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Table 1 Polyimide film properties'.

Substrate Pore size, [nm] Thickness, [pm]
P10.08 80 25
P10.1 100 40
PI 0.3 300 40

! Manufacturer information (https://www.tok-pr.com)

2. 3 »@iER

R 72 BRI O K B L O OBt Rix, &£
BREBIE D727 0 — EREBELIE S AT 2% FWT
AL 72, 1ER B ALERERER 1, 15 (AL) & e
(FS) BT TEMLZ (AL-FS £—NR), FRIFEN 20
FRD, 1.0 M NaCl ¥k 7550 (DS) LT, Mikz{k
FalsRE U CTRE LTz, AR OIR LI 25°CICHERFL 72,
AT A, 1000 mL/5y (W) O —E i & T HERS T,
ZAUE, WEH 16.9 cm/s (ZFEE T 5, B KT A K
(Jw, Lim*h) 1%, W] (AN IZxF9°% FS OIRFEZAL (AV)
ZRE T DI LTI TR L 72, HE O W R R R (U,
g/m*h) 1%, FS OEIREZ (AC) ZRE T HZEIZE->T
B U7z, EBRIT, ZEDTZO D 0.5 FEfEZE e 1.5 1
[HES APy

KZEPERE (4, L/m*hbar) , 572 6E (B, L/m?h),
BILOMERZER Rs, %) 1%, 70x7n—iiiZ% (RO) X
A AT K FHWTHIELZ, BT ET, MikzES
1.0 MPa, iR & 25°CT 1 KRefALERL TR L 72, ZKIRH
W TE LT, MK FERMEREZ T E LT, MR35
T, 20 mM NaCl #iRAE ke & 271z, [RCHET)
1.0 MPa C 1 I AR F2hi L7z, =Dk, filfaKe
FKOY T NVEREL, HERSITEITo7, A i
(L/m?h - bar) 1%, Zi i 8 (J, L/im*h) 36 X OV 2 i £
(AP, bar) W C()RDIHZFES T,

B fifi (L/m?h) 1) D INFHHE &=,

2T, An(bar) G K EFRK B ORFE 222 KT,
HBREFR (R, %) 1%, B (Cp) B L ORI (C) H o
NaCl 2 ERELT524T, QROINHHL,

PRI BE R h DR HE Ch DAl 1E 3T A—4 (S 1,
um) (%, WHRE BB B L OER SRR ST
WESH, @ROINEHELE,



22T, D(m¥s) 1L DS OV IEEAREL, ms BEIO
s (bar) ITFNFN DS BLOFS DB EAFR T, K%
IR (Jw, L/m?h) X EEET—R CRIEL,

A =J/IP (1)

B=A (UP—Ax) (1/R,—1) ()

Ry = (Cr— C,)/C*100% (3)
— D _ B+Amps

$= Tw In (B +]w+A7TFS) @

2. 4 RYiEDTE

RUAIR LRI Ol 1L, kT =F A— % —
(Simage AUTO 100, =F <4k, #7311, HA) 4L H
LCHIEL, fikz7o—7 WL CTHERML, #4907
D 6 DD R DT TR A 2R E LT, RUAIRT ¢
IV APREAR—AD IR B IO 1T, BRI ERE
BT (FE-SEM) SU-8220 ( H SZBUAERT, B, HAR) %
W THEEZ R L 72, BB IE R ICHRSh, RIS
RS SRR A A LT, VY AT ETIRIR S
FICRBESH, WREHENOHE, V7L E2FRL
PO LT, RS E R, HEHRE (EC33B,
LAQUAtwin, HORIBA, 5t#l, HA) & HWCTHIELZ,
RUAIRT 4V AOWIHIE, Image]® 7 by =7 Zff L
“C SEM [#if% (50000 {5) & AV CHELEE L 7=,
3. HMEHR-ER
3.1 E/X—HRDETE

