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Resistance Analyses for Ultrafiltration in Tubular
Membrane Module

T. W. CHENG,* H. M. YEH, and C. T. GAU
DEPARTMENT OF CHEMICAL ENGINEERING

TAMKANG UNIVERSITY

TAMSUI 251, TAIWAN, REPUBLIC OF CHINA

ABSTRACT

The resistance analyses for ultrafiltration of macromolecular solutions by the
resistances-in-series model and the modified gel-polarization model, respectively,
have been extended to the turbulent ultrafiltration system in this study. The experi-
ments are carried out by ultrafiltrating dextran TS00 solutions in a tubular mem-
brane module with membrane material of ZrO»-TiO»/carbon. It is found that the
permeate fluxes are predicted very well by these models for both laminar and
turbulent systems, and the resistance caused by the concentration polarization/
gel layer (R;) can be reduced by increasing the crossflow velocity on the mem-
brane surface. Analysis by the resistances-in-series model showed that, R, de-
creases with flow velocity with exponents of 0.49 and 0.99 for the laminar system
and the turbulent system, respectively.

Key Words. Ultrafiltration; Resistance in series; Gel polariza-
tion; Concentration polarization; Tubular; Fouling

INTRODUCTION

Ultrafiltration of macromolecular solutions has become an increasingly
important separation process. The applications of ultrafiltration include
the treatment of industrial effluents, oil emulsion wastewater, biological
macromolecules, colloidal paint suspensions, medical therapeutics, etc.
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The rapid development of this process was made possible by the advent
of anisotropic, high-flux membranes capable of distinguishing among mo-
lecular and colloidal species in the 0.001 to 10 um size range.

This process is a pressure-driven membrane separation process. The
applied pressure, usually in the 1 to 10 bar range, provides the driving
potential to force the solvent to flow through the membrane, and the solute
isrejected by the membrane. The concentration of solute on the membrane
surface is higher than that in the bulk solution. This is known as concentra-
tion polarization. As the solute accumulates on the membrane surface, a
membrane fouling phenomena such as solute adsorption occurs.

For a small applied pressure, the solvent flux through the membrane
is observed to be proportional to the applied pressure. However, when
the pressure is increased further, the flux begins to drop below that which
results from a linear flux—pressure behavior. Eventually a limiting flux is
reached where any increase in pressure will not lead to a further increase
in the permeate flux. Two different models are adopted to elucidate this
phenomenon: the gel-polarization model (1-6) and the osmotic-pressure
model (7-13). According to the former model, the solute forms a gel layer
at the membrane surface, the gel concentration is constant, and the thick-
ness of the gel layer increases with applied pressure (14). The second
model regards the limiting flux as a consequence of the increased osmotic
pressure produced by the high concentration of the rejected solute near
the membrane surface, and the concentration of the rejected solute in-
creases with applied pressure (8).

The permeate flux for ultrafiltration of macromolecular solutions is well
described by the resistance-in-series model. It regards the transport resis-
tances to be due to the intrinsic membrane, the concentration polarization/
gel layer, and the fouling phenomena. Chiang and Cheryan (15) analyzed
the ultrafiltration of skim milk in a hollow-fiber membrane module by this
model, but the fouling resistance was not observed to be affected by the
operating parameters. Nabetani et al. (16) ultrafiltrated macromolecular
solutions in a plate-and-frame membrane module. The experimental data
showed that the fouling resistance increases with an increase in the solute
concentration. Yeh and Cheng (17) ultrafiltrated dextran T500 solutions
in a hollow-fiber membrane module and found the resistances to be func-
tions of such operating parameters as the transmembrane pressure, the
feed concentration of the solute, and the flow velocity. Recently, Gomez-
Gotor et al. (18) used this model to analyzed the experimental data of
starch/water solutions in a plane membrane ultrafiltration module. Based
on the concept of the resistance-in-series model, Yeh (19) derived a modi-
fied gel-polarization model and successfully correlated the permeate flux
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data obtained from previous work (17) in conditions of lower transmem-
brane pressure.

