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ABSTRACT: In this study, the microfiltration of polyester fluid containing solid suspen-
sion has been investigated under constant pressure. A membrane module, which
consists of a microfilter paper of surface area of 19.4 cm? and a SS-316 net support (160
mesh), was used. It was found that the homogeneous sodium acetate suspension in
polymer can be completely removed by the membrane filter paper to yield a very clear
polymer product. The property and rheology of polyester fluid with suspending solids
have been studied. The polymer fluid can be viewed as a Newtonian fluid in this work.
The filtration behavior in the membrane system was simulated by the blocking filtra-
tion law. Satisfactory fit between experimental data and theoretical calculations was
demonstrated. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71: 2303-2312, 1999
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INTRODUCTION

In a typical polymerization process, such as the
manufacture of polyester, the synthesized poly-
mer fluid may contain solid suspension, which
affects both the color and the turbidity of product.
Solids dispersed in polymer fluid are mostly orig-
inated from the addition of a catalyst for polymer-
ization. The normal concentrations of catalysts in
the process range from 1000 to 3000 ppm.'! Re-
moval of impurities from the polymer product can
be achieved by several methods, such as filtra-
tion,»™ adsorption by active charcoal,>® or sol-
vent extraction.* However, adsorption by active
charcoal can only remove coloring impurities, but

Correspondence to: J.-Y. Wang.

* Deceased in November 1996.

Contract grant sponsor: National Science Council of the
Republic of China; contract grant numbers: NSC 85-2241-E-
007-015 and NSC 86-2214-E-007-012.

Journal of Applied Polymer Science, Vol. 71, 2303-2312 (1999)
© 1999 John Wiley & Sons, Inc. CCC 0021-8995/99/142303-10

is ineffective in removing particulate. As for sol-
vent extraction, most solvents would remove
some polymers along with salt impurities, and
therefore change its molecular-weight distribu-
tion and reduce the yield of the product. Filtration
is by far the most effective method to remove
impurities as solid suspension and to decrease
product turbidity. However, most literature we
found'™® were patents that offered little descrip-
tion on the details of their filtration behaviors.
In accordance with the Ruth’s theory, the total
resistance to filtration is the sum of resistance
from both a cake and filter medium. During fil-
tration, the medium may become plugged in sev-
eral different manners, while the cake can be
compressed under different pressures. Both the
cake and filter medium may, therefore, change
their specific resistance at the same time but in
different manners. Notebaert et al.,” in their
study of dewatering characteristics of sewage
sludge, noted that the average specific cake resis-
tance changes not only with pressure, but also
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with the quantity of filtrate. Shirato and cowork-
ers®1% had extended the blocking filtration mod-
els to power-law non-Newtonian fluids. They de-
rived equations that included flow index from the
power-law fluid as an additional parameter.
Rheological properties of suspensions of solid
spheres in non-Newtonian fluids were investi-
gated by Kawase and Ulbrecht.'” Factors affect-
ing cake resistance in non-Newtonian filtration
have been presented by Kozicki.'® Modes of non-
Newtonian fluids through a porous medium have
been derived by Pascal.'®?! Flow of Newtonian
and non-Newtonian flows through porous me-
dium using a capillary model has been investi-
gated by Kanellopoulos.??

In the membrane filtration area, researchers are
always concerned about the decline in filtration rate
during the operation. Various blocking mechanisms
had been proposed,?>?* which included the concepts
of complete blocking, standard blocking, intermedi-
ate blocking, and cake filtration (or boundary layer
resistance). Numerous corresponding equations
were also derived to describe the changes in flow
rate vs. time or filtrate volume for each situation. It
is possible that the blocking of the flow passage may
gradually change from one mechanism to another
as the filtration progresses. The real situation will
depend upon many parameters such as particle size
distribution vs. pore size distribution of the filter
medium, possible interaction between particle and
filter medium, operating pressure, shear stress on
particles, solid concentration in solution, ete. It is a
rather complex phenomenon. The researchers,
therefore, usually choose only one model to describe
their experimental results. However, it is not im-
possible that the experimental results could be sim-
ulated equally as well by different models.

The purpose of the present study was to investi-
gate microfiltration of solid suspension in polyester
fluid using membrane filter paper under constant
pressure. In this study, we analyzed the filtration
behavior of a polymer fluid with suspending solids
using the blocking filtration models. Appropriate
equations are proposed to describe the changes in
filtration rate with respect to filtrate volume and
corresponding parameters estimated through best
fitting to the data reported.

