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Abstract: Microfiltration plays an increasingly important role in various fields. Consequently, eluci-
dating the mechanism of membrane fouling has emerged as a pivotal issue that needs to be resolved.
In this study, a blocking filtration model was employed to evaluate the effects of membrane proper-
ties on the fouling mechanism during the microfiltration of representative polysaccharides, namely
sodium alginate, pectin, and xanthan gum. Microfiltration membranes composed of hydrophilic and
hydrophobic PVDE mixed cellulose ester, as well as hydrophilic and hydrophobic PTFE were used as
filter media. The flux decline behavior was significantly affected by the membrane properties, with
hydrophilic membranes exhibiting a slower decrease in filtration rate. The model analysis revealed a
correlation between the blocking characteristic values and the membrane properties. Although the
blocking index n showed membrane material dependence, the values of this parameter remained
consistent across various filtration conditions, including the wettability of the membrane surface,
solute concentration, and pressure (pectin: n = 1.86, 1.85, 1.50, and 1.50 for hydrophilic PVDE, hy-
drophobic PVDF, hydrophilic PTFE, and hydrophobic PTFE, respectively). The resistance coefficient
k was influenced by the characteristics of the membrane surface; the k values of the hydrophobic
membranes were higher than those of the hydrophilic ones (pectin: k = 0.00084, 0.00725, 0.00714, and
0.0384 s~ /cm?~" for hydrophilic PVDE, hydrophobic PVDF, hydrophilic PTFE, and hydrophobic
PTEFE, respectively). The model calculations, based on the values of # and k, demonstrated a relatively
good agreement with the experimental data.

Keywords: microfiltration; membrane fouling; membrane property; blocking filtration model;
polysaccharide

1. Introduction

Pure and safe water is the basic need of every individual, and thus, several water
purification/treatment techniques have been established to date [1]. In recent years, micro-
filtration has become increasingly important across various fields, including wastewater
treatment, drinking water production, as well as the food and pharmaceutical industries.
While microfiltration delivers the expected filtrate quality, the dramatic increase in filtration
resistance caused by membrane fouling remains a challenge that needs to be addressed.
Membrane fouling arises from the adhesion and deposition of solutes and particles onto
the membrane surface, leading to pore blockage and cake formation [2]. Consequently, it is
of utmost importance to elucidate the mechanism behind membrane fouling and develop a
method for estimating the increase in filtration resistance that occurs during filtration.

The conventional blocking filtration law consists of four models, including three
types of pore-blocking models and a cake filtration model [3-5]. These models have
been employed to explain the increase in filtration resistance observed during membrane
filtration [2]. However, the actual membrane fouling mechanism is complicated, and there
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are cases where these models fail to fully describe the phenomenon. Therefore, several
membrane fouling models that integrate multiple models from the blocking filtration law
have been proposed [6-11]. Alternatively, attempts have been made to apply the Kozeny—
Carman equation to analyze the behavior of membrane pore blocking [10,12]. In particular,
the initial stage of filtration exhibits intricate membrane-blocking behavior, and numerous
researchers have reported that the influences of membrane morphology, structure, and
surface properties are significant based on the abovementioned model analysis [13-24]. Ho
and Zydney [13] experimentally evaluated the microfiltration of bovine serum albumin
solutions using different track-etched, isotropic, and asymmetric membranes. Their results
indicated that the membranes with interconnected pores fouled more slowly because the
filtrate could flow around the blocked pores through the interconnected pore structure.
Tanaka et al. [16] compared the performance of an asymmetric depth filter with that of a
screen filter in dead-end microfiltration of a polystyrene latex suspension and indicated that
the filtration performance of the depth filter surpassed that of the screen filter. Hwang and
Liao [21] proposed a membrane blocking chart correlating the blocking index to both the
filtration rate and particle accumulation rejected by a membrane. This proposed chart was
developed based on a serial resistance model, which was a combination of the conventional
blocking filtration mechanisms. Using a simplified blocking filtration model to establish
the relationship between membrane properties and the fouling mechanism is considered
valuable for achieving stable microfiltration.

Membrane fouling in membrane bioreactors (MBRs) has been actively studied [25,26],
and numerous reports have been published on the role of biopolymers [27,28]. Methods
such as ultrafiltration membrane fractionation and liquid chromatography coupled with
organic carbon detection techniques have identified polysaccharides as the predominant
components of high-molecular-weight biopolymers [28]. Polysaccharide derived from
microorganisms or plants have been identified as major contributors to membrane fouling
and are commonly employed as model foulants [29-39]. Sodium alginate [30], dextran [34],
xanthan gum [37], and pectin [38] have been extensively used as polysaccharide models,
leading to an increased understanding of membrane fouling. Furthermore, the flux decline
behavior of polysaccharide models has been investigated, with various studies examining
the effects of membrane types and filtration conditions, changes in behavior resulting
from different types of polysaccharide models, modeling of fouling phenomena, and
visualization of fouled membranes via electron microscopy [29-39]. However, to the
best of our knowledge, no studies have systematically investigated membrane fouling
characteristics using various polysaccharides and membranes. Moreover, no analysis using
a blocking filtration model has been conducted to establish the relationship between the
blocking characteristic values and membrane properties.

