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Abstract

In this study, we fabricated porous polyketone (PK) support membranes with high pressure resistance
and low structural parameter (S) by surface modification with aromatic compounds for osmotically
driven membrane process applications. The effects of surface modification of PK using aromatic
compounds on the membrane structure, mechanical properties, and membrane performance were
investigated. Based on an estimation of the affinity between PK and aromatic compounds using Hansen
solubility parameters and mechanical properties, m-phenylenediamine (MPD) was selected as an
appropriate chemical modifier for PK membranes. The PK support membranes modified with MPD
(PK-MPD) had a dense structure on the bottom side. The thickness and porosity of the PK membranes
were changed by the treatment temperature. As a result, polyamide (PA)/PK-MPD thin film composite
membranes showed superior pressure resistance in reverse osmosis. PA/PK-MPD modified at 110 °C
possessed the highest pressure resistance of 21 bar, which was 3.5 times higher than that of the
PA/untreated PK membrane, while maintaining a high water flux of 19.4 L m™2 h™! in FO. This
performance overcame the trade-off relationships between pressure resistance and FO flux and

between pressure resistance and S value.

Keywords: polyketone, porous membrane, surface modification, pressure resistance, structural

parameter, forward osmosis



1. Introduction

Osmotically driven membrane processes have received much attention because of their great

potential for various applications such as desalination and water treatment [1,2] and solution

concentration [3—5] by forward osmosis (FO) and energy production by pressure retarded osmosis

(PRO)[6]. In FO process, the semipermeable FO membrane is set between a draw solution (DS) with

high osmotic pressure and a feed solution (FS) with low osmotic pressure. The DS draws water from

the FS through the FO membrane by osmotic pressure difference, therefore, hydraulic pressure is

basically not necessary for water permeation. Toward an industrial application utilizing the FO

membrane process, the development of new DS materials and efficient regeneration systems to

separate water from the diluted DS is required. Furthermore, the development of a highly water-

permeable FO membranes is also important. Thin-film composite (TFC) membranes, which are

composed of a selective active layer and a porous support layer, are often used as FO membranes.

Especially, as the support layer, a very thin and highly porous structure with low tortuosity, namely

low structural parameter (), is preferred to suppress the effect of internal concentration polarization

(ICP) on membrane performance [7,8].

On the other hand, the development of FO membranes with high water flux and pressure

resistance has been recently required because the FO membranes can be utilized in the osmotically

driven membrane processes which are operated under hydraulic pressurized condition such as PRO

[6] and pressure-assisted forward osmosis (PAQO) [9]. Wan et al. reported that highest power density



was obtained at around 20 bar in PRO process using seawater brine as DS and deionized water as FS

[6]. Oh et al. reported that water flux was improved with increasing the applied hydraulic pressure (3.9

- 20.7 bar ) in FO mode (active layer facing to feed solution) in PAO process [9]. Thus the FO

membranes for PRO and PAO processes must possess good pressure resistance. The design of support

membranes with low structural parameter and high pressure resistance is topical and desirable.

Various porous support membranes have been reported, such as polysulfone (PSf) [10,11],

polyethersulfone (PES) [12,13], sulfonated polyethersulfone (SPES) [14,15], cellulose acetate [16,17],

polyvinylidene fluoride (PVDF) [18,19], and polyacrylonitrile (PAN) [20,21]. Recently, our research

group has focused on an aliphatic polyketone (PK) support for the development of TFC membranes

[22-28]. The PK support membranes, which are prepared by nonsolvent-induced phase separation

(NIPS), have a sponge-like porous structure. Interfacial polymerization has further been performed to

form a polyamide (PA) selective layer on the PK membrane (PA/PK). Owing to their hydrophilic nature,

highly porous structure, and organic solvent resistance, PA/PK membranes have been used in various

applications, such as oil-water separation [22,23], as an enzyme membrane reactor (EMR) in organic

solvent [24], and in FO processes [25-28]. In particular, FO membranes using a PK support membrane

have shown relatively high water flux compared with other reported FO membranes prepared using

different types of support membrane. However, the pressure resistance of the PA/PK membranes is not

enough because of the highly porous structure of PK support [25]. Several approaches have been

reported to improve the pressure resistance of FO membranes, for example, thickening the support



membrane [27] and introducing nonwoven fabric materials into the FO membrane [28,29]. However,

such approaches induce an increase in the ICP owing to the increase of the support thickness, resulting

in lower water flux. In this situation, the morphology control of the support membrane is alternative

to satisfy the requirement of the pressure resistance and low structural parameter.

