HWAHAK KONGHAK Vol. 31, No. 6, December, 1993, pp.813-823
(Journal of the Korean Institute of Chemical Engineers)

sieloimoll o SEEISC SUHY S4 #4[1]
— &5 2D ZAASXE 2ol H|lm -

HZE - YA

Fadn Tade Tdste
*Mldi et 2ot shebpata
(19939 24€ 179 A7, 199349 99 6 A=)

Analysis of Mass Transfer Characteristics in Concentration
Polarization Layer of Ultrafiltration[I]
— Comparison of Osmotic Pressure Model and Boundary Layer Resistance Model —

Kyung-Ho Youm and Woo-Sik Kim*

Dept. of Industrial Chem. Eng, College of Eng, Chungbuk National Univ., Cheongiu 360-763, Korea
*Dept. of Chem. Eng., College of Eng, Yonsei Univ., Seoul 120-749, Korea
(Received 17 February 1993; accepted 6 September 1993)

2 o

FEH YA F=ETEW ARER §49 A% FHE FAHE AT 2l AAFHY 2D S v
2, F 2de] 4§ s RG9S AXstsck 2o vl E 93 polysulfone =H(E-&¥-A}ek
3,000)& ol &3 2ol EEHEAZT FARE EAFE Ze PEG(M,=4010) &3 & ¥A434& 7+ dextran
(M,=70,000) &9 go|ois} A& s3] FgGat &4 mALE S5t o] A3t AHFsh 2de
vte] FHEAGT FAR A e AdEAE LY 2 EAREE se AdEAtel o) 277t jhejeiste]
HA ool el H-&o] 7hestdet 2} AAFAY Rl EESE S A =7} ol FEEFF
A ERL §Ho] semi-dilute g Aele] AgE viehlsz, 2o FHEAY ¥  FAFE e AdEate
7 S-ellut M -gol 7hg3tsdch

Abstract—On the basis of the macromolecular solution behavior in the concentration polarization layer
formed on the membrane surface, the comparison of the osmotic pressure model and the boundary layer
resistance model was investigated. The applicable ultrafiltration range was suggested to these two models
respectively. The permeate flux and solute rejection during the ultrafiltration of macromolecular solutions
such as PEG(M, =4,010, similar to the cut-off of membrane) and dextran(M, = 70,000, higher than the cut-
off of membrane) solutions were measured with polysulfone membranes(MWCQ: 3,000). The osmotic pres-
sure model was capable of predicting the complete ultrafiltration range obtained using low molecular weight
(similar to the cut-off of membrane) and high molecular weight macromolecular solutions. Whereas the boun-
dary layer resistance model was only capable of analyzing the ultrafiltration of high molecular weight macro-
molecular solution, i.e., dextran which represented high concentration polarization modulus and solute rejec-
tion, and formated the semi-dilute solution behavior in the concentration polarization layer.
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Fig. 1. Solution behaviors in concentration polarization
layer and permeate flux as a function of pressure
on ultrafiltration of macromelecular solution.
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Fig. 2. Permeate flux resistance in ultrafiltration system.
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Table 1. Characteristic properties of PEG and dextran
macromolecules(at 35°C)

Table 2. Density and viscosity data of PEG and dextran
solutions as a function of concentration(at 35°)

MIX10® DX10" v, X104

Solutes M, M, (m¥/kg)®  (m¥s) (m¥kg)

PEG 4,010 3,400 12.25 20.33 843
dextran 70,000 51,630 25.88 544 6.85
a. M, measured by osmotic pressure experiment.

b. [n] calculated by [n]=0.002+2.4X10"5(M,)"*"[20]
for PEG, Senti[21] and Granath[22] data interpolation
for dextran.

c. D, was Hsieh[ 23] data for PEG, Frigon et al.[24] data
for dextran.

d. v, measured by density experiment.
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gkejoiz} ko 2 &= v]3t Osmonics A}) polysulfone
2H(EE Bxigk 3,000) & Ag-dtadon, Agdge R
= 544 A3 1%z} polyethylene glycol(PEG, M,
=4,010, Union Carbide Co. USA)3} dextran(M,=
70,000, Fluka AG., Switzerland) & A}g8t¢ich o] B
it AdE2LE] EA47HS Table 1o viehfigich
AE2F 242 Ao AHEE FTEE o] XA
T E AHSER

sietAS 31 M6S 19934 12§

5 p(kg/m®) n(Pa-s) X 10°
Clig/m?) PEG dextran PEG dextran
40 1000.76 1006.86 1.041 1.583
80 1006.63 1020.13 1.530 3.121
120 1013.67 1032.77 2.242 5.696
160 1019.70 1044.94 3.040 9.892
200 1026.27  1057.88 4.226 16.658
240 1032.89  1070.89 6.342 23.675

Table 3. Virial constants, A;, and constants of sedimenta-
tion coefficient, K, of PEG and dextran solu-

tions
A or K; PEG dextran
A; X 10" Pa-m¥/kg] 7.53 0.496
As[Pa-mP/kg?] 725 0.736
A3X10°[Pa-m°/kg*] 4.12 0.790
Kix 10 2(1/s] 2446 2957
Ko X 10 “Cm?/kg-s] 18.78 4.320
K3 X107 [m%/kg?-s] 293 0.955