EXPERIMENTAL APPARATUS AND
PROCEDURE

The experimental apparatus is schematically
shown in Figure 1. Our system was designed to

Figure 1 Experimental apparatus. (1) sample vessel,
(2) syringe pump, (3) pump controller, (4) filter mod-
ules, (5) thermocouple, (6) temperature indicator, (7)
oven, (8) thermal controller, (v) valves.

sustain up to 200°C and 250 atm in operating
conditions. Filtration was performed batchwise in
this work. Polymer solution containing solid sus-
pension was pumped via a syringe pump (Model
500D, ISCO, USA) into the filter module. Temper-
ature of the module was maintained constant by
an oven and a temperature controller. A filter
module was tested in this work. Its effective sur-
face area was 19.4 cm?. A qualitative filter paper
(5C, Advance, Japan) supported on a SS-316 net
(160 mesh) was used to remove the suspending
solids. The surface of the membrane filter paper
was observed by a scanning electron microscope
(S-2300, Hitachi, Japan), as shown in Figure 2.
Particles larger than 1 micron can be retained by
this membrane filter paper. However, due to its
limited strength, the filter paper might be broken
at pressures higher than 100 atm. Besides, this
qualitative filter paper exhibited compressible na-
ture, and after an ordinary filtration test its back-
side would develop a recessed net pattern from
the net support. If we change to a porous support
for membrane filter paper, filtration can defi-
nitely be performed under higher pressures. Nev-
ertheless, the filtration rates were noticeably re-
duced due to the higher resistance from the po-
rous support than the net.

Poly tetramethylene ether glycol (Dupont, Tai-
wan), containing units of four carbon atoms, was
chosen as our test polymer fluid. Its characteris-
tics measured by instruments is shown in Table I.
Sodium acetate (Riedel-de Haén, Germany) was
selected as a model suspension solid. Methanol



Figure 2 SEM photograph of membrane filter paper.

(Riedel-de Haén, Germany) was used as the sol-
vent to prepare the polymer fluid.

The number-average molecular weight (M)
and the molecular-weight dispersity (MWD) of
the test polymer were determined by gel perme-
ation chromatography system (Waters, USA) us-
ing columns such as Stylenegels 0.5 A, 1 A, and 2
A (Waters, USA).

The turbidity of polymer fluid was determined
by turbidimeter (RATIO/XR, Hach, USA). Solu-
tion viscosity was obtained from viscometer
(DV-I, Brookfield, USA) with a spindle LV-1. The
shear stress and the shear rate were measured by
cone/plate viscometer (DV-II+, Brookfield, USA)
with a spindle CP-40. Solution color was deter-
mined by colorimeter (MKIV, Lovibond) with a
disc NSA ranging from 5-70 mg-Pt/L. The start-
ing polymer fluid, on average, possessed color val-
ues (apha) between 10 and 15.

Particle-size distribution of sodium acetate
(dispersed in the polymer at around 30°C) was
determined by a laser particle analyzer (CIS-1,
Galai, Israel).

Table I Properties of Polyester Fluid
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Figure 3 Particle size distribution of sodium acetate
in polymer fluid.

Sodium acetate of about 0.5 g was first dis-
solved in 50 g deionized water, and a test polymer
of 500 g was dissolved separately in 100 g meth-
anol. The above two solutions were then com-
pletely mixed together at 50°C, after which water
and methanol were removed by a vacuum evapo-
rator (N-N type, Eyela, Japan) at 100°C. Crystal
suspension of sodium acetate was uniformly
formed in the polymer and was ready for subse-
quent microfiltration studies. From the particle-
size distribution shown in Figure 3, the average
size of the sodium acetate was about 10.88 um.

THEORETICAL ANALYSIS

The common characteristic equation for different
blocking filtration models under constant pres-

sure is given as®’:

d’t (dt)q .
ave = *av W

Formula

Number average molecular weight (Da)
Molecular weight dispersity

Density at 40°C (g/cm?®)

Viscosity at 37°C (cp)

Turbidity (NTU)

Color (apha)

Melting point (°C)