In this study, we focused on the solubility characteristic of PK to control the morphology of PK

support membrane. In the PK membrane preparation by NIPS method, an aromatic compound such as

resorcinol is used as a solvent [25]. Therefore, we performed surface modification of the PK membrane

with various aromatic compounds based on an estimation of the affinity between PK and aromatic

compounds using Hansen solubility parameters (HSPs). The effects of surface modification on the

membrane structure, mechanical properties, and FO membrane performance were investigated in detail.

2. Experimental

2.1. Chemicals

Aliphatic PK powder (Mw: 700,000; Asahi Kasei, Tokyo, Japan) was used as a support material.

Resorcinol, methanol, acetone, and hexane (Fujifilm Wako Pure Chemical, Osaka, Japan) were used

to prepare the PK support membrane. Aniline, m-phenylenediamine (MPD), and m-cresol (Tokyo

Chemical Industry, Tokyo. Japan) were used for surface modification of the PK support membrane.

MPD, 1,3,5-benzenetricarbonyl trichloride (TMC), 10-camphorsulfonic acid (CSA) (Tokyo Chemical

Industry), sodium dodecyl sulfate (SDS), and triethylamine (TEA) (Fujifilm Wako Pure Chemical)



were used to prepare PA active layer. Sodium chloride (Fujifilm Wako Pure Chemical) aqueous

solution was used for the RO and FO measurements. Ultrapure water was produced by a Milli-Q

ultrapure water system (Merck Millipore, Billerica, MA, USA) and used to prepare FS and DS

solutions.

2.2. Preparation of porous PK support membrane

The preparation of flat-sheet porous PK membranes was performed by NIPS according to a previous

report [25]. A mixture of PK powder, resorcinol, and water (mass ratio, 10.0:58.5:31.5) was stirred at

80 °C for 3 h and then kept at 50 °C in an oven overnight to remove gas bubbles. The polymer solution

was cast onto a glass plate (casting height, 200 um) using an applicator (Yoshimitsu Seiki YBA-4 type,

Irie Shokai, Tokyo, Japan). The cast membrane on the glass plate was immersed in a coagulation bath

of methanol/water (mass ratio, 30:70) for 20 min. The PK membrane was then washed alternately with

acetone and hexane for 20 min to remove residual resorcinol and water.

2.3. Modification of PK support membranes with aromatic compounds

In the preparation of the PK membrane by NIPS, resorcinol is used as a solvent. Therefore, some

aromatic compounds with different functional groups and physical properties were selected as

candidates for the modification of PK, namely m-cresol, aniline, resorcinol, and MPD, as shown in

Fig. 1. The PK membranes were modified with each aromatic compound at different temperatures.



The concentration of the aromatic compound in aqueous solution was controlled at 2.0 or 5.0 wt%.
The PK membranes were clipped with a pair of Teflon frames and the aromatic compound aqueous
solution was poured onto the top side of the as-prepared PK membrane. After 2 min, the solution was
removed and the bottom side of the PK membrane was modified in the same way as the top side. The
modified PK membranes were then heat-treated in an oven at different temperatures (50, 70, 90, 110,
and 130 °C) for 10 min. After cooling at room temperature for 30 min, the PK membranes were washed
with acetone for 20 min to remove residual aromatic compound and water. The modified PK support
membranes were denoted using the abbreviated name of the aromatic compound and the treatment

temperature; for example, PK-Cre-90, PK-Ani-90, PK-Res-90, and PK-MPD-90.

