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Abstract: Thin film composite (TFC) polyamide membranes were prepared on polysulfone (PSF) supports for forward
osmosis (FO) applications. To understand the influence of polarity and porosity of support layer on the formation of poly-
amide structure and the final FO performance, clathochelate metal complex (MC) contained PSF supports were prepared via
the phase inversion process from various PSF casting solutions containing 0.1-0.5 wt% of MC in dimethyl formamide
(DMF) solvent (18 wt%). A crosslinked aromatic polyamide layer was then fabricated on top of each support to form a
TFC membrane. For the porous PSF supports prepared with relatively low concentration casting solutions (12 wt%), the
PET film was removed after phase inversion and crosslinked aromatic polyamide layer was then fabricated. The tested sam-
ple from PSF (18 wt%)/MC (0.5 wt%) casting solution presented outstanding FO performance, almost similar water flux
(9.99 LMH) with lower reverse salt flux (RSF, 0.77 GMH) compared to commercial HTI FO membrane(10.97 LMH of flux
and 2.2 GMH of RSF). By addition of MC in casting solution, the thickness of the active layer in FO membranes was re-
duced, however, the increased RSF value was obtained.

Keywords: forward osmosis membrane, phase inversion, thin film composite polyamide membrane, clathochelate
metal complex
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Table 1. The Composition of the Casting and Coating Solutions of FO Membranes

Support layer casting solution

Active layer coating Solution

Membrane ; -
PSF (wt%) DMF (wt%) MC (wi%) PVP (wi%) MPD in H,0 (wi%) TMC in ISOL-C (wt%)
PSF PA 18 82 - - 3.5 0.15
PSF_MC_PA 0.1 18 79.9 0.1 ; 35 0.15
PSF MC PA 0.2 18 79.8 0.2 - 3.5 0.15
PSF_MC_PA 0.5 18 79.5 0.5 35 0.15
MF _PA 0.1 12 68.9 0.1 19 35 0.15
MF _PA 0.2 12 68.8 0.2 19 35 0.15
5 (PR EE A FYste] AAglol AR Q
. £g ] 1 BAARZ AMEE FAXE UE Hirose Ho, o] ot ¢ / o
Paper FG Co. (05 TH-48, 7 98 pum)olA T3} HDﬁ@ ' @‘ om/ / @
AHEst AT EEotr|E A4S Az AHEE MPD o= """_“” =0

(m-phenylenediamine)} TMC (trimesoyl chloride)=
o= Sigma-AldrichAboll Al Al ef & Fajske] AH&-313
o} Isol-C 718w SKeUA el A Frjste] A ¢l
o] ALE3IHY. =5 Hrlol| ALEH NaCl g2 =
Gatststo M Alobg& Trajste] ARkl
Aot Az AHEH A4 nEA JUHAE
Ag¥ PVP (LuvitecK-30)E BASFA}, phosphoric acid
+ Tokyo chemical Inc. At A 2+ AJ<F5& 9138t
A2t ATth A8 AAAZE polyester film Skyrol
G31 (SK Chemical)< T-ul3te] AR8-3t% T
=< clathrochelate 2ts}eh=9] /ol AH&-E 1,2-cy-
clohexanedione dioxime (96%, Sigma-aldrich, USA),
p-Phenylboronic acid (95%, Sigma-aldrich, USA),
m-Phenylboronic acid, (95%, Sigma-aldrich, USA),
Iron(Il) tetrafluoroborate hexahydrate (97%, Sigma-al-
drich, USA)E A ¢FF o & Fujste] AL&319Th

2.2. PSF _PA =3ate| M=
PSF_PA E3tute] Az A8 A7 4e ue
25 ATH16]. 18 wt%2 PSFE DMF &ujo] Y1
A3 =9 F et =4 0}01]*1 78] atatm %9'494
13Z /q

Az 71 E‘?“i Zs = ] < Hug g4 -.-,—ZIO}J,X}
39 o™ TE casting & %_TV_E-E o Y3ty dEe
el

_'ﬂ_Z‘— A

Fig. 1. Synthetic route to Fe(Il) and Co(II) metal-ligand
complex.
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TABFAT. 3.5 wiv%®] MPD &3 A A F 9| PSF
WA 23 FE3) MPD F&9 ~ME F JES
2B HAEAZAY. FEBAA teflon ES AAT F
IF Z2YE g9 MPD 89S AAY & AZ
33 & AzxH teflon B2 THA 1A T MPD &
fHo] HEH PSF EH 0.15 wt/v%] TMC/Isol-C
SAHE Ho] 183 AFAZ & A #S AY o}
UE Isol-C &AE FLAAOEA AAs AT Al
ZE ol s F4FE 7HA e 0.5 wivned T8
AUEF FEHAAM AT B ARE A F SR
Foll HHE AAS AT Bty ZeldxH RAXE
FEollA gyste] HFHOE PSF_PARRE o] Fofx
HHEES At 53 JribA BE EEe 99
SHTANA I 2RI

