=ee| 2] 2=
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)
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=
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A= I A

- A (Reverse Osmosis)-

w3
A4 8tst-g 5t}

1. M8

AR Aold WEEE Alolo] £ 45wl §ui7h nEEe] S0 o Fak: WHLE wNIYE £
o setxEdol 2ol SR golel o5e AAHAD S5} VI AT WA

ofdf LEE §AZe] WEUR ol¥el GHE st HW AFVAIE Wl DFE SA2e] Lo
7 AEEe g0z QRS o8 AUFEYIG Bt

-&as}b G4F FRL no BANNH B4, RuPedel Tz
2 s A7k azel 2% o8 ssje] Ao,

4 o] golaiy A zaolmz AV} Neen FHY AHNAY
U 7] A Beold ZAE £ U SHE H B 19709 5 A1 Yo, A%
Hel, f7482 B4, NF5E, 2ed A2 L gokEold A AF Rels ol L 10A0|

ool AL ohFF ol ES(@AdF)e] ¥4HE vidAHE Cellulosestt Aromatic Polyamide® 91413}
o, ZHYdE £EFE 9%7A AAANH F e BTl ML VA FErt 23 UlEisterEA o)
Polysulfoneo] 2 A A|2o.2 AMRE™, ¥8]%2S Aromatic Polyamide5ol F2 AHE-goh

AFHE T30 o 10Auie]l AlFo] Ao A gong Uuty o ujgAoelat & glo
ol F7) AVt micelled B AL micelle?ts] A& B3te 32 Far) g
AR E {7129 dielectric A7t W7 gjZe 8&Ho] el F FAEA g # ol
9k (800 - 1500 psig ) NAe &l 2ol RAUHA (4P — dn)el vldstd Ex=n 29
FEGHAE obd AFSAL HlHEt RHEEE Eo] §EH0 HEt dHH o B FHEr] (i
o a7} S8t

AiFE B2z mE Rejxde] ohlnz Hdoig do Ao e 2 {Fr1EAe AFH e
How AF{Ho 7 W] £HE ZHojArh JL4FHL 4GS FYUAAT B opg} Bajge] A2
#718 9 Aromatic hydrocarbon 59 B ZF % 1 o}8rb5Ae]l nxH I glio

£ 5 18 iy

2. 44¥ OIE
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% o

H,0 Na*Cl™ H,O Na*Cl”~ H,O
H,O Na*Cl™ H,O Na*Cl~ H,

| wA IISoUUIITLToLLTIIIooI
H,O Na*Cl~- H.O Nn*Cl" H,O
H,0O Na*Cl™ H,O Na*Cl™ H, O
H,0 H,0 H,0 H,0 H,o
A @ { _______________________

gl HYEEE Y 2do Ngx

Sourirajan®] #|A)3+ preferential sorption capillary flow mechanism® 248 2go2 Yeldd :L%i
13} Zon 802 o] njqF Y3t vk = 33EQ ddo] fdFe] g T JF
& Y, GEZoM e &3 T wof Fhe £F dopdit B -] APdME =9
Zo] EAgrt. ojzl @ AHAM 5T B ZABSE Tt YHo ) 2 HHE FRAecE
5 A

Sodol AW B o o AFEAM A9 FAEHE HA3E GibbsH S w5 g

H I
e &85 A
A

- 1 d
r=——pr (1) @1
A7)4 Re 714 45l TE AUjesolm, ot §29 BEE, & °l&8F ok NaClF&e)
A o] t7lFel F3e s ty) §ode] AME F5e) FRAFC) YHAG dr)-§
Aol Adeln £5Ee] T s HosHEH TE F ok

71 me g9 EE x fE FL Agolth

uto] A FE| o) o A9 2007t HY 171 plAFA QoM E4UE e fHFoE £y
A7l Zgol £& g JLdgn e AL T nmdFe] 259 AAE A e AHeldh (2
2.)