(a) OH (b) NH2 (C) OH (d) NH,
<E|\CH3 © ©\OH <E|\NH2

Fig. 1. Chemical structures of aromatic compounds (a) m-cresol, (b) aniline, (¢) resorcinol, and (d)

m-phenylenediamine.

HSPs [30] were used to quantify the affinity between different chemical species. HSPs are
characterized by three force factors, namely, dispersion, dipole interaction, and hydrogen bonding,
according to equation (1):

5. = (62 + 62 + 52)"”, (1)

where &4, 6p, and &y, (MPa'?) are the solubility contributions from the dispersion force factor, the



dipole interaction force factor, and the hydrogen-bonding force factor, respectively, and &, (MPa'?)
is the total HSP. The HSPs of PK, aromatic compounds, and water are listed in Table 1. The affinity
between two substances can be determined from the difference in the HSP values (Ra), as expressed

by equation (2):

1/2
b

R, = (4(5d1 — 842)? + (8p1 — 6p2)2 + (8py — 5h2)2) )

where a smaller Ra value indicates a higher affinity.

Table 1. Hansen solubility parameters of polyketone (PK), aromatic compounds, and water, and
the estimated distance between PK and aromatic compounds or water (Ra).

Substance 8a [MPa'?] 8p [MPa'?] Sh [MPa'?] 8t [MPa'?] Ra [MPa!?]

PK 19.2 17.9 6.8 27.1 -

m-Cresol 18.3 4.9 13.9 23.5 14.8
Aniline 18.8 1.2 9.6 21.2 16.9
Resorcinol 19.5 8.3 21.5 30.2 17.5
MPD 19.3 1.2 13.3 23.4 17.9
Water 15.5 16.0 42.3 47.8 35.7

2.4. Preparation of polyamide (PA) active layer

A PA active layer was prepared on the top side of the PK membranes by interfacial polymerization
according to a previous report [5,25]. An aqueous solution containing SDS (0.25 wt%), MPD (2.0
wt%), TEA (2.0 wt%), and CSA (4.0 wt%), and a hexane solution containing TMC (0.15 wt%) were
prepared. The PK membrane was immersed in the aqueous solution for 1 min. After removing the

aqueous solution, the hexane solution was poured onto the PK membrane and left for 30 s to form a
8



PA layer through interfacial polymerization. After removing the hexane solution, the PK membrane
was treated at 100 °C for 5 min. Then as-prepared membranes were washed with Milli-Q water. The
as-obtained PA TFC membranes were denoted using the names of the prepared PK support membrane;

for example, PA/PK-MPD-90.

2.5. Membrane characterization

Mechanical properties, such as the fracture stress, fracture strain, and Young’s modulus of the PK
support membranes, were measured using a tensile tester (EZ-LX, Shimadzu, Kyoto, Japan) [31]. For
the stretching test, a membrane (35x4 mm) was attached to the instrument with 50 mm between the
jigs. A uniaxial stretching test was conducted by stretching the membrane at a constant strain rate of
30 mm min~'. The thickness of the as-prepared PK membranes was measured using a dial thickness
gauge (Ozaki Mfg, Tokyo, Japan). The bulk porosity of the PK membrane was estimated using
equation (3):

Porosity [%] = (1 - Apt>+0—4 )’ (3)
where W (g) is the mass of the PK membrane, 4 (cm?) is the PK membrane area, p is the density of
PK (1.30 g cm™), and ¢ (um) is the membrane thickness of PK measured using a dial thickness gauge.
The porous structure of the prepared PK membranes was observed by field-emission scanning electron

microscopy (FE-SEM; JSM-7500F, JEOL, Tokyo, Japan). The surface chemical properties of the

prepared PK membranes were measured by X-ray photoelectron spectroscopy (XPS; JPS-9200, JEOL)



and attenuated total reflection—Fourier transform infrared spectroscopy (ATR-FTIR; Thermo Fisher

Scientific, Waltham, MA, USA).