The previous analyses were confined to experimental data in the laminar
flow region. In present work we will investigate the influences of the
operating parameters on the transport resistances for ultrafiltration in both
laminar and turbulent flow regions. A macromolecular solution will be
ultrafiltrated in a tubular membrane module under the conditions of lami-
nar and turbulent flow, and then the permeate fluxes will be analyzed by
the resistance-in-series model and the modified gel-polarization model to
obtain equations for predicting permeate flux.

THEORY
Resistance-in-Series Model
In this model the permeate flux, J,, is expressed as

AP

NER T RTR, =

where R,, is the intrinsic membrane resistance, and R, and R¢are, respec-
tively, the resistances due to the concentration polarization/gel layer and
those due to other fouling phenomena such as solute adsorption. The
viscosity of the permeate (essentially that of water due to the nearly com-
plete rejection of the solute) has been included in those resistance terms.
AP is the mean transmembrane pressure, defined as

_ Pt po

AP 3 Po 2

where p; and p, are, respectively, the inlet and outlet pressure of the
tubeside, and p, is the permeate pressure of the shellside.

When pure water is ultrafiltrated with a fresh membrane module, neither
R, nor Ry exists, and Eq. (1) is reduced to

Jw = AP/Rn (3)

Therefore, the membrane resistance, Ry, is the slope of the straight line
with 1/J, as the ordinate and 1/A P as the abscissa.

R, will be proportional to the amount and the specific hydraulic resis-
tance of the deposited layer on the membrane. When the applied pressure
is increased, the thickness of the deposited layer grows, and R,, is a func-
tion of pressure:

R, = $AP )
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where ¢ is a function of feed concentration and feed velocity. Thus, Eq.
(1) can be rewritten as

~ AP S
= Rm ¥ R: + $AP ©)

Jo

in which R, R, and ¢ can be determined with the use of experimental
data. It is noted from Eq. (5) that when A P is low, J, is primarily controlled
by (Rm + Ry), and when AP is large, J, will approach the value of 1/.

Modified Gel-Polarization Model

Ultrafiltration is a pressure-driven process whose permeate flux is pro-
portional to the transmembrane pressure for small applied pressures, and
which approaches a limiting flux, J, im, When the transmembrane pressure
becomes sufficiently large. Accordingly, the permeate flux may be defined
as (19)

AP
= RT AP um ©®)
Combination of Eqs. (5) and (6) resuits in the following relationships:
R =R, + R¢ (7)
and
Jv.lim = l/d) (8)

According to the gel-polarization model, the limiting flux is expressed
as

Jusim = kln <& ©)
Cp

where ¢, and ¢, are solute concentrations in the bulk fluid and in the gel
layer, respectively, and k is the average mass-transfer coefficient.

For a laminar flow system, the Leveque equation (2) may be used to
evaluate the mass-transfer coefficient:

unD? 1/3
2rmL)

k = 1.62< (10)
where u, is the bulk velocity of the fluid, D is the solute diffusion coeffi-
cient in the bulk solution, and rn, and L are the radius and the length of
the tubular membrane, respectively.

In a turbulent flow system, the mass-transfer coefficient may be evalu-
ated by the Dittus—Boelter equation (2):
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where p and p are the viscosity and density of the bulk fluid, respectively.
For macromolecular solutions, the theoretical permeate fluxes predicted
by the gel-polarization model with the mass transfer coefficient obtained
from Eq. (10) or Eq. (11) are 15-30% below the experimental data (2).

Since the permeate flux J, is low compared with the flow velocity « in
the ultrafiltration process, the bulk concentration, viscosity, density, and
velocity may be assumed to be the same as those of inlet values, i.e., ¢y
= ¢i, . = Wi, p =~ pi, and u, = u;. Further, the diffusivity coefficient in
the boundary layer is hard to estimate precisely because the concentration
within it is uncertain. For convenience and precision, the mass-transfer
coefficient in Eq. (9) is evaluated by Eq. (10) or Eq. (11) with the use of
inlet solution properties and then multiplied by a modified factor F. So
Eq. (9) becomes

k = 0.023

Tosim = kiF In 9—3 (12)
where
ki = 1.62(2“;3 }i)m (13)
for the laminar flow system and
ki = 0.023 (z,ml;gnjﬁg;:)“‘” (14)

for the turbulent flow system.

