and PC-3, were epoxy coated. PC-1is 12 mil thick. PC-2
is 10 mil thick. The wales of all of the permeate carriers are spaced apart by gaps
(alternatively called channels), which define flow channels. The width of the gaps is
measured at the narrow part of the gap, which is between the widest parts of the loops of
adjacent wales, and at the wide part of the gap, which is between the thinnest parts of
adjacent wales. Measurements are made at representative locations on the permeate
carrier. Alternatively a number, for example 10, of measurements are made of the narrow
part of the gap and averaged and a number, for example 10, of measurements are made of
the wide part of the gap and averaged. The gap or channel height is determined by
measuring the height of the wales above the sheet-form part of the tricot fabric. The channel
height of all three permeate carriers was about 133 um. Channel area is determined by
multiplying the channel height by the average of the width of the gap at the narrow part of the
gap and the wide part of the gap. Table 2 below gives some measurements of the permeate

carriers.

Table 2 - Permeate Carrier measurements

Permeate | density Epoxy Channel width Average Channel

carrier (wales per | coating (narrow-wide, channel width area (m?)
inch) (wt%) um) (um)

PC-1 48 40 183-250 216 29*10°

PC-2 60 0 100-183 142 19*10°

PC-3 60 40 66-133 100 13*10°
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[0027] Two spiral wound modules were made with the same membrane but different
permeate carriers (PC). The membrane was membrane A from Example 1. The permeate
carriers were PC-1 shown in Figure 4 and PC-2 shown in Figure 5. The modules were
operated under the same conditions at pressures of 50-80 bar for 300 hours. Referring to
the top panel of Figure 7A, when feed pressure is not applied a membrane 12 is generally
flat on a permeate carrier 14. Referring to the lower panel of Figure 7A, when feed pressure
is applied and permeate 10 is produced, the membrane 12 is deformed into spaces between
the wales 16 of the permeate carrier 14. Referring to Figure 7, deformation of the membrane
12 results in a concave deformation of the end of membrane spirals 18 within a module 20.
Deformation of the module 20 was determined by measuring the concavity (d) as indicated in

Figure 7. Results of these measurements are shown in Table 3.

Table 3 module deformation with different PC

PC design The depth of concave
(d))mm
PC-1 4-6
PC-2 0
[0028] PC-1 has a gap between wales of 183-250 um wide, as measured between

wide parts of the wales and narrow parts of the wales respectively. PC-2 has a gap
between wales of 100-183 um wide, as measured between wide parts of the wales and
narrow parts of the wales respectively. As indicated in Table 3, the module with PC-1 had
greater deformation. A permeate carrier with channel width of 183 um or less at the wide
parts of the channel, or an average channel width of 142 um or less, or density of 60 wales
per inch or more, is able to substantially prevent deformation of the membrane at high
pressure. However, it can be expected form the data that smaller density or larger channel
widths between the measurements for PC-1 and PC-2, for example a permeate carrier with
channel width of 215 um or less at the wide parts of the channel, or an average channel
width of 175 um or less, or density of 54 wales per inch or more, would also be able to
materially inhibit deformation of the membrane at high pressure.

[0029] Two spiral wound modules were made with the same membrane but different
permeate carriers (PC). The membrane was membrane A from Example 1. The permeate

carriers were PC-2 shown in Figure 5 and PC-3 shown in Figure 6. PC-3 has a gap
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between wales of 66-133 um wide, as measured between wide parts of the wales and
narrow parts of the wales respectively. PC-3 has the same density as PC-2 but has a
narrower flow channel than that of PC-2 because PC-2 is epoxy coated.

[0030] The modules were operated under the same conditions. Figures 8A and 8B
show the flux of the modules while operating at different feed salinity concentrations at 80
bar. Figures 9A and 9B show the rejection of the modules while operating at different feed
salinity concentrations at 80 bar. Figure 10 shows the measured and extrapolated
concentration end point of the modules while operating at different pressures and a permeate
flux of 5 LMH.

[0031] As shown in Figures 8A, 8B, 9A, 9B and 10, the module with PC-2 has higher
flux than the module with PC-3 in the feed salinity range of 70 to 95 g/L. If the feed salinity is
over 110 g/L, the module with PC-3 has extremely low flux and would not be practical to use.
The module with PC-2 also produces higher concentration end point than the module with
PC-3. For example, the module with PC-2 is able to operate at 100 bar feed pressure and a
concentrate end point of 130 g/L. Extrapolation of the data indicates that the module with
PC-2 would be able to achieve a 150 g/L concentration end point if the operating pressure
increased to 120 bar. The data indicates that a preferred module has a permeate carrier that
is not epoxy coated, has a channel cross-sectional area of 19*10-° m? or more, a channel
width measured at the narrow parts of the channel of 100 um or more, or an average channel
width of 142 um or more. However, it can be estimated that improved performance would
also be achieved with a permeate carrier having an epoxy coating of 20 wt% or less, a
channel cross-sectional area of 16*10-° m2 or more, a channel width measured at the narrow

parts of the channel of 83 um or more, or an average channel width of 121 um or more.