£ 2] n| AT AAe] 289 AFAMEY & Lo nHFY FAR (FFE - 28)y AHE 7t
Z gole] 58] A47l3 o] BEd Hesly £ ©g FHEA Ao FiaFH ¢t —r%‘?H«J
2ag 9% ol B3 £4F o Zol HEPGEH MHH o2 FAHE ] @8 Aok B3] &
7144e 22 g 471839 5§83 HAd 2A &st)h f7] ExFY 71%7)(-0H , -COOH
5y g7t o] MYEE & 449 Hod F¥gg vAd rlEr] 2 23] a9E WEd §
A Bz FAo) EFd JojM Fa37 E2gery 7Fe] €k
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ad2 Y R FFHAAAMY AT A

3. % o|SHY OIEH 2

ot ol Me] EdolE AL oj2Hos Y ZAxeAM uAY F JYed, o1& ALY BHAA o
sjatr] #s) vy LAY Yol g 71EME R ololl RHE BAE <A g nFEE &
th

3.1 HEE Eosto] 2t O|SH 2| Y

Ry dA98agde dEZAY A F3L 2A%r(dissipation function)® BEEch n|HaE s
B 2 2 AUATL olFH, ol AEZ T AR ol o] dEZT] BHEEE PP
B2 FEe oEHEE At HErt @it o]E o|F AN FAF AE FYxo e B
g, ol 1811 Fourier®] ¥ &E329 =7 o] HHBAAE A8t Ohmel AFS HHzte
AEBA Z Fickd 83 2829 w274 9] BAE & & Yot o] A7kx] BASEL 25 ¥ &
=7 A8 BAE /A YES HAFETh Newtond A1RALE Xdlo] gle AS 8 9 /4% a
o] AgA dAE dehlied], o719 Ado] e FS-& nestd

f=ma+ hy (3-1-1
Z FAE F sith q7IA Ao e A rkEEE @AY 2EHEE 9] 42 Fourer, Ohm %
Ficke] ¥33} 22 Fe

f=hv (3-1-2)
2 EANE £ gk A7]A, ke wlageolth
2HEANA Geddnge] 7 ¢ Hoe] &% g, 2 { L vjEAds hE 2R 3 EEAE
2 ), TR X, B @498 A L by g9 1/h2 BAE

Jo=LX, (3-1-3)

o] grh oluf, 3 X, £ 839 HHEAY u, o Tol(gradient) EAE F glorng I = o
W o] @k

i

J;=—L grad p, (3-1-4)
oluf, A7} o]g-8<HQ) H$-
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us=p"+RTInC, (3-1-5)
2 ®AEG. d7]4,
E2EHH ety

G BFE
olu, YAHLE, gty A
Ji= —IéRT grad C, (3-1-6)

2 HEd), A7 LG, & £39 o5 E(mobility) 24, IN mol '] ¥< 713S o £REAS] P
&% w2 FAEoh

Jo=wRT grad C; (3-1-7)
oluf, w, RTE Plank-Einstein4lol) 23] &tAl4 D2 x@sHog

Js=—D grad C; (3-1-8)
2 53 oy x WEo R BAbA ¢ A
Jo=- ‘fj (3-1-9)

2 FAEEY ol Fickd ¥ A3t o]9f o) ol Fourler?t Ohme| HEZ SefyLA17
Aok

ZHx0 Yo AFEAAE A 29 & F¥29 o] B Hyoe AYSA] WO Z, Onsagere
1931 durA el @AsA WA 2 (phenomenological equation) 2.2 i & i3k E¥ X Jio} Fd5zY
Xiote] BAE o1 2o yehlsit

Js= ;Likxk (3-1-10)
1A, Ji i Ee TEEE
Xe @ FHFAEH
9 Mol (R FTAFAY X & v o] EAHET

P

Xi= 2. Ry, (3-1-11)
L]

!
Ry= ]

| (3-1-12)

&71A, JL Lm : L 9 914 (cofactor)
3

o=2JX, (3-1-13)
= BA90. A9 45S olga
o= R R LaXX, (3-1-14)

2 gA g
oluf, H]Zt TN JdEZT PHE&EEE TN 0BG 202
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z;( gL,*Xk)X, >0 3-1-15)

olt}. Yo BAEREH AREH A Lztel BAE gt
L >0
Li Ly =L
o7}, L Ly : straight coefficient
Li : coupling coefficient
w3t ofe = ¥7hg g o] A$ Onsagerd] “d4H(reciprocal) @Al o]
Ly = Ly (%))
2 ¥Aldrh ,
H3 gAeAel olg@ALe N A4 % s EF AHEHEd, o 4E 4A Y F=
Ado] Q= whH Be FAAFES Aoted B o2lgel g2z AN T2 Ay T
o sjAgch