EXPERIMENTAL METHOD
Apparatus and Materials

The flow diagram of an ultrafiltration apparatus is shown in Fig. 1. The
feed solution was circulated by a high-pressure pump with a variable speed
motor (L-07553-20, Cole-Parmer Co.), and the feed flow rate was mea-
sured with a flowmeter (IR-OPFLOW 502-111, Hedland Co.). The gauge
pressure was measured with a pressure transmitter (Model 891.14.425,
Wika Co.).

A tubular membrane (Carbsep M2, Tech-Sep, 2r, = 6 X 1073 m, L
= 0.4 m, and MWCO = 15,000 Da) module was employed. It was made
of ZrO,-TiO,/carbon, and the total effective membrane area was 7.54 X
1073 m2.
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54 7.
]
3.
2.
1.
8.

1. feed tank 5. membrane module
2. pump 6. pressure control valve
3. flow meter 7. collector

4. pressure gauge 8. thermostat

FIG. 1 Flow diagram of crossflow ultrafiltration apparatus.

The solute tested was dextran TS00 (Pharmacia Co., M, = 519,000,
M., /M, = 2.2). It was more than 99% retained by the membranes used.
The solvent was distilled water.

Experimental Conditions and Procedure

The experimental conditions were as follows. The feed concentrations,
ci, were 2.0, 4.0, 8.0, and 12.0 g/L; the feed velocities, u;, were 0.15, 0.20,
0.25, 0.30, 0.50, 0.70, and 0.90 m/s; and the inlet gauge pressures, p;, were
32.0, 58.8, 78.4, 98.01, 117.6, 156.8, and 196.0 kPa. The feed solution
temperature was kept at 30°C in all experiments by a thermostat, and the
gauge pressure in the permeate side was zero. Both the permeate and
retentate were recycled back to the feed tank during a run to keep the
feed concentration constant.

The experimental procedure was as follows. First, a fresh membrane
module was used to determine the intrinsic resistance of the membrane.
Permeate fluxes for pure water were measured under various transmem-
brane pressures. Then the permeate fluxes of the tested solutions, J,,
were measured under all operating conditions at steady state.
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After each solution run the membrane module was cleaned by a combi-
nation of high circulation and backflushing with NaOH solution, HNO,
solution, and pure water. The cleaning procedure was repeated until the
original water flux had been restored.

RESULTS AND DISCUSSION

Table 1 is the experimental permeate flux data of pure water, J,,, and
Table 2 is the experimental data of solution permeate flux, J,, for the
flows in both laminar (Re < 2100) and turbulent regions (Re > 2100). The
Reynolds number, Re, is defined by p;tti/(2rm)/iLi, in which the density of
the feed solution, p;, is related to that of water, and the viscosity of the
feed solution, p;, is calculated approximately by

i = pw €xp(0.037¢;) Pa-s (15)

where the viscosity of water, p., is taken as 0.89 x 1073 Pa-s. For exam-
ple, Re = 1870 for the case of ¢; = 2.0 g/L and »; = 0.30 m/s, and Re
= 2150 for the case of ¢; = 12.0 g/L and «#; = 0.50 m/s.

Determination of R,

The membrane resistance, Ry, of the tubular membrane module em-
ployed can be determined from Eq. (3) coupled with the use of data in
Table 1 by the method of least squares. It was found that

Rn = 4.59 x 10° Pa-m?®>s-m~* (16)
TABLE 1
Experimental Flux Data of Pure Water
AP x 1077 Pa Jw X 108 m>m~2s7!