2.6. RO and FO measurements

A cross-flow RO membrane filtration system was used to evaluate water permeability, salt rejection,
and salt permeability according to a previous report [5]. The effective membrane area was 8.04 cm?.
Milli-Q water and NaCl aqueous solution (2000 ppm) were supplied at a flow rate of 9.9 mL min

and the permeate solution was measured for 30 min, after which an additional pressure of 1 bar was

applied. The water permeability coefficient 4 (L m™2 h~! bar~!] was estimated from equation (4):

]\II{VC()water)
A=—"EE2
AP

4

where ]\I}VC()water) (L m~ h™") is pure water flux when using Milli-Q water as the feed solution and AP
(bar) is the transmembrane pressure difference. The salt permeability coefficient B (L m= h™!) was
estimated from the apparent salt rejection R,p, (no unit) and mass transfer coefficient k?o (L m™?

h™"), obtained using equations (5)—(7) [32]:

B = JRO 1-Rapp ]\I}V?Nacl) 5
= Jwivacy \ Tz, 7 ) &P (= TR0 ) Q)
_ Cp
Rapp =1- s (6)
JRO
RO — 'W(Nacl)

- ’ (7)
f ln< AP [1 ]\I}V()(Nacl) ))

— RO
i np\ ]W(water)

where C, and C; (mol L") are the salt concentrations of the permeate solution and feed solution,
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respectively, ]\lfvo(NaCl) is the water flux when using 2000 ppm NaCl solution as the feed solution, and
m¢ and 7, are the osmotic pressures of the bulk feed solution and permeate solution, respectively.

The pressure resistance of the PA/PK membranes was evaluated by successive control of the
transmembrane pressure difference using the same cross-flow RO membrane filtration system
according to a previous report [27]. The critical pressure Pcpiticay (bar) was determined from the
drastic increase in water flux and decrease in apparent rejection while increasing the transmembrane
pressure difference, which implied breakage of the membrane under that pressure.

To determine the FO performance, the water flux J§° (L m~ h™') and reverse salt diffusion J&°
(g m2h™") of the PA/PK membranes were measured using a cross-flow FO membrane filtration system
according to a previous report [5]. The effective membrane area was 4.5 cm?. Both FS (Milli-Q water,
700 mL) and DS (NaCl aqueous solution from 0.3 to 1.0 M, 800 mL) were continuously supplied at a
flow rate of 500 mL min~' with a counter flow pattern for 1 h. J§° and J£© were calculated by
recording the volume reduction and the increase in the solute amount in the FS, respectively. Mesh
spacers were attached to the DS and FS sides to improve the turbulence of the feed flows and prevent
the effect of external concentration polarization on membrane performance. The osmotic pressure of
the DS was measured using a freezing point osmometer (Osmomat 3000 basic, Gonotec, Berlin,
Germany). FO measurements were conducted in FO mode (active layer facing to feed solution, AL-
FS). The structural parameter S (um), which is defined as the diffusion resistance of DS in the support

layer, is a key parameter in FO performance. S is determined by the thickness (¢, um), porosity (&), and

11



tortuosity (7) according to equation (8) [33]:
S=— (8)
The S values of the prepared membranes were fitted with the 4, B, and water flux (J§,°) values obtained

from experiments using different DS concentrations by equations (9) [34]:

D B+ Am
0 =—In = 9
Jw S \B + Ampg + J§° )

where D (m? s7!) is the bulk diffusivity of the DS, and mpg and mgg (bar) are the osmotic pressures

of DS and FS, respectively.

3. Results and discussion
3.1 Fabrication and characterization of PK support membranes modified with aromatic compounds
The Ra values between PK and aromatic compounds or water were estimated using HSP values, as
shown in Table 1. The Ra values of the aromatic compounds are apparently smaller than that of water,
indicating that these aromatic compounds have a better affinity for PK than water. The Ra value of m-
cresol is the lowest among the aromatic compounds, while those of aniline, resorcinol, and MPD are
estimated to be around 17—18. Based on this estimation of the affinity for PK, both surfaces of the PK
support membranes prepared using the NIPS method were modified with aromatic compounds.
Structural analysis of the modified PK membranes was performed using a tensile tester, FE-SEM, XPS,
and ATR-FTIR.

