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Nomenclature

Symbols

A water permeability (ms’lpa'l)

B solute permeability (ms"l)

S structural parameter of the membrane support layer (mm)
J water flux (ms™)

J, reverse solute flux (mol-m'zs)

c concentration (mol-m™)

AP hydraulic pressure differential (bar)

R, universal gas constant (J-mol'-K™)

T absolute temperature (K)

Kicp  solute resistivity for diffusion within the porous support layer (sm™)
t thickness of membrane (m)

D diffusion coefficient of the solute (m’s™)

w power density (Wm?)
R

salt rejection

kr mass transfer coefficient of feed solution (ms™)
kp mass transfer coefficient of draw solution (ms™)
x, experimental value

x,, predicted value

N number of data
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T osmotic pressure (bar)
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Methodology to evaluate forward osmosis/pressure retarded osmosis
membrane characteristics by lab—scale experiments and a statistical approach

Junseo Lee

Department of Civil Engineering, Graduate School
Pukyong National University

Abstract

The characteristic parameters of forward osmosis (FO) membranes
and pressure retarded osmosis (PRO) membranes (water permeability,
A, solute permeability, B, and the resistance to salt diffusion within

the support layer, K.») were estimated by a single FO and PRO test

respectively in order to avoid the pressurized reverse osmosis (RO)
test, which may damage the tested membrane or misread the
membrane characteristics. The typical FO membrane filtration test

measures water flux (J

w

) and reverse solute flux (J,) in the active

layer facing feed solution (AL-FS) mode experiment using deionized
water as feed and sodium chloride as draw solute. The single PRO
test measures water and reverse solute flux (J, and J,) in the active
layer facing draw solution (AL-DS) mode experiment as functions of
the hydraulic pressure in the draw solution (DS) using sodium chloride
solutions as feed and draw solutions. The simple statistical approach

finds the most appropriate membrane characteristic parameters of the

_xi_



tested FO and PRO membrane to predict the experimental .J

/, and J,
using both internal concentration polarization (ICP) and external
concentration polarization (ECP) models. Verifications using various
experimental results in this work and other literatures reveal that the

new developed characterization method determines more reliable FO

and PRO membrane parameters (A4, B, and K,,) than the

characterization method based on the pressurized RO experiment to

predict the experimental .J

w

and J..

Keywords: forward osmosis, pressure retarded osmosis, statistical appr
oach, internal concentration polarization, external concentration polarizat

ion
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Fig. 1. The different classifications of osmotic pressure: (A)
osmotic equilibrium; (B) FO (AP=0); (C) RO (AP>Am), (D) PRO
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Fig. 3. Comparison of (a) FO water flux and (b) salt rejection
between TFC-FO membranes and commercial membranes:
HTI-CTA (FO membrane), TFC-RO (RO membrane), and
TFC-RO membrane after removal of the PET nonwoven fabric
(“No PET”). The number of samples, n, used to obtain average

and standard deviation is indicated [14].



Fig. 4. SEM photographs of cross sections of the forward
osmosis (CTA) membrane. A polyester mesh is embedded
between the polymer material for mechanical support. The
membrane thickness is less than 50 pym, much thinner than the

RO membranes used [15].
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Fig. 3. Schematic diagram of a typical PRO esmotic power plant with continuous and steady state flow.

Fig. 5. Schematic diagram of a typical PRO osmotic power plant

with continuous and steady state flow [22].
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#| A 47.4% decrease in thickness i

Serious deformation
15k 408 S0 19 24 SEI

After tests at 14 bar
for 250 min

A 86.7% reduction in PWP.
Macrovoid Free A 35.8% decrease in thickness

Fig. 6. SEM images of the polyamid-imide (PAI) membrane
before and after being compacted in PRO at 14 bar for 250 min
[24].
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2.6 = = &X(concentration polarization; CP)
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(b) solute permeability on the model prediction errors.
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Table 1 The estimated FO membrane characteristics by the “FO
method” and the “RO-FO method” with model prediction errors
for J, and Js using the experimental data obtained from

literatures [24, 29, 30-37] and this study.