0.50 10.88

0.70 15.61

0.89 19.61

1.09 23.66

1.28 27.71

1.48 31.34

1.68 36.30

1.88 39.98
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Determination of R and J, ;im

The experimental flux data can be correlated by Eq. (5) or Eq. (6) in
the following form

_1_ . (Rm + Rf)
L= ¢t TTRp {an
or
1.1k s
Jv h Jv,lim AP ( )

It was found from the experimental data listed in Table 2 that under a
specified flow velocity «; and feed concentration c¢;, a straight line of
1/J, vs 1/A P can be constructed by the method of least squares. Therefore,
the values of 1/Jy im (or ¢) and R (or R, + Ry) are the intercept on the
ordinate and the slope of the least-squares lines, respectively. All the
values determined from the experimental data are listed in Table 3, in
which Ry is determined by the relation, R — R,.

Analysis by Resistance-in-Series Model

The values of ¢ and R listed in Table 3 are functions of «; and c;.
According to the methods employed in previous work (17), the correlation
equations for ¢ and R¢ can be found, so the permeate flux equations can
be obtained. The correlated results are

b = 8.96 X 10% u *4cP¥ (19)
Ri = 2.64 x 10® 47063075 (20)

AP
TV = 330X 10° + 2.68 X 10° 4 98 + 896 X 10° 4 0P VAP
(21

for the laminar flow region, and

b = 5.20 x 10* ui 0990047 (22)
Re = 1.54 x 108 4 %23c}-® (23)

AP

Jv

T 4.59%10°+ 154X 10° 4 OB ®+5.20 X 107 17 00 07<AP
24

for the turbulent flow region. The difference in the concentration depen-
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TABLE 3
Fitting Parameters for Experimental Flux Data“
G ui R x 107° Ry x 107° b x 1073
(g-L™) (m's™ ) m?-Pa-s-m~?3 m*Pa-s-m 3 s'm~! Jo tim/ki
2.0 0.15 6.00 1.41 2.99 9.63
0.20 5.86 1.27 2.69 9.72
0.25 5.53 0.94 2.35 10.34
0.30 5.67 1.08 1.98 11.53
4.0 0.15 7.15 2.56 3.68 7.61
0.20 6.52 1.93 3.23 7.88
0.25 6.13 1.54 3.00 7.87
0.30 6.29 1.70 2.65 8.41
0.50 6.22 1.63 1.28 6.39
0.70 6.20 1.61 0.90 6.96
0.90 5.99 1.40 0.71 7.24
8.0 0.15 9.08 4.49 4.59 5.81
0.20 8.28 3.69 4.24 5.71
0.25 7.73 3.14 3.82 5.89
0.30 7.34 2.75 3.48 6.09
0.50 13.05 8.46 1.45 5.75
0.70 12.59 8.00 1.04 6.15
0.90 11.90 7.31 0.83 6.28
12.0 0.15 10.04 5.45 5.83 4.37
0.20 9.22 4.63 5.20 4,44
0.25 8.55 3.96 4.56 4.70
0.30 8.06 3.47 4.12 4.90
0.50 14.40 9.81 1.85 4.62
0.70 13.40 8.81 1.39 4.69
0.90 13.05 8.46 0.97 5.51

2R = R — R, R = 4.59 X 10° m?Pa-s'm 3.

dence terms in Eqgs. (19) and (22) results from the use of correlated tech-
niques on the experimental data for the least-squares error.

Analysis by Modified Gel-Polarization Model

Determination of c, and F

According to Eq. (12), if a straight line of J, iim/ki Vs In ¢; is constructed
from the experimental data by the method of least squares, the values of
¢, and F can be determined from the intersection on the concentration
axis and the slope of this straight line, respectively.
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The diffusion coefficient for a dextran T500 solution of concentration
¢; can be estimated by the following equation (20):

D; x 10! = 1.20 + 2.61 x 1072 ¢; — 4.17 25)
X 1073 ¢ + 2.13 x 1078 ¢} m?s™!

The experimental values of J, um/ki were calculated by using the data in
Table 3 as well as Egs. (13)-(15) and (25). The results are also presented
in Table 3. The values of ¢, and F for this ultrafiltration system in both
laminar flow and turbulent flow were determined as shown in Fig. 2. The
results are ¢, = 55.8 g/l and F = 3.02.