3.2 <o) oED =W

g %4 83 2 ol JEPAE Avlsr] A% BE wEe 2dEol ANHNUG 19471
W.Thompsone] A2 AAIF HPY g 7|2 F RDEo| shvte] BF2Z AAHNUL, & 7
2az= Bxi@Almolecular diffusion), SH8AHconvective diffusion), MFE&(pore flow) T3 #&
o] Z7) 7o 712 F EPE0) AAHA
vHe 98t 7128 ¥ 2dZ+ Kedem-Katchalsky model(1958)3 Spiegler- Kedem model(1966)
Zo] gith o] RdEOME W& black-boxZ 713w, St £39] ojF2 e F & HAA
Z70 osted FeATi e waby, o] EdlojA U ¥ o] F WS (transport parameter)ES A
ol s AA s ofo} et
olEV| R 78 E RdfE £9-82 2 (solution-diffusion model, Lonsdale, 1965), B¢ H-8&9-
84 Pd(solution-diffusion imperfection model, Sherwood, 1967), A¥&F =ZA# K% =9
(preferential sorption capilary model, Sourirajan, 1963) &°] 2t} ol& EWEE o1&37] M= %
o] AEZ7), A, AEe] Baedz gujel £d9 i &= € wHAASs 534 2 %7 £
ofo] Ee]a EAo] AAEojel g,
Kedem-Katchalsky 2 @& u]71d g8t ot o|3udg =3t HHY 9% A2fe Onsagers) 4
BAAE o] g3l ANEY EASE ]9 $ARAEKE & 4T &R Zo] BAE F Uk

Jv= Lo (4P - 64 n) (3-2-1)

Js=U - 0)Cs]v+wdnr (3-2-2)
d714, L, 59 5=

o @ BAMAIS (refletion coefficient)

4P: gt oFZe] |t

Ar: 2 FEe] AR

Ce 2t 42 Ul T 8FFE

w: &3 BA4AF
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£AYAE DL Lonsdale, Merten, Riley(1965)0] daid =dsifiedle] ZdoMe 33 oj7t v
A& 9k nonporous homogeneous membrane)oll &3] 0] ghol o] st R At A% E &
of o9& olTHTty A 43 ¥ §rjo) FHEEE FTFHPHo)n FAA dojdrtn HEE W),
guje] Fr&we 830 EHEEE S Eoh

D,C, V,( 4P — 4r)

Jo = R T (3-2-3)

= AP
]s - Ds Ks Ax

(3-2-4)

7A@ Bl RAERE

Jo: 83 FoEx

Dw . TulalA Eeof JuAF

D ghujelA 81 #aAls

Cw: &9 &

Vy @ &9 388 79

K &322 oo oigh ezl

4C: 2e 5% §39 =3

a4x: % FA
Pusch(1877)= Kedem-Katchalsky R @2 %€ e AL fx3dd. o 4& AT (rejection
coefficient R, 1-Cy/Co el ®57F A R3En&c 48 AT 5 A5

1 1 o
R"A+B(U) (3-2-5)

9o} Mo A4 A, BE Kedem-Katchalsky ZdZ R i3 gol Heojdrt
1 .1 9

A = RS (3-2-6)

( Lp/L, = R*) L, ey
R,
A7), Re @ T8 2HEHEEA slAlAS
Lo @ o 4FE
T | B AFY

wg, gol-a 22 Y A Be g 2o Feldoh

B = (3-2-7)
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4. 2| 5K £33

g gl 9] F X+ S (Concentration Polarization)& ZEg A FFE 5 £ T3y g3
ool ola) Al So} GEH o)A HEg Yojdr}

FEEFo] dojus o BTN $E BE¥E Y3 3 o A AN SAS5xAE s
A g A geo] gEdETh

1.C, = J, = CJ, - D4C (4D
Ggel Az

C = C, at 2 =0

c=c a2 =4
oz Aesd e L

%:—% = exp( l{;l) 4-2)

o714 k= mass-transfer coefficient(= D/8), J, = =453 B Ifluxolt}.

membrane

bulk feed

Jy

Cb

193, concentration polarization: concentration profile under steady state

4.1 SIATE dAY

FEESY AT UEHF Lo EFME AF kol 4%E LAEY 2dAG AF ke o
WA 02 Sherwood T(Sh)2A ofdfe] AHTAZ FAEr)
Sh = kdy/D = aRe®Sc