2.3. PSF_MC_PA =gato| =

PSF_ MC PA 23t2to] 2l z0l] AH&HE 4 2318
£ Clathochlate Metal ComplexZ +F%™ poly-
azacyclic T2 Zt& Zlo] EAolt). o] 3g=9f A
Z P (Fig. )3 B4 A8 A7 Ao 53 vk 9
TH18]. 0.192 g9 1,2-cyclohexanedione dioxime¥} 0.247
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g2 phenylboronic acidE 50 mLe| wEHE & 7}
& & oA FEs] wHketh 0.188 g9 Fe(Il) sul-
fate heptahydrateE 50 mL<] WEE SHof 743k &
259 AE7)9A 1"&:3] HAEAIZL & dioximed} phe-
nylboronic acid7} S8 & HHA3 713t F&
olA 2A12F o] & Pé}?i oA Aol gAHH
o] AL glass filterZ 7¢tste] gttt 0°CE 4
Z+e WerE 5-10 mLE 2~3218 glass filter ¢holl 24
2GA Fol AAE F E& AHAES 60°CAllA A=
A Z1t}. Methlyene chloride €2 A2 2 AZx34
on Aete] wzp Aol Zhopa] 1 MR JHE B
#3tATh Fe(ll) clathrochelate 2#3§HE9 Fx&
'H-NMR (400 MHz, CD,Ch, 298 K)& 2elsigith
[7.65-7.63 (m, 4H), 7.32-7.30 (m, 6H), 4.99 (s, 2H),
2.91 (s, 12H), 1.81 (s, 12H)].

PSF_MC PA E&ete] A=W 2249 PSF PA
E3ute] Az W& wstith PSFE DMF £ ¥
I A3 Fols HA oA DMFO] ¢33 g38lE 24
& (Metal chelate, MC)8-4 713t 18 wit%S] PSFe}
0.1 wt% MC, 18 wt%2] PSF&} 0.2 wt%2 MCE 3+
& A §Ae FHgTh X AA, 2" 21,
A 24 ge 24 9 B3 248 25 2249
WS wel PSF MC AR F& #1519t PSF MC A

A5 gollA AA g MPDS TMC AW FHHHE 2.2
el g, Az, AR, B TS bEoR
A PSF_MC PATHS Al %34T,

2.4. MF_PA Sghatel M=
12 wi%°] PSF, 19 wt%®| PVPE z#Z §h3-z2d|
¥ ¥ DMF §ul2 #¥sA = ¥ DMF &2
] = A7kt HEFEe] 0.5 wi%, w5
MCo| HFE Tl 47 0.1, 02 wi%’t HES EF
T 1247 ol wketGith Y 235t

AHe] wikste] 4o 7|5 FE9 AATT F
40°CE R3S Polyester film’dollAl 250 ume| gap
£ 7HAE casting knifeE ©]&3t] L&A &AE A
Btk 571 % &uf-n] & X3 47 o] (VIPS-NIPS)
Z20& ddstA FA7] st AU 55 74%,
7] &% 19-20°CE A8t Casting &4 casting
plate Fe] EH HZF AHE casting & 1222 243}
of VIPS Ao AN vgu2 Jo 45
AHE&3ted NIPS 34 d&ste AAst. S

ol

Mgl A 26 @ A 4 F, 2016

Circulator

Pump-2

Fig. 2. Schematic diagram of lab-scale FO system. The
draw solution was 1 M NaCl and the feed solution was DI
water and the pressure on both sides of the membrane was
kept to 1 bar.
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© d3d4E 49 F s dds GG

Adolete] 713 54 4471 FE-SEM3% Flow
Porometer (CFP-1200-AE, Porous Material Inc.)E ©|&
o] BASAT 712 24 BAA LD wet liquid
+ galwick solution (Porous Material Inc.)= AF&31%
o mlA e W] WE ¥ FHEE SAsAT

Fig. 29| 37} ﬂx]% o] &3t %o FO F34 A
s BT 589 (Draw Solution) 1 M9
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Fig. 3. SEM image of PSF PA membrane; (a) surface
(x10,000), (b) cross-section (x1,000) and (c) cross-section
top layer (x30,000).