Hydroxyl number

H—(—OCH,CH,CH,CH,—),—OH
2,000 = 50
2.0 + 0.05
0.97
1,650 = 50
<0.5
<5
25-27
56 + 2

21 apha = 1 mg-Pt/L.
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Table II Equations of the Blocking Filtration Model Under Constant Pressure Drop?®

av

Name q B dt V) Dimension of «
. dv A(— AP)
Cake filtration 0 1 w7 N cm/g
M(Rm + ¢« j{)
dv A(— AP
i % - = ( ) - cm®/3/g"/3
M<R3/4 e 3/4K>
m S A
dv A(— AP)
% g - = - cm?g?
M(R% te az/gK)
m S A
. . 1 dv A( - AP)
Starting filtration 3 2 e 3 cm?/g?
M(R,l,fz + c,a'’? g)
dv A(— AP)
§ 3 i 3 cm®/g®
M(R}f + c,a'f? 1\41>
av A(— AP
% 4 i ( ) 1 cm/g*
J RYA 4+ ¢ gl —
M\ Loy, s A
dV. A(— AP
Intermediate filtration 1 — — = g[”“*’“w”"“z(’” ] cm/s
dt uR,,
5 dv.  A(-AP)[ 1 ca’t V\* s
: ! dt - w \RET 44 gem
dv. A(—-AP) [ 1 c,a® V3
4 _ = _ s s 2 8
Standard blocking dV  A(-AP) [ 1 c.a? V\2
filtration g 2 IRl (71/2 _ %X) g¥/em?®
dt ® R, pyt A
Complete blocking dV  A(-AP) /1 ca
filtration 2 1 — = <7 - %Z) g®/cm*®
dt 7 R, py A

Here (d?t/dV?) can be considered as the blocking
rate, (dt/dV) as the filtration resistance, the
value of ¢ defines the mode of filtration occurring,
and the value of £ for a particular mode of filtra-
tion depends on the system, the filter medium,
and the conditions of filtration. By assigning dif-
ferent g values, ranging from 0 to 2, various equa-
tions representing different filtration models can
then be derived. A total of 11 filtration equations

with g values equal to 0 (cake filtration model), i,

11 2 3 5 4 3

Ppayopl (intermediate blocking model), T

(standard blocking model), and 2 (complete block-
ing model) was summarized in Table II. The ¢
values in a sense represent the rate at which the
increase in resistance changes. In other words,
when ¢ = 0, the rate of increase in filtration
resistance is constant. This then corresponds to
the situation of an ordinary cake filtration. When
g > 0, this rate of increase in filtration resistance
accelerates with time. After a while, the resis-
tance may become too high to continue the filtra-
tion operation. This, then, corresponds to situa-
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Table III Three Types of the Blocking Filtration Model Under Constant Pressure Drop

dt q
q Adv ~— \A

Blocking Formula q = f(B)
_ Bl -1 Adt _ 1 1//314_08“1/;3; B
Type I ) =g <1 av - W(Rm )
Adt wR
_ - A% P hucavipar - ap)
Type II 1 IV = AP)e pesaVip
S By+1 , AV (=AP)[ 1 ca'®mV\P
= — < - = - —
ype q B, <q = Adt n R},{Bz pgs A
tions where various types of blocking mechanisms 1
take place. =3, +1 (6)

After carefully examining the mathematical
equations listed in Table II, we can divide these
11 equations into the following three categories,
as shown in Table III. The mathematical equa-
tions can be rewritten simply as:
type . 0 =g <1

Adt n

AV " (= AP) 2)

VvV p1
(R,l,fﬁl + c,aVP A)

where w is the viscosity, (—AP) is the pressure-
drop, R,, is the resistance of the medium, c, is the
concentration of the filtrate, « is the specific cake
resistance, V is the volume of the filtrate, A is the
area of the medium and S, is the power index. The
relation between ¢ and B, is

1
g=1- -

1

3

When B; = 1, ¢ = 0, we then have the cake
filtration model.

typeIl: ¢ = 1
Adt wR f
— M [neaVipA2(—AP)]
dV (- AP) e (4)

where p, is the density of the solid particles. This
corresponds to the intermediate blocking model.
type III: 1 < g = 2

dV. (- AP)
Adt

Csal/Bz V B2
-

1
RZBQ— p§3 A

where

andif1 <q <2, B3 = 5/By; ifqg = 2, B, = 1 and
Bs = 6. Here, when B, = 1, B; = 6,
g = 2, we then have the complete blocking model.

RESULTS AND DISCUSSION

Turbidity of Polymer Fluid Containing Suspending
Solids

After polymerization and subsequent neutraliza-
tion processes, impurities may be formed by reac-
tion between homogeneous catalysts and reac-
tants. In Figure 4, we showed the turbidity of
polymer fluid as a function of its solid content, i.e.,
sodium acetate concentration. As can be seen, the
turbidity increased parabolically with the concen-
tration of sodium acetate in the polymer. An em-
pirical correlation equation can be fitted as fol-
lows:

140 T T T T T

120 ]
100 ]
80 |- )
60 ]

40 - R

Turbidity (NTU)

20| ° B

0 1
0 500

1 2 L 1 1 "
1,000 1,500 2,000 2,500 3,000

Concentration of sodium acetate (ppm)

Figure 4 Turbidity of polymer fluid versus sodium
acetate concentration.
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salt.