7)< Re¥ Reynold number 4 (Re = puvd,/p), Sc= Schmidt ( Sc = p/oD), d,= 23
A A7 (hydraulic diameter)ol™, abct DEEAL Tl s o gadAE 2% %
% AFEolt
HRsE] 49

Sc < 1 (Chilton-Colburn %% Dittus-Boelterd) : Sk = (.023 Re’® Sc**

1 < Sc < 1,000 (Deisslerd]) : Sk = 0.023 Re®¥® S5
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Sc > 1,000 (Harriott-Hamilton?l) © Sk = 0.0096 Re®% Sc%
aelu, Al AYRY B oM abcAFES F2 4Pl ofs) AFY & A: Aa

24 be A= 28R4 aAY Fow e hFY 134 25, at FHo AEHE ZE9 ¥
ol wet Mot Aoz dHFFTAHAA 7MY BHH o o8 U (spiral wound)®

o

s A ¥ oj o] 511 Sho= 2.1x10 %R §0F (1.889%10° < Re < 3.073x10°,
Sc = 800)2 vhebdwl 9ol

5. gfulie| BuiA2t &&AHIS

gho] AEHS A9 AL 82, $019 ST, BAE o] F el 2 4oy ¥ 4 Uk @
AEE M2 AR T ERLd g uA=d s & JAbse

g4 §3%, FA%s} §ule] ARt WK Aopq AL AT £ AL UEI} T ou)
H&& Vel e 8]l dct

dE 59 Glueckauf(1976)= CA%elM $2E2] w7t 2x10 %A 8x10° em’/sec?] WHe Hu)
A4t 3 order A ¥ WIE 70

| BF FulAls(partition coefficient)& o]-8-3tad Uehd 4 JEd 2ud+ K+ oed #
SECEES

K.— &rams solute [cc. membrane
grams solute [cc. solution

ujAlee 2714 E4E 7HR sled (Glueckaud)

AT &7 FulAlF Aloldl AHA BAE Hu Yok

FulATE £2487 BEFE o] A7t AETE dhilg 89 Po] HEFE zbolrn)
Bl ZHAdHEEAAdTe A d¥Ho go| FHEU

CAY 22 ofgt A3l gi e e Mygzon Pgolg F=3to] Yot}
PulAFE EAshe AIUHES 28 FEE 41 e 99 HYo] dolg ¢ e FANES
ade gdax 8718 AA, Ax3e 538 439 ¥EE Atomic Absorption , Neutron Activation
N2 FRAY SAUe] dErdd s e WS o83t S

FrAaPAE o 94 XAFFE TS FEE olw £9d @7 Y FTd =g of7)

A BulAee

BEe 5 ECe .
K=gagassee. © 4o+

WD =

14

2
SN

shilel BaASE QA SR BARYANCR AVE £ Aok
C , Dt
e By o] e 0

Co AIZE 1 =Ry F =
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Coy:z714eA e g 45T
CoB¥Y el Tl g5 =
D; el g @A

Z, (C;= Cuy/ (Cp— Cuy<0.7 1M

Ct'—Coo _i
Co—Co 2

( s Df) Y
HydeS CAZE E3 SAAPA ¥ ert 371852 Saes 7435 2748 Bysd P78
WAS 001732 Hata 3% (K, DY Sa3A4E Adstd B3iASE desrt S5
Zagt oA T AAF DE A% 006MoIA 51x10%cmYsec, LOMoIA 2.9% 10 *em’/sec, .
5Mell A 13%10 *em¥/sec® vrehl )
aromatic polymer (AP)THolAE AaAI47E CAZHTE @A 3] Fold dAEE 017MoA 08X

10 Yom¥sec, BEE 1L7MAIA 15%x107"° cm¥/sec® YEMAIALE o3 BAAIG BElAEES E Lo
VR 1T

¥ 1. Solubility, diffusivity, and permeability data of sodium chloride and water in celiouse acetate,
aromatic polymide and other membrane