In this study, we investigated the differences in membrane fouling behaviors using
three types of polysaccharides and five types of membranes with distinct surface properties
and materials. The analysis employed a blocking filtration model based on Kozeny—Carman
equation, and the relationships between the blocking index #, resistance coefficient k, and
membrane properties were determined. Notably, the blocking index #n exhibited a unique
value for each specific combination of membrane and polysaccharide, regardless of the
filtration conditions. The resistance coefficient k was influenced by the concentration
of polysaccharides and the characteristics of the membrane surface. Furthermore, it was
confirmed that model calculations using the values of # and k accurately estimated filtration
behavior. The findings from the model analysis are valuable for elucidating the membrane
fouling mechanism, and we believe they will significantly contribute to establishing efficient
membrane filtration operation methods and fabricating antifouling membranes.

2. Materials and Methods
2.1. Materials and Prepration of Solutions

Sodium alginate (SA, Nacalai Tesque Inc., Kyoto, Japan) with a molecular weight of
100-150 kDa, pectin (PC, from Citrus, Fujifilm Wako Pure Chemical Corp., Osaka, Japan)
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with a molecular weight of 140-200 kDa, and xanthan gum (XG, Xanthomonas campestris,
Merck Sigma-Aldrich Co. LLC, St. Louis, USA) with a molecular weight of ~2000 kDa
were used as the model polysaccharides. Polysaccharide solutions were prepared at the
desired concentrations by dissolving a specified amount of the powder in ultrapure water,
produced using an ultrapure water system equipped with both Elix-Essential and Milli-Q
Advantage (Merck Millipore Corp., Burlington, MA, USA). The SA and PC solutions were
then stirred at 200 rpm for 30 min. For XG, calcium chloride (1 mM) was added to the
solutions after sufficient dissolution to prevent the formation of large gels [37], and the
solutions were stirred at 400 rpm for 2 h. Five types of commercial flat-sheet membranes
were employed in the experiments: hydrophilic polyvinylidene difluoride (Hilic-PVDE,
Durapore VVLP, contact angle (pure water): 64.8°, Merck Millipore Corp., Burlington, MA,
USA) membrane, hydrophobic polyvinylidene difluoride (Hbic-PVDF, Durapore VVHP,
contact angle (pure water): 99.3°, Merck Millipore Corp., Burlington, MA, USA) membrane,
hydrophilic polytetrafluoroethylene (Hilic-PTFE, HO10A, contact angle (pure water): 29.1°,
Advantec Toyo Co., Ltd., Tokyo, Japan) membrane, hydrophobic polytetrafluoroethylene
(Hbic-PTFE, TO10A, contact angle (pure water): 99.7°, Advantec Toyo Co., Ltd., Tokyo,
Japan) membrane, and mixed cellulose ester (MCE, A010A, contact angle (pure water):
78.7°, Advantec Toyo Co., Ltd., Tokyo, Japan) membrane. The nominal pore size dy, of the
membranes was 0.1 pm. The hydrophilic membranes (Hilic-PVDE, Hilic-PTFE, and MCE)
were immersed in ultrapure water for 1 h, while the hydrophobic membranes (Hbic-PVDF
and Hbic-PTFE) were immersed in ethanol for 1 h and subjected to microfiltration tests.

2.2. Experimental Apparatus and Technique

Figure 1 shows the schematic layout of the apparatus used for the microfiltration test.
A filtration cell with an effective membrane area of 9.08 cm? was used. Microfiltration tests
were performed in dead-end filtration mode by maintaining the applied filtration pressure
constant using an electronic regulator with the application of compressed nitrogen gas.
The filtration pressure p ranged from 25 to 98 kPa. The filtrate was collected in a reservoir
placed on an electronic balance (UX4200H, Shimadzu Corp., Kyoto, Japan) connected to
a personal computer to record mass versus time data. The weights were converted into
volumes using density correlations, and the filtration rates | (=dv/dt¢) at different volumes
were computed by numerically differentiating the volume v versus time ¢ data.
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Figure 1. Schematic layout of the apparatus for the microfiltration test.