Table 2 shows the mechanical properties (maximum tensile strength, elongation at break, and

12



Young’s modulus) of the modified PK membranes. For comparison, PK membranes were treated in

water without an aromatic compound or dried in air at 90 °C for 10 min (denoted as PK-Water-90 and

PK-Air-90, respectively), with the results for these membranes also listed in Table 2. For PK-Water-

90, the elongation at break is lower compared with that of pristine PK membrane (PK (Untreated)).

This result indicates that the PK membrane becomes brittle with heat treatment in water. However, the

PK membranes modified with aromatic compounds show different behavior. The aromatic compound

concentration was controlled at 2.0 wt% owing to the limited solubility of m-cresol in water. For m-
g y

cresol, which has the lowest Ra value, the PK membrane was partially dissolved in m-cresol aqueous

solution, as observed by the naked eye, and no mechanical property data were obtained. Although

aniline has a smaller effect on the mechanical properties of PK, the surface modification of PK with

resorcinol and MPD significantly affects the tensile strength, which changes from 3.7 MPa (PK

(Untreated)) to 10.5 MPa (PK-Res-90) and 7.3 MPa (PK-MPD-90). The surface modification of PK

with MPD affords high elongation at break values. Notably, the color of some parts of the PK

membrane modified with resorcinol changed from white to transparent, implying large pores changing

into small pores or loss of the porous structure. Therefore, among the aromatic compounds, MPD was

selected as an appropriate chemical modifier.

The effect of treatment temperature during surface modification of PK with MPD (5.0 wt%) on

the mechanical properties was studied further (Table 2, Fig. 2). The maximum tensile strength values

clearly increase with increasing treatment temperature. The color of some parts of the PK membrane

13



modified with MPD (5 wt%) at 130 °C also changed from white to transparent, and no data were
obtained. The change of the porous structure will be discussed later. The maximum tensile strength of
PK-MPD-90 (5.0 wt%) is higher than that of PK-MPD-90 (2.0 wt%). Therefore, surface modification
of PK with MPD is confirmed to enhance the mechanical properties of PK membranes. The values of
the maximum tensile strength of PK-MPD-90 (5.0 wt%) and PK-MPD-110 (5.0 wt%) are found to be
similar to or higher than those of the reported PES, PES-SPES and PVDF FO membranes [13,15,19],
implying that the PK membranes modified with MPD have suitable mechanical properties for the

application of osmotically driven membrane processes.

14



Table 2. Mechanical properties of the PK and modified PK support membranes with those of the

reported support and TFC membranes for FO. (*NA: not available)

Concentration of Maximum tensile

Elongation at break Young's modulus

Membrane aromatic strength
[70] [MPa]

compound [wt%] [MPa]
PK (Untreated) - 3.7+0.3 19.843.3 45.942.2
PK-Cre-90 2.0 NA* NA NA
PK-Ani-90 2.0 3.7+0.4 23.4+1.8 75.6£5.2
PK-Res-90 2.0 10.5+1.2 16.5+0.6 204.7+5.2
PK-MPD-90 2.0 7.3+0.6 32.2+0.8 155.7+4.3
PK-MPD-50 5.0 4.5+0.5 25.2+1.5 98.0+£5.3
PK-MPD-70 5.0 5.6+0.6 22.746.2 148.7+4.3
PK-MPD-90 5.0 7.9+0.4 25.845.2 177.0+£5.8
PK-MPD-110 5.0 10.4+0.8 24.94+5.4 284.7+14.1
PK-Water-90 - 3.8+0.4 18.0+1.5 79.7+8.8
PK-Air-90 - 2.7+0.7 20.14+2.6 48.84+3.6
PES [13] - 6.97+0.23 49.82+8.34 228.30+49.56
°PES [15] - 7.8 17.9 241
°PES-SPES [15] - 1.1 433 12
‘PVDF [19] - 6.92+0.59 143.04+23.59 31.9449.17

2 Hollow fiber membrane, ® Polyamide-based TFC membrane, ¢ Electrospun nanofiber membrane

15
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Fig. 2. Effect of treatment temperature on the maximum tensile strength of the modified PK

membranes with MPD.