3-2. PEG % dextran 22| 24
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stodom, e & AxtzHe] 73 PEG % dex-
tran®] %2 u| A 4 (partial specific volume) v+ ZHzt
8.43X10"* m¥/kg, 6.85X 10" * m*/kgo) it} PEG 2} dex-
tran =842 polydispersedt E4& 7zt Newton
A [25,26]0o] 2.2 H¥ = Cannon-Fenke ®.A| 3 H %A
(minimum flow time 200s)& Ap&3to] 2 s)gir}
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Fig. 3. Schematic diagram of ultrafiltration experimental

system.
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Fig. 4. Permeate flux as a function of pressure and feed
concentration of PEG and dextran solutions.
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Fig. 5. Observed solute rejection as a function of pressure
and feed concentration of PEG and dextran solu-
tions.

Aoz 7HFstgch

PEGS} dextran §42} stx}e}l mol g Frws)
o W& =3 wjAx R, H3E Fig 59 ehldck
o] #z} PEG £9¢] sz =& 0.350]3}9) & e}

R

el oo, dextran £99-& 0.65-0.95 Mo & el
Welch w3 5 8 v tha) AL ST E
Al =7} Zasled e bl o) wEHkd F712 <ljt
Al ZWEe Axh&(shear rate)e] F7i=e] fd 7
R z}(flexible macromolecule)?! PEG2} dextran®] &
g slo] futsEle] whAZE E3 $AFIHT} Fotst
7] WEez Atr¥ci29,30]

42, YEH SE A

PEG % dextran 891} @<)oizhel alolA) sk aish
349 SEdisel BE BEw FE e 34
SEzjel [7oh g R.ozyE A (10)e] o)
RS 4K 3, A (D)3} AL Qg skel A (D&
Apgatel hgAle] sl A astach

NJPRS? = A1(Co— Co) +A(C = C) +A5(C, = C)
(14)

o] AAA#E Table 4 % 59 el vl PEG
goje) utEwl FEE 11-76kg/m’e] Heloldon,
dextran §-<§2] =t X 77-306 kg/m’e] o]
oAk

Table 4. Experimental and calculated ultrafiltration data of PEG solution

Cs AP(bar)  J*X10%m3/m?s) R.(—) Co(kg/m%) R(—) ¥ X10%m*/m?-s) J5, X 10%(m*/m?-s)
3.32 0.49 6.231 0.338 11.664 0.811 6.184 5.785
0.98 12.515 0.261 18.553 0.868 12.596 11.846
147 19.361 0.194 21417 0.875 19473 18.499
1.96 25.846 0.139 26.165 0.891 26.037 24.818
294 38.807 0.075 34.682 0911 39.140 37.590
392 52.648 0.057 38.315 0.918 53.044 51.363
6.49 049 5514 0.290 19.064 0.758 5.424 4.727
0.98 12.165 0.213 23.030 0.778 12.179 10.909
1.47 18.289 0.155 29.558 0.815 18.431 16.635
1.96 24.955 0.114 32.827 0.825 25.174 22.952
2.94 37.257 0.057 43.307 0.859 37.685 34.716
392 49.814 0.039 51.377 0.879 50.403 47.108
10.54 049 5.337 0.251 23.327 0.662 5.149 4.196
0.98 11.252 0.182 30.894 0.721 11.252 9.336
147 17.127 0.182 37.788 0.757 17.300 14.527
1.96 22.821 0.091 44.730 0.786 23.158 19.663
294 34.890 0.041 54.373 0.814 35474 30.666
392 46.088 0.026 65.479 0.843 46.938 41474
13.59 049 5.052 0.205 27.318 0.605 4.847 3.608
0.98 10477 0.159 36.722 0.689 10.487 8.108
147 15.901 0.109 44.880 0.730 16.134 12.653
1.96 21.304 0.069 52.196 0.758 21.744 17.224
2.94 32.279 0.030 64.309 0.795 33.051 26.844
392 42.893 0.019 75.627 0.824 43970 36.899
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Table 5. Experimental and calculated ultrafiltration data of dextran solution

C AP(bar) J#X10°m’/m?-s) R,(—) Culkg/m?) R(-) I X10%m*/m?-s) J% X 108(m’/m?®-s)
3.8 049 5923 0.948 77013 0.998 5.899 6.042
0.98 11.146 0.949 115.720 0.999 11.125 11415
147 15.020 0937 152.140 0.999 15.003 15421
196 17.461 0.930 186.430 0.999 17.449 17.943
2.94 20.858 0.883 239.500 0.998 20.860 21.373
392 22.874 0.832 281.264 0.998 22.891 23.341
6.83 049 4543 0941 101.129 0.996 4490 4647
098 8.821 0.920 139,553 0.996 8.773 9.008
147 11.729 0911 174.838 0997 11.686 11.964
1.96 13.640 0.896 205.884 0.997 13.604 13.884
2.94 16.400 0.825 254.738 0.995 16.380 16.593
3.92 17.886 0.776 294.280 0.995 17.883 18.004
1033 049 4161 0923 106.871 0.993 4076 4224
0.98 7675 0.902 149.407 0.993 7.596 7.782
147 10.137 0.880 184.366 0.993 10.065 10.252
1.96 11.729 0.844 214.622 0.993 11.666 11.820
2.94 13.958 0.762 262.501 0.991 13916 13.963
392 15.020 0.699 301.354 0.990 14.998 14.940
13.67 0.49 3662 0.898 113645 0988 3545 3.688
0.98 6.783 0.866 156.485 0.988 6.674 6.818
147 8.821 0.840 191.707 0.989 8.721 8840
1.96 10.254 0.779 221,012 0.986 10.167 10217
294 11.942 0.695 268,641 0985 11.879 11.804
392 13.109 0.641 305.942 0.984 13.067 12.890