Permeate Flux Equation

The equation of limited permeate flux was thus obtained when ¢, and
F in Eq. (12) were replaced by 55.8 and 3.02, respectively. Thus
5.
Jogim = 3.02k; In 5—c—8 (26)
where k; is obtained for the laminar flow system by Eq. (13) and for the
turbulent flow system by Eq. (14).

Flnc, =1214
12 ; u, (m-s™)
A 015
o 020
L o 0
O o%
. A 0%
A 8 ® 00X
\E ® 0w
>\>' =
4
=-302 Inc, =402
L c,=558g/1
0 1 | 1 N o N 1
0 1 2 3 4 5

FIG. 2 Determination of ¢, and F.
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After obtaining the equation of limited permeate flux, the permeate flux
for the laminar flow system or the turbulent flow system may be predicted
by this model with the use of Eq. (6) and the corresponding resistance
term R (= R, + Ry) obtained in previous sections.

Resistance Analyses
The Fouling/Adsorption Resistance

Equations (20) and (23) are the correlation equations for the fouling/
adsorption resistance Ry of this ultrafiltration system in laminar flow and
turbulent flow respectively. Because these equations were rigidly obtained
by the use of the least-squares technique on the experimental data, the
mechanism of fouling is difficult to observe among these equations. How-
ever, it has been proved that the fouling/adsorption resistance depends
on the concentration and the stagnant time of solute at the membrane
surface. These concentration and stagnant time should vary with
crossflow velocity and feed concentration, and thus the resistance Ry is
dependent on crossflow velocity and feed concentration as shown in Eq.
(20) or Eq. (23). Further, since a difference exists in the flow patterns of
laminar flow and turbulent flow, the concentrations and the stagnant times
of solute at the membrane surface are not the same, and this results in
different forms of the correlation equations for R, as shown by Eqgs. (20)
and (23), respectively.

The Concentration Polarization/Gel Layer Resistance

The concentration polarization/gel resistance R,, is known to be a func-
tion of the crossflow velocity on the membrane surface. In conventional
treatment by the gel-polarization model (Eq. 9), the mass transfer coeffi-
cient in the concentration boundary layer is evaluated by using Eq. (10)
or Eq. (11) with the inlet solution properties, but the theoretical flux pre-
dicted by this model is lower than the experimental data (2). This lower
estimation of the limiting flux indicates that there is a higher power depen-
dence of flux on the flow velocity than is suggested by Eq. (10) or Eq.
(1n).

In analysis by the resistance-in-series model, the resistance R, de-
creases with flow velocity with the exponents 0.49 (Eq. 19) and 0.99 (Eq.
22) for the system in laminar flow and in turbulent flow, respectively. In
another respect, the limiting flux will increase with crossflow velocity
with the exponents 0.49 and 0.99 for laminar and turbulent systems, re-
spectively, and these two values are greater than the values suggested by
the gel-polarization model which are 0.33 (Eq. 10) and 0.8 (Eq. 11) for
laminar and turbulent flows, respectively. Therefore, there is a higher
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power dependence of flux on flow velocity than is indicated by Eq. (10)
or Eq. (11).

In analysis by the modified gel-polarization model, the resistance R, is
represented by the mass transfer coefficient and a modified factor, where
the mass transfer coefficient is linked to the diffusion coefficient and
crossflow velocity. The modified factor F is introduced to modify the
variousness of diffusion coefficient in the polarization layer and improve
the precision of flux prediction. In our analysis the modified factor was
found to be 3.02 for both laminar and turbulent flow systems.