3.1. XIX|A| @isto]| 2 M= morphology s}
Fig. 3& 9AF g9 Az ALHE AAZTS

Bzlzol &2A7l & MPDS TMCE AW &3t
A4 HHEUKPSF PA)S] FE-SEM ARZo|t}. Fig. 3ad
A E g o] EHAAE A¥HQ ridge-and-valley
TZE AT oW Fig 3¢9 1AM E Z&E
EHZ °F 02-05 um8 Zo|E EFgoiv|E 1EA &
AZol AW F@EHo TxHAN AL & F 9. o
HHAQl A5 EeEute A5 o] ¢F 0.05-0.2 pm2] 2
ol Al AW F¥o| TEHE KA PSF PAT &
ofH| & ZFo] FHA ol E HETL AstE EAES &
T AT

PSF PA 99 5% £ 2HE& 9819 clathochelate
metal complex (MC) $}ES FAsle ZE&E AA
T Az FAd A7t & fx"ste AAZFOE AME

Membr. J. Vol. 26, No. 4, 2016



286 Nowon Kim - Boram Jung

surface cross-section cross-section top layer
(x10,000) (x1,000) (x30,000)

surface cross-section cross-section top layer
(x10,000) (x1,000) (x30,000)

(b

surface cross-section cross-section top layer
(x10,000) (x1,000) (%30,000)
()

Fig. 4. FE-SEM images of PSF_ MC PA membranes; (a)
PSF_ MC PA 0.1, (b) PSF MC PA 0.2 (c) PSF MC PA
0.5 membrane.

St A8 AFolA T o] 222 Fe(ll) ©]22 714
HA Bolle 54 ¢ DMFOlE & 55 4538 MC
FAste] Ao Az A7MAE ARE v Aok
2 AFdAE AAZ o] 54 FAES Hriete] E9
SE AAFY FsE AEsoH o] AAFd &
o= AW FE AASte] ¥ uvte] FE-SEM ZA3E
Fig. 49l A A8t Th Fig. 4a-4c= PSF PAZHY] A A &3}
Y% ZY&EY DMF §9 v &S 7A WA 22t
MC S 0.1, 02, 0.5 wt%2 HFLo|7H A uts}
Aok FO EE9e FHe A9 PSF_MC PA0.19,
PSF_MC PA0.29, PSF MC PA0.5% %5 PSF PA%
= 2 olF Herd FZZ ridge-and-valley TZ7}
ARE B 4 st ddel A= PSF_MC_PAO0.1%}
(Fig. 4a), PSF_MC_PA0.2%(Fig. 4b)9] ¢ ol A
EolH| & Fo| AT HAA Zo] ATt F4E AW
ol dotss & F ok ¥ PSF_MC PA0.5%}

i
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PORE SIZE DISTRIBUTION VS AVERAGE DIAMETER
7000

MEAN FLOW PORE PRESSURE = 32469PSI
MEAN FLOW PORE DIAMETER = 0.2032MICRONS
BUBBLE POINT PRESSURE = 12.297PsI
BUBBLE POINT PORE DIAMETER = 05366 MICRONS

6000

5000

%
|
|
|

3000

PORE SIZE DISTRIBUTION

2000

1000

et P ,

0 0.1 0.2 0.3 0.4 0.5 0.6
AVERAGE DIAMETER (MICRONS)

Fig. 5. Pore size distributions of MF membrane used for
highly porous support layer.
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surface cross-section cross-section top layer
(x10,000) (x1,000) (x30,000)

surface (x10,000)

cross-section (x1,000)

(b)
Fig. 6. FE-SEM images of MF PA membranes; (a)
MF PA 0.1 and (b) MF_PA 0.2.

E3fste] ARSI Bg 27 UR 298 52 9
Aatgr) dEoZ 4 & Q.

PSF PA 9] & B3 4L 93 = 02 A=
2= AE2x EZoAHOES Ze finger-like T2
E oA vlmH Wi 7 Fo] IA EAsHs Fdd
Hog AAAR o) gajel FeloprlE AW FHE =

Y3t s AdEstdn. AddqHdty Aze A3
AT F&43E MCE H7Hs a8 §A4E o
g3t AxsAom H 7]F 0.0232 pm, bubble
point ¢¥ 1229 psi® E4E 7HAE AANSE &
4 AT} Fig. 49 permporometer =4 & 53t
< Adogute 713 542 AAGAT % P2 0 2
MC #7} glo] AzEe BhdodFatel Hlste] Hit 7]
39 A7]E AU bubble point 4&©] 6-8 psi A
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Table 2. Water Flux and Reverse Salt Flux for In-Lab and Commercial FO Membranes

PSF_PA HTI FO _1 HTI FO 2 MF _PA 0.1 MF PA 0.2
Flux (LMH) 1.54 12.22 10.79 10.7 114
RSF (GMH) 0.07 7.6 22 30.8 432
PSF_MC PA 0.1 PSF_MC_PA 0.2 PSF_MC_PA 0.2 PSF_MC PA 0.5
Flux (LMH) 391 2.03 9.99
RSF (GMH) 1.93 0.18 0.77
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Fig. 7. Water flux (a) and reverse salt flux (b) perform-
ance of PSF PA and PSF MC PA membranes in FO
mode. Membranes were tested under 1 M NaCl draw sol-
ution, DI water feed solution, 19°C and 0.25 m/s
cross-flow rate.
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Fig. 8. Water flux (a) and reverse salt flux (b) perform-
ance of commercial and MF_PA membranes in FO mode.
Membranes were tested under 1 M NaCl draw solution, DI
water feed solution, 19°C and 1 LPM of cross-flow rate.
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