To determine the effect of MPD treatment of PK membranes on the membrane structure, the top

side, bottom side, and cross-section of the PK membranes, and those modified with MPD (Figs. 3 and

4), were observed by FE-SEM. The PK (Untreated) membrane has an asymmetric structure. A fibril

structure is observed on the bottom side, while a dense structure is observed on the top side (Figs. 3a

and 3d). FE-SEM images of the cross-section show that PK (Untreated) has sponge-like pores of

around 2-3 um. Small pores of less than 1 um are also observed near the top-side surface. PK

membranes with similar porous structures have been reported in the previous study [25]. The

membrane thickness is around 70 pum. The PK-Air-90 and PK-Water-90 membranes have porous

structures that are similar to that of the PK (Untreated) membrane.

In contrast, PK membranes modified with MPD show unique morphological changes. The fibril

structures on the bottom side are denser for PK-MPD-90 and PK-MPD-110 (Figs. 4g and 4h) and the
16



porous structures on the top side are slightly denser (Figs. 4c and 4d). Furthermore, PK membranes

modified with MPD become thinner (down to 40-50 um; Figs. 4k and 41) than the PK (Untreated)

membrane. Fig. S1 (see supplementary information) also shows the SEM images of the top side,

bottom side, and cross-section of the PK-MPD-130 membrane. Less porous structure is observed on

the top side, and much denser fibril structure is formed while maintaining the porous structure on the

bottom side. The ATR-FTIR and XPS measurements shown in Fig. S2 and Table S1 indicate little

difference in chemical structure between the untreated and MPD-modified membranes. Compared

with the PK (Untreated) membrane, the membrane thickness of PK membranes modified with MPD

largely decreases while that of PK-Water-90 slightly decreases. During the surface modification with

MPD, the structures on both sides are assumed to be partially melted in the MPD aqueous solution at

relatively high temperatures (90, 110 and 130 °C). At the same time, the membrane thickness decreases

due to the shrinkage upon heat treatment because of the strong interaction between PK and MPD.

These factors would result in the formation of a dense structure mainly on the bottom side owing to

the more porous original structure on the bottom side.

17
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Figure 5 shows the thickness ratio (modified PK membrane/PK membrane (Untreated)) and

porosity of the PK membranes modified with MPD at different treatment temperatures. The membrane

thickness was specifically measured using a dial thickness gauge to avoid structural changes during
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FE-SEM measurement. Compared with the PK (Untreated) membrane, the membrane thickness of
PK-Air-90 hardly changes, while that of PK-Water-90 slightly decreases to 90%. The PK membranes
modified with MPD become thinner with increasing treatment temperature. These results are
consistent with the SEM observations. Although the porosity decreases gradually with increasing
treatment temperature, the porosity of all PK membranes remains at around 70%—-80% owing to the

dense structure being formed only on the near surface of the bottom side.

(@) 120 () 100

100 (] 80 | 6 O A
S A —_ H o
= 80 | . . X |
2 > 60
© 8 - 5
» 60 } o
3 5
< @ PK (Untreated) o 40 | | @ PK (Untreated)
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|_

20 A PK-Water 20 | | A PK-Water

PK-Air PK-Air
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Treatment temperature [°C] Treatment temperature [°C]

Fig. 5. Effect of treatment temperature on (a) thickness and (b) porosity of prepared PK support
membranes.