Membrane Material Ix lck K, D, 10| (K.D)| C. D,-10"7| (C.DI0'T
Type S)ﬂicm (M) (cm¥sec| 1077
)
18-
085 {0029 086 249 - - -
CA, 39.8%, Acetyl but heat 32 710
treated at 80C 32 0.85 - - (DO) - - 1.3(DO)
18 |oss | - I - 24(RO)
Asymmtmic  CA  membrane|025 [002 | - -1 3B | S| 33wy | a1mO)
with 39,8__wt% acetyl; dense skin 055 00 P
layer 0,,=1.33 aoor 1977 | - - & | @80y | 25RO 3.1(RO)
CA membrane (typella) with
39.8wt% acetyl, homogeneous and| 23 0 - - - (0.153) 345 053
heat treated at 80C
Aromalic Polyamide (AP)| 635 | 1.7 | 0230 015 34.0 40.0 15.0 74
homogeneous nonporous (0.49)
Om= 125 635 | 0.17 | 0.230 0.08 184 - - -
Aromatic Polyamide (Nomex)|10-20} 0.17 { 0.025 - - 17 - -
homogenenus nonporous {0.24)
Oom=14
Polyamide-Hydrazide(PA-6) 0.056 - - 21 - -
homogeneous O, =14 (0.24)
Polysulfone(PS) homogeneous 0.003 - - 2 - -
Om=124 (0.025)
Polyether-Polyamide(PC-6) 40 01 {0030 013 39.2 21 25 0.68
mixed with 20wt% PVP, (0.28)
poly (vinylpyrrolidone) ,
pore size-85A 0, =133
The same with 30% PVP 28 0.1 0.34 0.80 272 26 48 1.49
poresize-12.4A, p,, =124 033
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6. ;I ¥ HiH|Ye| ZX Ofi&E HEt 2W

dwHoR ANE FHIA HFSEFHFe dE FAFFY ¥DE wol7 #sel tuz
4 4uE g fm g FE: HH%% 2525 gopaA o HFgel FolAA =y
fouling®) #8 #el Yk mebd gFAS 2HF el wAE, Ashe HEE2PY Fi 2

WAde] FEE HHS dFste THE HAHor drt
o] 3t PE Rdo] ALHUeH £ ArolM AHEE ZdES Vet ohga

=C

Cy ny )

crQy . PRESSURIZED FEED CrQr

—— : e iy
:Cp Qp

membrane

2144, Schematic representation of the RO process
6.1 Saltonstall's model

o] Bdl& vtol il go] FF Y Frol FHEA YA JtAE T wizde
g H48e g4 Ui Aoln, 4T ¥4 582 AFFez yeud 19 49 2o
A7 IME QE §%, Cx 558 UBn] #4 f= $F, r= WA, pE FHd bE o 99
o"‘vTE L}'E}"“D}'
o) systemsl #A4E Yephd ohg .

R = 1 - C,/C,,

Y = Qp/Q;

Qf = Qﬂ + Qr

QC= C+ Q-C
A71M, T, = Fhde W7 EE Y

)2} A
C, - Y- C
- =L P -1-
C, =7 (6-1-1)
7} g

Y=y2l A MM feed®9 bulksolution?] T+ th&3 o}
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C, - y-C
C = g (6-1-2)

A7 C, & Y=y 7tA 3ol By s dehdEd, C, vs. YO plotol 4, Y=0o14 Y=y

A e BAHL y2 YiEgte] ok F
y
¢, = —;fo(l—R)Cydy 6-1-3)
H6-1-28 H6-1-Dl e
¥y
c, - J;[c, - fo(l—R)Cya’y] L (C, = Cly) (610

7 93 o8 C,% yol Wate 24z mesa ted 2

dC Rd:
vy _ _hay ~1-
C, = -y (6-1-5)

4(6-1-5)¢ HEad

C, = c,(1~y)‘R (6-1-7)
aEE y=Y7 HE A$dE gedez & 5 At
C, = C/(1—-»F (6-1-8)

¢d 27 23849 = C9 MEHE WEde = CAbeld
C, vs. Y& plotd 2% 49 @3 A I5+¢ Y2 e 2ohF

C, = —11;[0 CAL—y "Rdy (6-1-9)
A6-1-9)9) g Fard ogF Lk

—R)F
(1 RnY

39 5o HF FEE OGS go) Addnh
A(6-1-1)0& C,ol disted vehhd

T, = ¢t when — R=1 (6-1-10)

a — _QL(I—Y—Y')_CE (6-1-11)
o] F1 A(6-1-8)& A (6-1-1Dol Wdstd k3t 2ol €t

—_— 1_ (] _ !QI—R

¢ = & % (6-1-12)