A B Kicp NRMSE (%)
No. | Method (1025 tpa )  (109ms ) (10%smD)  J. g, Ret
1 FO 0.591 24.4+3.97 411+68.9 6.79 9.20 (301
RO-FO 0.472+0.03 19.4" 260+52.4 5.33 10.8 )
5 FO 0.683 20.4+1.66 175+23.7 232 7.04 31]
RO-FO 2.81£0.194 81.87 741152 9.03 15.6 )
3 FO 8.98 394+25.0 339+21.4 3.38 7.58 (321
RO-FO 2.28 52.8Y 120462.2 125 454 )
4 FO 1.16 14.5+7.83 733+63.8 437 386 [33]
RO-FO 1.67 52.8Y 946+96.4 433 171
5 FO 2.47 789+11.4 334+21.6 3.50 9.21 [24]
RO-FO 6.6420.694 183+33.3% 609+86.8 9.04 17.8
6 FO 1.03 59.0+3.77 266+24.3 3.83 5.05 (341
RO-FO 1.07 65.49 279+26.0 4.00 7.74
7 FO 2.41 62.2+7.23 393+35.0 4.69 10.6 351
RO-FO 3.36 91.7" 496252.5 5.90 13.4
8 FO 5.09 189+34.2 107+6.88 2.33 16.6 351
RO-FO 8.75 647° 171£19.1 499 98.7
9 FO 0.965 55.1+4.09 203+25.1 3.14 5.88 (29]
RO-FO 1.22+0.333 736" 269+29.0 5.42 7.21
10 FO 0.950 39.6=10.6 251+17.6 2.42 27.4 (361
RO-FO 1.23+0.333 73.6 328+31.2 453 52.9
11 FO 9.09 166+18.8 177+19.7 3.77 6.70 (371
RO-FO 489 52.8 104+25.1 756 36.9
12 FO 16.9 385+49.1 172+4.04 1.22 10.32 This
RO-FO 31.8+5.25 266+40.0'2 242+20.6 447 69.0 study

¥ Test conditions for B determination by RO method (Feed type, applied pressure,
membrane type)

Y200 mg 1'NaCl,5bar,CelluloseAcetate.

2 200 mg 1"'NaCl5bar,CelluloseAcetate.

?1,000 mg 1"'NaCl,0-5bar, TFC.

4200 mg 1"'NaCl,1-5bar, TFC.

¥ 200 mg 1 'NaCl,1bar, TFC.

5 584 mg 1"'NaCl,15.5bar,Cellulose Tri-acetate.
81000 mg 1'NaCl5bar, TFC.

2102922 mg 1'NaCl,6.9-27.6bar,CelluloseTri-acetate.
1000 mg 1''NaCl,1-5bar, TFC.

121380 mg 1'NaCl5bar, TFC.
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Fig. 14. Comparison between model prediction and experimental
data; (a) DS: 0.5 M NaCl, Feed: 0.01-0.1 M NaCl (b) DS: 1.0 M
NaCl, Feed: 0.01-0.1 M NaCl, (¢) DS: 1.5-3.0 M NaCl, Feed:
model seawater (3.5 wt% NaCl) from Zhang et al.,, 2010 [30], (d)
DS: 1.5-3.0 M NaCl, Feed: model seawater (3.5 wt% NaCl) from

Zhang et al., 2011 [31]
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Fig. 15. Determination of water permeability of PRO membrane b
y the PRO method (PRO membrane: CTA-W, DS: 1M NaCl, FSL
10 mM NaCl)
Azgtol ZA MW, Batd Kiepahts 2 315, 2 317 &8 24 &
ATt o] FAAAM FOH HeAdA =& weol vpxb7x] 2 Microsoft excel
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¢l PRO 29 ZA3dolHE FE3to] A8st3itH(Table 2).

a 20 O W, Experiment N-RMSE(H): 10.6% b 30 O W, Experiment N-RMSE(H): 19.1%
15 b —— W, Model - — ¥, Model
20 o E
a o) o
£ o 10 | Q/O)/ ] 2
= =
S E =
o £ 20— 0o E
N o RC
5 N N 0 g o {20 3
4100 > o )
= L 1 40
F O .4, Experiment 4 150 O J,/J,, Experiment
=== J,/J,,, Model N-RMSE(J, /J,,): 97.8% === J,/J,,, Model N-RMSE(J, /J,,): 84.7%
L 1 1 200 1 L 1 60
0 5 10 15 20 25 0 5 10 15 20
AP (bar) AP (bar)
C —
o Experiment N-RMSE(W): 27.8%
4 —— W, Model
g 2 o o 'E
& 2 r ]
£ 3
b p E
B 0 [T N-RMSE(J, /J,): 89.5% 0 ~
~ ol i 2
N o ~
3 o 150
o ~
3 [u] 4 100
O J.4J,, Experiment
=== J,/J,,, Model m]
. L . 150
0 5 10 15 20
AP (bar)