Comparison of Theoretical Results with Experimental Data

For the laminar flow system, the theoretical permeate fluxes, calculated
both from the resistance-in-series model (Eq. 21) and the modified gel-
polarization model (Eq. 6), as well as the experimental data shown in
Table 2 for ¢; = 12.0 g/L., are plotted in Fig. 3 for comparison. Similarly,
the theoretical values of the permeate flux (calculated by Eqgs. 24 and 6)
and the experimental data for the turbulent flow system with ¢; = 12.0

3.0
¢, =120g/1
u, (m/s)
O 030
25F o o
A 02
A 015

g, X 10° (m’/nf’ - s)
N
o

151

0.0 04 0.8 1.2 1.6 20

APx107 (Pa)

FIG. 3 Comparison of theoretical results with experimental data for laminar flow system:
¢ = 12.0g/L, solid lines calculated by resistance-in-series model, and dashed lines calculated
by modified gel-polarization model.
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8.0
c,=120g/1
b
u, (m/s)
60 L O 0.9
’5'? ® o7 o
E
£ 40}
=4
X
P
=20t
0.0 . i N 1 s t . 1

0.0 0.5 1.0 1.5 2.0 25
AP x107° (Pa)

FIG.4 Comparison of theoretical results with experimental data for turbulent flow system:
¢; = 12.0g/L, solid lines calculated by resistance-in-series model, and dashed lines calculated
by modified gel-polarization model.

g/L are plotted in Fig. 4. It is seen from these figures that the resistance-
in-series model (Egs. 21 and 24) correlates the experimental data very
well because the correlation equations are fitted by the same data. It is
believed that these equations are also suitable for predicting flux in other
operating conditions. It is seen that the fluxes predicted by the modified
gel-polarization model (Eq. 6) also agree well with the experimental data.

As indicated by these comparisons, flux analysis by the resistance-in-
series model or by the modified gel-polarization model is suitable not
only for the laminar flow system but also for the turbulent flow system.
Treatments by the modified gel-polarization model are easier to perform
and the results possess more physical meaning than do those obtained by
the resistance-in-series model.

CONCLUSIONS

The ultrafiltrated flux data of dextran T500 solutions in a tubular mem-
brane module with membrane materials of ZrO,-TiO»/carbon have been
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analyzed by the resistance-in-series model and the modified gel-polariza-
tion model, respectively. These flux analyses have been expanded to tur-
bulent flow system in this work. The relationships between the resistances
and the operating parameters, such as transmembrane pressure, flow ve-
locity, feed concentration, etc., have been obtained by analysis of the
resistance-in-series model. In analysis by the modified gel-polarization
model, the mass transfer coefficient was found to be correlated by multipli-
cation by a modified factor. The permeate flux predicted from these
models agrees well with the experimental data.

The fouling/adsorption resistance depends on the concentration and the
stagnant time of solute at the membrane surface. Since the flow patterns
are different in laminar and turbulent flows, the concentration and the
stagnant time of solute at the membrane surface are not alike, resulting
in different forms of the correlation equations for Ry.

The resistance due to the concentration polarization/gel layer decreases
with an increase in the flow velocity. In this work the resistance R, was
found to decrease with flow velocity with exponents of 0.49 and 0.99 for
laminar and turbulent flows, respectively. These values are greater than
those suggested by the gel polarization model where they are 0.33 and
0.8 for laminar and turbulent flows, respectively.

SYMBOLS
c solute concentration (g-L~1)
D diffusion coefficient (m?-s~!)
Jo permeate flux of solution (m3-m~2-s~!)
Jy lim limiting permeate flux of solution (m>m=2-s~1)
Jw permeate flux of pure water (m*>m~2.s~!)
k mass transfer coefficient (m-s~!)
L length of the tubular membrane (m)
Dis> Do inlet, outlet gauge pressure of the tubeside (Pa)
Po gauge pressure of the shellside (Pa)
AP mean transmembrane pressure (Pa)
Re Reynolds number, pii(2r )/
Rs resistance due to fouling phenomena (m?-Pa-s-m ~3)
R intrinsic resistance of membrane (m3-Pa-s-m~?3)
R, resistance due to concentration polarization/gel layer
(m?-Pa-s-m3)
Fm radius of the tubular membrane (m)
u flow velocity (m's™!)
o) parameter of concentration polarization defined in Eq. (4)

(sm™1)
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I viscosity of solution (Pa-s)
TR viscosity of water (Pa-s)

P density of solution (kg-m %)
Subscript

i

inlet of tubeside
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