- AFRDE oE Y MEY 2D HASHE
E'ﬂ——l H|x:

4-3-1. AR Rdoll 2lgt etraeg o %

AEsE 2dal A (8)o & LF-eks o317
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Ri=6(1-F)/(1—0F) (15)
o}, F=exp{—(1-0)-J./P.}
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2] (15) 9] % parameter o2} P, e} A3 Mar-
quardt[32]7} A Alg v A8 3] EA Y S Al gt
8}9d5= v}, Table 4 % 50 epd A viz|xe] A
st A (15)e &3t Aagtae) ex =R —o(1-
F)/(1—-oF)]8 E&HUAE 33l o Y P, #2
2% FAAgez sgdck PEG ¥ dextran Ad]¥-=}
Ztztel tfjF 1/].o w& R,&] WstE Fig 60 Jehl
e, o] uf 1/],—~0°] d 2] Rgte] ubAlAIG ool
sigsich A (15)e) & AW o9} P, 3& PEG

I'O boemnns - N N N Beme 4
4 PEG solution(Ch = 6,49 ky/e®)
0.9} o Dextran solution(Cs = 6.83 kg/n®) -
. t-%a - Calculated value by Eq.(15)
- ‘1\\
= 08t N ]
0.7+ 7
0.6 L i L L 1
0 § 10 15 ] 5 kil

W (mPes/n®) x 1074
Fig. 6. 1/J, vs. R, plot.
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SER P

A o o ENE] A (8)9] AR 2l o3
ol &5 wEsjef [ 2 Table 4 2 5o vjehf el
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Table 6. Reflection coefficient and macromolecular per-
meability as a function of feed concentration

Cb o] Pm X 107
Sol .
utes— (eg/m®) O (m/s)
PEG 3.32 0.911 10.729
6.49 0.852 12.544
10.54 0.818 19.711
13.59 0.807 24.043
dextran 328 0.999 0.221
6.83 0.999 0410
10.33 0.999 0.707
13.67 0.999 1.162
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Fig. 7. Comparison of experimental permeate flux and cal-
culated permeate flux by osmotic pressure model.
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Fig. 8. Comparison of experimental permeate flux and cal-
culated permeate flux by boundary layer resist-
ance model.
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Fig. 9. Concentration polarization modulus as a function
of J,/k and R,.
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A, : virial constants, i=1, 2, 3

C : concentration of macromolecular solution [kg
/m?]

C* :limiting overlap concentration of macromolecu-
lar solution [kg/m®]

D,  :diffusion coefficient of macromolecule in solu-
tion [m%/s]

f, : Stoke’s drag coefficient at infinite dilute solu-
tion [kg/s*molecule]

J.  :permeate flux [m*/m?-s]

k : mass transfer coefficient [m/s]

K, :constants of sedimentation coefficient, i=1, 2,
3

M  :concentration polarization modulus [-]

M, :number averaged molecular weight [kg/kg
mole]

M, :weight averaged molecular weight [kg/kg
mole]

Na  :Avogadro’s number, 6.023X10%* [molecules/
kgmole]

N :Reynolds number [-]
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P, :macromolecular permeability of membrane

[m/s]

P, : solvent permeability of macromolecular solu-
tion [m 7]

Ru, R,, : resistance of boundary layer and membrane
[m=']

R, R, : observed and true solute rejection [-]

S : sedimentation coefficient of macromolecule [s]

X : coordinate perpendicular to membrane surface
[m]

aajo|a EX}

& : thickness of boundary layer [m]

AP :pressure difference [Pa or bar]

Am,, An,, : osmotic pressure difference over bound-
ary layer and over membrane [Pa]

M. M, :viscosity of macromolecular solution and sol-
vent [Pa-s]

[(n] :intrinsic viscosity of macromolecule [m®/kg]

n : osmotic pressure [Pa]

v,, U : partial specific volume of solvent and macromol-

ecule [m’/kg]
p : density of macromolecular solution [kg/m®]
: Starverman'’s reflection coefficient [-]

AKX}

cal :calculated value

exp :experimental value

SPY Rt

b :at bulk solution

bl : boundary layer resistance model
m  :at membrane surface

op :osmotic pressure model

p :at permeate solution

ofx}

MWCO : molecular weight cut-off
PEG : polyethylene glycol
PWF : pure water flux
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