Fig. 16. Comparison between model prediction by conventional m
ethod(“RO-FO method” and experimental data for J¢/J, of (a) PE
I-2#, (b) PRO-TFC-HF, and (¢c) CTA-W membranes with DS(10
00mM NaCl) and FS(10 mM NaCl)
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a 20 b 30 N-RMSE(W): 14.8%

O W, Experiment N-BMSE():3.85% O W, Experiment
15 b —— W, Model = W, Model
20
o ° o
. E ~ 10 | 0/0/9)/ g
& &
£ 3 £ 3
% 0 g; % 0 - N-RMSE(J, /J,): 12.6% 0 E;
4 ~N G- ~
B n o & Bea 120 <
4100 > Q\ a N’
1 150 I — 1 40
=== J,/J,,, Model
. . . 200 : . . 60
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AP (bar) AP (bar)
C & —
O W Rxperimsit N-RMSE(W): 5.46%
— W, Model
4 }
o
o 2 E
£ :
E 0 m"“ﬂ N-RMSE(J, /J,,): 7.98% 0 \J;
& Batt = I N
L ~ 1 50 N
N >
i O J./J,, Experiment E\ 100
=== J,/J,,, Model [u]
: L - 150
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AP (bar)

Fig. 17. Comparison between model prediction by “PRO method”
and experimental data for Js/Jw of (a) PEI-2#, (b) PRO-TFC-H
F, and (c) CTA-W membranes with DS(1000mM NaCl) and FS(1

0 mM NaCl)
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Table 2. The PRO membrane characteristics from the selected

literatures [38-41]

PRO Membrane

B K

(lO"ler;ll/sPa) (10°m/s) (105éc/1;n) Ref.

PEIV-1# 6.33 186 3.17
PEI-2# 5.81 242 3.44 [38]

PEI-3# 458 208 4.27

S#1? 4.17 611 4.45
S#2? 4.00 569 470 [39]

S#3? 2.78 222 4.26
PRO-TFC®-HF? 422 67.0 2.86 [40]

CTA-W? 1.02 76.9 3.66
CTA-PY 2.08 176 2.36 [41]

CTA-NW? 1.21 18.4 857

U Polyetherimide

? Commercial cellulose triacetate membranes from Hydration Technology Innovation

with different spacer types

P Thin film composite

Y Hollow fiber

 Cellulose triacetate (CTA) membranes with different types of support layers
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Table 3. The estimated PRO membrane parameters by
conventional method(“RO-FO method”) and the “PRO method”

with model prediction errors for J¢/J, and power density( W)

PRO A B K NI%};[)S E
h . g 1cp 6 Ref.
membrane Method 10 121'Il/SPa) (10 9Hl/S) (lOss/m) js/jw w €
RO-FO 6.33 186 3.17 81.0 8.57
PEI-1#
PRO 32.4 1310 2.67 16.7 124
RO-FO 5.81 242 3.44 97.8 10.6
PEI-2# [38]
PRO 217 1150 3.01 31.6 39
RO-FO 458 208 427 50.9 6.5
PEI-3#
PRO 9.47 470 3.95 12.7 3.9
S#1 RO-FO 4.17 611 445 96.2 60.5
PRO 26.7 2033 497 11.3 3.8
RO-FO 4.00 569 4.70 849 38.2
S#2 [39]
PRO 23.1 1795 5.02 11.2 8.7
43 RO-FO 2.78 222 4.26 82.2 62.0
PRO 7.48 656 5.31 50.5 385
RO-FO 4.22 67.0 2.86 84.7 19.1
PRO-TFC-HF [40]
PRO 975 1180 2.75 12.6 14.8
RO-FO 1.02 76.9 3.66 89.5 278
CTA-W
PRO 9.39 672 8.11 8.0 55
RO-FO 2.08 176 2.36 103 115
CTA-P [41]
PRO 19.5 1370 5.65 79 20.9
RO-FO 1.21 184 8.57 1324 275
CTA-NW
PRO 87.0 751 9.77 45.7 12.7

AL & F e, 52 ¢¥oz g3 PRO%

H
systemol Al W&o O XA olf& U T 7FA Yoz st
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Fig. 18. Comparison between the modeled and experimental power
densities; (a) PEI-2# (DS: 1MNaCl, FS: 40mMNaCl),

(b) RO-TFC-HF (DS: 1MNaCl, FS: 1mMNaCl), (c) CTA-W(DS: 1
M NaCl, FS: 1 mM NaCl), (d) CTA-W(DS: 1 M Na(Cl, FS: 100 mM
NaCl), (e) CTA-W(DS: 0.5 M NaCl, FS: 10 mM NaCl),

(f) CTA-W(DS: 2 M Na(Cl, FS: 10 mM NaCl).
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