3.2. RO and FO performances of PA/PK membranes

A PA active layer was prepared on the PK support membranes modified with MPD through interfacial
polymerization. The RO performances of the PA/PK membranes modified with MPD are listed in
Table 3. For all PA/PK membranes, the NaCl rejection is over 95% and the A4 values are 1.78-2.04 L

m~2 h! bar!. These A4 values are lower than those reported for PA/PK membranes and
20



PA/polyethersulfone (PES)-sulfonated polyethersulfone (SPES) membranes, but higher than those of
commercially available cellulose triacetate (CTA) and PA/PES membranes. The formation of a PA
active layer has been reported to be affected by the pore size and surface properties of the top side of
the support, which affects the RO performance [35]. The porous structures on the top side of the PK
membranes modified with MPD are slightly denser than that of the PK (Untreated) membrane (Figs.
3 and 4), however, little difference in the RO performance is observed among the PA/PK membranes
because of the small change of the porous structures on the top side.

The FO performances of the PA/PK membranes modified with MPD were measured in FO mode
using different DS concentrations (Table 3, Fig. 6). The FO flux increases with increasing DS
concentration owing to the increased driving force (osmotic pressure difference) (Fig. 6a). The PA/PK
membranes modified with MPD at several temperatures show similar J§,° values of 17.2-19.4 L m™
h™!. These values are higher than those of the commercial CTA membrane, but slightly lower than
those of previously reported PA/PK membranes. Fig. 6b shows the results of specific reverse salt flux
(/5 0y ]\1,:\,0) of various PA/PK membranes. The values of ]5 0y ]5\,0 of the PA/PK membranes are lower
than that of the commercial CTA membrane, suggesting the formation of PA/PK FO membranes with
better selectivity. Theoretical fitting curves shown as solid lines in Fig. 6 were obtained from equation
(9) using 4 and B values. The S values obtained from the fitting are also listed. The S values are found

to be lower than those of the commercial CTA membrane and reported PA/PK membranes.

21



Table 3. Comparison of RO and FO performances of PA/PK membranes modified with MPD with

those of the reported membranes and commercial membranes. All experimental conditions are

identical.

4 B Rejection Peyie  Cps Ty g ° s Ref,
Membrane

[LMH/bar] [LMH] [%] [bar] [mol/L] [LMH] [eMH] [um]

2.04 0.304 96.1 18.7 2.57 249 This
PA/PK (Untreated) 6 0.5

+0.09 +0.107  +0.7 +2.2 +0.56 +11 work

1.78 0.227 95.8 17.7 2.37 272 This
PA/PK-MPD-50 8 0.5

+0.22 +0.122 +£2.3 +0.4 +0.43 +34 work

1.91 0.341 95.8 19.0 2.02 254 This
PA/PK-MPD-70 13 0.5

+0.28 +0.081 +£2.6 +2.1 +0.29 +35 work

1.83 0.207 95.7 17.2 2.25 246 This
PA/PK-MPD-90 15 0.5

+0.12 +0.055 +0.3 +2.0 +0.61 +16 work

1.78 0.228 96.1 19.4 2.71 263 This
PA/PK-MPD-110 21 0.5

+0.15 +0.108 +£1.4 +1.9 +0.35 +20 work

This
CTA (FTS) 0.695 0.043 98.2 >40 0.5 7.03 2.42 636
work

PA/PK (PA-1) 1.21 0.20 - 12 0.6 13.8 2.75 364 [25]
PA/PK (PA-2) 1.84 0.21 - 11 0.6 19.7 3.45 287 [25]
PA/PK (PA-3) 2.50 0.18 - 10 0.6 24.4 3.33 280 [25]
PA/PK (PK-1) 242 0.370 - 6 0.6 22.1 3.62 261 [27]
PA/PK (PK-2) 2.65 0.310 - 6 0.6 27.9 3.74 205 [27]
PA/PK (PK-3) 2.79 0.54 - 4 0.6 30.3 4.56 176 [27]
PA/PK (PK-4) - - - 2 0.6 31.3 8.94 - [27]
PA/PES 1.18 0.135 88.0 - 0.5 22.5 2.80 219 [13]
PA/PES-SPES 2.90 0.184 91.1 - 0.5 17.6 7.05 245 [15]
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Fig. 6. (a) Water flux results for PA/PK membranes at different NaCl concentrations and (b) specific

reverse salt flux (JE©/J&9) of various PA/PK membranes with the commercial CTA membrane.