F7°, MPD #RFEA 3 wi% ClEEL CTRIEL 723560 1ER
FNEDOVERE~D B A AL L 72, #5253, TMC I L2
0.1Wt%2°5 0.2wt%|ZHIINT 54, AKiFEmiic s 13.2 L/m*h
M5 162 Lim?h S>3 7= (Fig. 1), —J5, HEDwf
PEBORAIEL TMC JRE OB INEILIT 72.6 g/m*h 225
1.7 g/m*h FTKRIFITDL, D% 4.5 g/m*h ETHMN
L7z, KFBIBTEREEOWILHOR R A B IE LT Jwlds &
FAWTEHL72E25, TMC JBRED 0.2wt%DFSIZ D
EAEAMEL, 0.2wt% D B L 5 2 5, £72, TMC JREE
2% 0.1wt%& 0.15wt% CIIHEOWPRERAIZ 10 524 1=
DENRLNTZ, ZHUTED, MPD BN 3wt%DHA
(I TMC 1T 0.1wt%D IRV E E A5 DO Tl
724, KOEWEETHD 0.15~020wt%NEELWEF
25,

ju—y
(8]
T

14.1

()]
T

Water flux (L/m?h)
o
T

445

1.69

Jw/Js (L/g)

0.275

0.119

TMC 0.1 TMC 0.15 TMC 0.2

Fig. 1 The effect of membranes prepared with TMC
concentrations of 0.1, 0.15, and 0.2wt% and MPD
concentration of 3wt% on (a) water flux, (b) reverse
salt flux, and (¢) Jw/Js. Operating conditions: 1.0 M
NaCl as the draw solution, pure water as the feed
solution, and the process temperature was
25.0+ 1°C.
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Fig. 2 (a) Water permeability, (b) salt permeability, and
(c) salt rejection of membranes prepared with TMC
concentrations of 0.1, 0.15, and 0.2wt% and MPD
concentration of 3wt%. Operating conditions:
pressure: 1.5 MPa, 20 mM NaCl as feed solution,
temperature 25.0 + 1.0°C.
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Fig. 3 The effect of the membranes fabricated with TMC
concentration of 0.15wt% and MPD concentration
of 0.5-3.0wt% on (a) water flux, (b) reverse salt
flux, and (¢) Jw/Js. Operating conditions: 1.0 M
NaCl as the work solution, pure water as the feed
solution, and the process temperature of 25.0 = 1°C.
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Fig. 4 (a) Water permeability, (b) salt permeability, and

(c) salt rejection of membranes prepared with TMC
concentrations of 0.1, 0.15, and 0.2wt% and MPD
concentration of 3wt%. Operating conditions:
pressure: 1.5 MPa, 20 mM NacCl as feed solution,
temperature 25.0 + 1.0°C.

Fig. 5 FE-SEM cross-sectional image of a forward osmosis membrane based on a polyimide support membrane (pore size
= 80 nm) prepared under conditions of 2.0wt% MPD concentration and 0.15wt% TMC concentration



Table 2 S value of forward osmosis membrane made on
polyimide support membrane (pore diameter 80 nm).

Membrane S-value, nm
MPD 3.0/TMC 0.1 490.9
MPD 3.0/TMC 0.15 203.6
MPD 3.0/TMC 0.2 200.0
MPD 0.5/TMC 0.15 248.7
MPD 1.0/TMC 0.15 307.1
MPD 2.0/TMC 0.15 192.9
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Fig. 6 Effect of pore size of polyimide support membrane
on (a) water flux, (b) reverse salt flux, and (¢) Jw/Js
of forward osmosis membranes fabricated under
conditions of MPD concentration 2.0wt% and TMC
concentration 0.15wt%. Operating conditions:
1.0 M NacCl as working solution, pure water as feed
solution, and treatment temperature of 25.0 + 1.0°C
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Fig. 7 The effect of the pore size of the polyimide support
membrane of a forward osmosis membrane on the
hydrophilicity (contact angle) of the forward
0smosis membrane.
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Fig. 8 Effect of pore size of polyimide support membrane
of forward osmosis membrane prepared under the
conditions of MPD concentration 2.0wt% and TMC
concentration 0.15wt% on (a) water permeability,
(b) salt permeability, and (c) salt rejection.
Operating conditions: pressure: 1.5 MPa, 20 mM
NaCl as feed solution, temperature 25.0 + 1.0°C.
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Table 3 Comparison of forward osmosis membranes with
polyamide active layers (n/a = unavailable) .