8] &} ¥(Brine)d] ¥ ET
c, = C,(1-n7F (6-1-13)

vl #} & (Rejection coefficient),
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Gy
log(1-Y)

log(l— Y- —CE)

(6-1-14)

olt}.
6.2 Sambrailo's model

sambrailor 2] WA &o] tHHG FFL A Frol &3 ed Saltonstalld] RdeAME A
A A AA MAgol Frol wal B¥alE AL ne st dga Fo] Rdg FEIATH
AE TANME ALY 27t WERE d4E ZUMEY A &S oldumet HEFAoR

o

-1

Adte A9e B 2HEz Aol UHH AT MAES GeNR Lol Yrkn sHYsol
o

7
A(6-1-6) thAl 2@ g o] "ot
R = aC, + b (6-2-1)
(o2 g = —8x1077(¢/mg), b = 0.99, for Dow BW30-2540, &P = 3MPa)
dC, _ _(aC,+bdy 6-2-2)
C, 11—y

2(6-2-2)8 HETL (Cf,C)), Oy sl HESHE ohsd g2 Co e 78 +
At

¥
1 In Gt ba = —In(l-w (6-2-3)

1-y = |[—F* (6-2-4)
1+ 6

(bla)C,(1—y) "
(6/a)C/ 1— (1= "]

w3 YeyhA e Roeel ¥E CpE AG-1-22RE 93 2o mdwh

C, = (6-2-5)

S § _ (b/a)C,(1—y) " N
© - y[cf (bla)+ CL1-(1—»""] (6-2-6)
aga Gt G2 g 2o
T = Llc - (bla)C,(1-1~° N
G, = Y[C/ (bla) + CH1 — (1_Y)‘b}] (6-2-7)
—_ —-b
- TR (6-2-8)

(b/la)C/[1 — (1=17°]
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Theoretical Backgrounds of Reverse Osmosis
Byoung Ryul MIN
Yonsei University

In reverse osmosis, a solvent flows through a semipermeable membrane in a direction
counter to that for ordinary osmosis. Reverse osmosis can be created by applying a pressure
higher than the osmotic pressure to the solution side of a selective membrane, thus the
membrane rejects the solute forming a concentrated liquid state while the solvent is
transported through the membrane.

Recently, industrial interest in reverse osmosis as a physical separation technique for
desalination or waste water treatment has grown because of the development of high flux
membranes (at low pressure) and membrane modules which enable us to reduce the operating
time and the installation space necessary because they provide large surface area in a small
volume.

Due to the increasing harzard of pollutants to living creatures, interest in reverse osmosis
as waste water treatment has increased remarkably during the last decade.

Membrane Transport Models

Various membrane transport models have been developed to describe the transport of
solvent and solute through a membrane.

Non-equilibrium thermodynamics, developed by W. Thompson in the 19th century, is the
basis for the models in one category.

In the second category are the models based on transport mecanisms such as molecular
diffusion, convective diffusion and pore flow.

The models based on non-equilibrium thermodynamics are the Kedem- Katchalsky model
(1958) and the Spiegler-Kedem Model(1966). These models consider the membrane as a black
box, and the transport of solvent and solute is controlled by the boundary condition of both
sides of the membrane. Therefore the constant transport parameters have to be determined by
experiment.

The tansport mechanism models are the solution-diffusion model (Lonsdale et al., 1965) and
solution-diffusion-imperfection model (Sherwood et al., 1967). Use of these models requires
knowledge of the physical properities of the membrane and solution, such as pore size,
thickness and tortuosity of the membrane, diffusion coefficient, soubility.

The transport mechanism models have advantage over non-equilibrium models; for example,
the parameters can be determined independently without performing experiments. However, in
practice, some of the physical properties are difficult to determine by experiment or through
use of theories.

In 1977, manipulation of existing equations describing various membrane transport models
led Pusch to develop equations that describe transport processes including solvent flux and
solute flux. These equations are based on the relationship between R and total volume flux.
The general form of the equation developed by Pusch form the Kedem-Katchlsky model and
the solution-diffusion model is as follows.

k-]
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