Turbidity = 0.84 + 2.00 X 10 2[CH;COONal]

+ 1.40 X 10 °[CH;COONal?> (7)

Here, the turbidity is expressed in NTU and the
concentration of sodium acetate as ppm. The cor-
relation coefficient of this equation is 0.995, with
a standard deviation of 6.2.

Rheology of Polymer Fluid

Next, presented in Figure 5 are the viscosity data
of the pure polymer and the polymer fluid with
1000 ppm sodium acetate suspension vs. temper-
ature. In this study, the operating temperature
varied between 90 and 170°C, and the corre-
sponding viscosity of the polymer fluid was in the
range of 40 to 200 cp. At low temperatures, the
polymer fluid becomes too viscous for flowing
through the membrane and support. By increas-
ing the temperature above 90°C, we can effec-
tively lower the viscosity down to less than 200 cp,
which can sustain a reasonable flux through the
filtration system.

The existence of suspension solids 1000 ppm in
the polymer fluid can lower the viscosity of the
polymer fluid and the curve shift to the left. This
is possibly due to a reduction of polymeric chain
entanglements in the presence of a solid particle.

0.0026

0.0028 0.0030 0.0032 0.0034

1/T [1/°K]

Figure 5 Viscosity as a function of temperature for polymer with and without sodium

Using regression analysis, the exponential Ar-
rhenius-type relation for the viscosity to the tem-
perature is given as

I‘LMnZZ,OOO without salt — 107 X 107394409/7‘ (8)
where the correlation coefficient is 0.999 and the
activation energy is 3.67 X 10* J/mol. The units of
the viscosity and the temperature are expressed
in cp and K.

—3e 3952/T

Mean=2,000 with sait = 3-67 X 10 9
where the correlation coefficient is 0.998 and the
activation energy is 3.29 X 10* J/mol.

In general, a polymer fluid as a viscoelastic
often behaves as a power-law non-Newtonian
fluid, which will affect the filtration behavior
somewhat, as suggested by investigators.>" 2!
The logarithmic plots of shear stress vs. shear
rate from rheological measurements at various
temperatures are presented in Figure 6. Flow in-
dex, N, can then be calculated from the slopes.
Our results indicated that N is about 0.97, be-
tween 50 and 85°C, and increases toward unity
when the temperature increases. This polymer
fluid can, therefore, be approximated as a Newto-
nian fluid for the conditions encountered in this
study.
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Figure 6 Rheological data of polymer fluid at various temperatures (plot of shear
stress vs. shear rate by cone/plate viscometer for polymer fluid).

Flow of Pure Polymer Fluid through Membrane
Filter Paper

When pure polymer fluid is passed through the
qualitative filter paper, we observe a constant
permeating rate for any fixed operating tempera-
ture and pressure. The results are shown in Fig-
ure 7. At low temperatures, where the viscosity is
relatively high, the permeating rate is rather in-
sensitive to a pressure drop across this filter me-
dium. However, as the temperature increases, the
slope of the permeating rate vs. the pressure in-
creases accordingly, indicating that the rate is
now more sensitive to pressure.

20 T T T T T T T T

dV/dt (cm3/min)

0 50 100 150 200 250 300
-AP (atm)
Figure 7 Permeating rate of pure polymer fluid

through membrane filter paper vs. pressure drop at
various temperatures.

When pure polymer fluid flows through the
membrane filter paper with a net support, the
flow rate is proportional to the pressure drop.
This phenomenon is described by

1dVv (— AP)

U P - T — (10)
A dt I‘LRm,ﬁ]ter+supp0rt

where R,, fiter+support 18 the resistance of the
membrane filter paper with a SS-316 net support.
The resistance of the SS-316 net support is neg-
ligible; due to its pore size it is vary big (i.e., 160
mesh). Calculated values of R,, giter+support fOT
membrane filters range between 1.57 X 10° cm !
and 1.53 X 10'° cm ™!, shown in Figure 8. This

m filter+support

R

1x108 ! : s :
0 100 120 140 160 180

T (°C)

Figure 8 Resistance for the membrane filter paper
with support.
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Figure 9 Characteristic curve for filtration of polymer with 1,000 ppm sodium acetate

through membrane filter paper.

resistance is inversely proportional to tempera-
ture. This is probably due to thermal expansion,
and at lowered viscosity at a high temperature,
polymer fluid can thus permeate into the inside of
the fibers of the filter paper prior to the opening
up of the pores of the filter papers.