Table 3 also shows the pressure resistance of the PA/PK membranes, as evaluated by successively
increasing the transmembrane pressure difference using cross-flow RO membrane filtration. The
PA/PK (Untreated) membrane shows a Pcritical Value of 6 bar, which is similar to or slightly lower than
those of reported PA/PK membranes. Interestingly, the Pcritical values of PA/PK membranes modified
with MPD are higher than that of the PA/PK (Untreated) membrane, with the values drastically
increasing with increasing treatment temperature. Notably, the PA/PK-MPD-110 membrane shows the
highest Pcritical value of 21 bar, which is 3.5 times higher than that of PA/PK (Untreated). These results
appear to show the same tendency as the mechanical properties results (Fig. 2). Therefore, the tensile
strength of the PK membranes is considered to be directly affected by the pressure resistance, as

estimated by RO measurements.
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Figure 7 shows the relationships between Pcriticay and FO flux (J§°) values and between
Pcriticai and S values for the PA/PK membranes modified with MPD and previously reported PA/PK
membranes. Some data for previously reported PA/PK membranes (black squares) showed high J&°
values of over 20 L m= h™! (Fig. 7a) or low S values of around 200 pum (Fig. 7b), but with relatively
low Pcriticat values of less than 13 bar. The trade-offs between Pcritica and J§° and between Pcritical and
S values are clearly shown by dotted lines. The results for PA/PK (Untreated) and PA/PK-MPD-50 are
located along the trade-off relationship. Notably, the PA/PK-MPD-70, 90, and 110 membranes
overcome these trade-off relationships. These important results have not been reported previously. The
PA/PK membranes modified with MPD achieve superior pressure resistance while maintaining high
J&2 values owing to the low S values (Table 3). Using equation (8), the S values were determined from
the thickness, porosity, and tortuosity. Although modifying PK with MPD decreases the porosity of the
PK membranes, the magnitude of this decrease is marginal (Fig. 5b). However, the membrane
thickness is significantly decreased by surface modification (Fig. 5a). Therefore, we assume that such
a decrease in membrane thickness is correlated with low S values, leading to the high FO water flux.
Further improvements in the membrane structure of PK membranes would be expected by optimizing

the porous structure and membrane thickness of the original PK membranes using modification agents.
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Fig. 7. Relationship between pressure resistance (Peritica) and (a) FO flux (J&°) and (b) S value for
the PA/PK membranes modified with MPD and reported PA/PK membranes.

4. Conclusions

PK membranes were modified with aromatic compounds to improve the mechanical properties and
membrane performance. MPD was selected as an appropriate chemical modifier for PK membranes
by considering the affinity between PK and MPD based on HSP and the results of mechanical property
testing. PK fibril structures on the bottom side became more dense for PK membranes through surface
modification with MPD. As a result, PK membranes modified with MPD showed superior pressure
resistance. The pressure resistance of PA/PK-MPD membranes increased with increasing treatment
temperature. Owing to the high porosity and reduced thickness, the PA/PK membranes modified with
MPD showed low S values and high FO water flux. Therefore, these membranes were able to overcome
the trade-off relationships between pressure resistance and FO flux and between pressure resistance
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and S value. Owing to their superior characteristics, PK membranes might have applications not only

in FO-related processes but also in RO-related processes such as osmotically-assisted reverse osmosis

(OARO) whose water permeation is also affected by ICP in the support membrane [36,37] and organic

solvent reverse osmosis (OSRO) [38]. Therefore, porous PK membranes with good mechanical

properties are expected to show great potential in various practical applications.
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