Support Support  Support S value Ref.
material layer layer [pm]
thickness porosity [%]
[pm]
Polyimide 25 n/a 193 This
study
Polycarbonate 25 13.8 469 (D
(track-etched)
CTA n/a n/a 607 (M
PE 8 54 161 @
PVA hydrogel 40 68 184 ®
PVDF 67 57 325 ®
nanofibers
PSF- 57 81 148 ®)
nanocomposite
PAN 80 74 376 ©
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High Efficiency Forward Osmosis Membrane Treatment Using Seawater

Takahiro Fujioka
Nagasaki University
Summary

Forward osmosis is an excellent technology for concentrating various solutions at low pressures. For example,
it is possible to concentrate urban wastewater without using high pressure, and biogas can be produced from this
concentrated urban wastewater by more efficient anaerobic digestion, such as methane fermentation. However, the
support layer of commercially available forward osmosis membranes is 50-150 pm thick, and as the treatment
progresses, the internal concentration polarization increases, reducing the actual osmotic pressure difference that
determines the water flux. This study aimed to develop an ultra-thin polyamide forward osmosis membrane using
a very thin polyimide membrane with a thickness of 25-40 pm and cylindrical pores as the support layer.

First, when the m-phenylenediamine (MPD) concentration was fixed at 3 wt% and the trimesoyl chloride
(TMC) concentration was increased from 0.1 to 0.2 wt%, the water permeation flux also increased slightly from
13.2 L/m?h to 16.2 L/m*h. In contrast, the reverse diffusion flux of salt decreased from 72.6 g/m*h to 4.5 g/m’h
with increasing TMC concentration. Second, when the MPD concentration was increased from 0.5 to 3.0 wt%
while keeping the TMC concentration fixed at 0.15 wt%, the water permeation flux decreased from 20.1 L/m?h to
14.1 L/m?h.  Similarly, the reverse diffusion flux of salt also decreased significantly from 20.3 g/m?h to 1.7 g/m’h
with increasing MPD concentration. In summary, an MPD concentration of 2.0 wt% and TMC concentration of
0.15 wt% are suitable for forward osmosis membranes. A cross-section of the polyamide skin layer formed on the
polyimide support membrane was also observed. As a result, a polyamide skin layer several hundred nanometers
thick was confirmed, and cavities and folds were formed in the skin layer. The cavities were several tens to several
hundred nanometers in size, and the thickness of the folds was 20—40 nm.

The pores of the polyimide support membrane, which is the support membrane, have been commonly used up
to now, and it is possible that these pores have a significant effect on the performance of the forward osmosis
membrane. As a result of comparing three types of polyimide support membranes with different pore sizes, the
water permeation flux of the forward osmosis membrane decreased with the increase in the pore size of the polyimide
support membrane (from 17.2 L/m?h to 9.8 L/m?h). On the other hand, the reverse salt flux did not depend
significantly on the pore size of the support membrane, and only differed from 1.9 g/m?h to 3.6 g/m*h. When
evaluated using Jw/J;, which considers the water permeation flux and reverse salt flux, the forward osmosis
membrane with a pore size of 0.08 um had the lowest value, indicating that a pore size of 0.08 um is optimal. The
S value of the forward osmosis membrane developed in this study (193 um) was lower than that of most other
forward osmosis membranes reported in the literature. This study highlights the advantages of the developed

forward osmosis membrane