Microfiltration of Polymer with Suspending Solids

Presented in Figure 9 is the permeating volume of
the polymer fluid with 1000 ppm suspending so-
dium acetate particles vs. time at 100°C and var-

35 ; . T T T T T T T T
sol| = soatm ]
o 75 atm
N 251 e 100 atm ]
& )
z ol fit by Eq. (2) 1
kR N fit by Eq. (5) 1
£ 1.5L ]
N 105 e e : ]
2 [ ]
= 0.5 . ]
o
0.0 | |
, . . | | L 1 L 1 1

100 120 140 160 180

V (cm?3)

-20 0 20 40 60 80

Figure 10 Inverse of permeating rate of various pres-
sure drop vs. permeating volume, and the result of
blocking filtration modeling for filtration of polymer
with 1,000 ppm sodium acetate through membrane
filter paper.

ious operating pressure drops. It was noticed that
the permeating volume actually decreased with
increasing pressure. This fact seemed to indicate
that the cake formed by sodium acetate is closed
packing. Besides, it also suggested that the in-
crease of the filtration driving force caused by the
pressure increase is affected by the resistance
increase of the cake. At 125 atm, an abrupt in-
crease in permeating volume was observed. We
suspect that the qualitative filter paper is broken
under this condition. The inverse of the corre-
sponding permeating rate vs. volume is plotted in
Figure 10. From this figure, filtration rates are
noticed to decrease quite rapidly with volume,
especially under high pressures. The polymer fil-
trate obtained from this operation is quite clear in
terms of turbidity. After filtration, many white
fine crystals accumulated on the surface of the
filter paper.

Next, we used egs. (2) and (5) to best fit the
experimental results and to estimate parameters
of R,,, a, and B using the nonlinear regressional
technique, as shown in Table V. All correlation
coefficients were larger than 0.99. The corre-
sponding ¢ calculated by eqs. (3) and (6) was
increased from 0.69 to 1.40 with an increase in
the pressure drop. It was noticed that the behav-
ior of microfiltration of the polyester solution con-
taining solid suspension was transferred from
type I of the block filtration law to type III with an
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Figure 11 Resistance of the membrane filter paper with support from blocking model.

increasing pressure drop. We think that particles
from the polymer suspension might still pene-
trate to some extent into the membrane layer
under a high pressure, while also accumulating
into a cake at the same time. The resistance of the
membrane filter paper is directly proportional to
the pressure drop (see Figure 11). It was notice
that the membrane filter paper was flexible and
with limited pressure strength, for it was made by
cellulose; also, it was easily compressed to form
smaller pores that would increase filtration resis-
tance. The specific resistance of the sodium ace-
tate cake increased with the driving force, as
shown in Table IV. The theoretical curve of d¢/dV
vs. V based on this set of parameters is also plot-
ted in Figure 10, along with the experimental
data. The fit is quite satisfactory.

CONCLUSION

The microfiltration of polyester fluid containing
about 1000 ppm sodium acetate suspension

through the membrane microfilter under constant
pressure was investigated. The rheological prop-
erties of the polyester fluid containing solid sus-
pension were measured. The polymer fluid can be
viewed as a Newtonian fluid in our work. Our
experimental data demonstrated that the homo-
geneous micrograde sodium acetate suspension in
a polymer can be completely removed by the
membrane filter paper to yield a very clear poly-
mer product. The system of membrane filter pa-
per with support has a limit for the pressure
driving force of 120 atm, and it may deform under
a high-pressure force. We have classified the
blocking filtration laws into three categories—i.e.,
types I, II, and III—where these models can be
used to describe different behavior of microfiltra-
tion. The filtration behavior can be satisfactorily
fitted using these blocking law models. Fitted pa-
rameters of R,, and « showed a similar relation
toward pressure. The blocking behavior of micro-
filtration of a polyester solution containing solid
suspension was changed from type I to type III
with an increase in the pressure drop.

Table IV Parameters 8 and ¢ of the Blocking Filtration, Resistance of the Filter Paper With Support
and Specific Resistance of the Cake for Polymer Fluid with Salt Through Filter Paper

(—AP) B q R

mfilter +support

(63
(cm[1+2(3171)]/g31)

(atm) (=) (=) (em™) Blocking Formula
50 B, = 3.26 0.69 2.33 X 10° 3.41 x 10° type I

75 B, = 6.68 0.85 3.94 x 10° 4.41 x 10° type I
100 B, = 2.53 1.40 5.54 X 10° 1.07 x 10° type TIT
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