3. Blocking Filtration Model

In general, polysaccharides are smaller than the pores in a microfiltration membrane
and are deposited inside the membrane, resulting in constricted pores and reduced mem-



Separations 2024, 11,70

40f13

brane permeability. When considering the membrane as a porous medium, the flow
through it can be described by the application of the Kozeny-Carman equation:

do & p
= =", 1
=& koS?(1 —¢)* ML @

where | is the filtration rate, v is the cumulative filtrate volume per unit membrane area, ¢
is the filtration time, kg is the Kozeny constant, ¢ is the porosity of the membrane, S is the
specific surface area of the membrane, p is the applied filtration pressure, y is the filtrate
viscosity, and L is the membrane thickness. Iritani et al. [10] proposed a blocking filtration
model based on the Kozeny—Carman Equation (1) by considering the variations in the
porosity and specific surface area of the membrane caused by particle deposition within
the porous membrane during filtration. Applying the model to the behavior of solutes,
the porosity € in Equation (1) decreases with the deposition of polysaccharides on the pore
walls as the filtrate volume v increases, as schematically illustrated in Figure 2. The initial
porosity gy of the clean membrane is given by

7T

8024

2
NpDg, (2)
where Ny, is the number of pores per unit cross-sectional membrane area, and Dj is the
original representative pore diameter on a flow cross-sectional area basis. The porosity ¢ of
the pores coated by the deposit can be expressed as

4 2 _ 7 2
where D is the representative pore diameter on a flow cross-sectional area basis, and K is

an empirical constant. The relationship between the porosity € and filtrate volume v can be
expressed as

e=¢y— Kv= (1—Kv>so, 4)
€0
which is equivalent to
1
D K \:2
o (1 ae) ©

The specific surface area S of the membrane in Equation (1) also varies with increasing
filtrate volume v. The initial specific surface area Sy of the clean membrane is given by
TN DsO
So=—1—=, 6
0= T ey (6)
where Dy is the original representative pore diameter on a wetted perimeter basis. The
specific surface area S of the pores coated by the deposit can be established as

7tNp Ds

5= 1—¢’

(7)
where Dy is the representative pore diameter on a wetted perimeter basis. Depending on

the deposit morphology mode of the solutes, the relationship between the diameter Ds on
a wetted perimeter basis and the diameter D on a flow cross-sectional area basis can be

represented by [2,10]
Ds _ <D> f (8)
Dqo Do)’




Separations 2024, 11,70

50f13

where f is a shape factor of pores. Combining Equations (6) and (7) with the aid of
Equations (5) and (8), we obtain

B
S2(1—¢)? = (1 - iv) S2(1—¢p)> 9)

Substituting Equations (4) and (9) into Equation (1), we obtain the relationship between
the filtration rate | and filtrate volume v as follows:

3-p 3 3-p
1=(1-57) o= (1-50) b (10)
€0 kosg(l — So) ;’"L €0

where ]y is the initial filtration rate.
Equation (10) can be transformed into

~=(1+No)M= (11)

J ( ) Ji
where 1/] (= dt/dv) is the reciprocal filtration rate, N = —K/¢y, and M = § — 3. Dif-
ferentiating Equation (11) with respect to the filtrate volume v under constant-pressure

conditions yields
d(%)_dﬁ_kln_kﬁn (12)
do dv2 \J) \dv/’

where k = MN(1/Jo)"/M = (3 — B)(K/¢0) (1/Jo)"/F~3) and n = (M — 1)/M = (B — 4)/(B — 3).
Equation (12) is identical to the characteristic form of the blocking filtration law (complete
blocking; n = 2, standard blocking; n = 1.5, intermediate blocking; n = 1, cake mode of
filtration; n = 0) proposed by Hermans and Bredée [3]. However, there is no limit to the
value of the blocking index n in Equation (12), and because n depends on B, it is closely
related to changes in the pore shape that accompany solute deposition.

1 1
OI

Pore Deposited layer

\\\\‘

Membrane ; Filtrate

Figure 2. Schematic view of the mechanism of membrane pore blocking by polysaccharides.

4. Results and Discussion
4.1. Membrane Filtration Properties of Sodium Alginate

In Figure 3a, the constant pressure filtration data obtained using the hydrophilic
polyvinylidene difluoride (Hilic-PVDF) membrane and sodium alginate (SA) solutions
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1/J [s/cm]

d(1/J)/dv [s/em?]

are plotted in the form of the reciprocal filtration rate 1/] against the cumulative filtrate
volume v per unit membrane area, based on the Ruth filtration rate equation [40]

1 UOSKay 1
—-—= — (v + Um) = KCZ) + = s 13
] p(-— ms)( ) Jo (13

where y is the viscosity of the filtrate, p is the density of the filtrate, s is the mass fraction
of SA in the solution, a,y is the average specific cake resistance, p is the applied filtration
pressure, m is the average ratio of the mass of the wet cake to that of the dry cake, v, is the
fictitious filtrate volume per unit membrane area, and K. is the blocking constant for cake
filtration. The datapoints corresponding to the initial stage of filtration form a downward
convex curve, while a linear curve is visible in the middle when the concentration C of
SA is 100-400 mg/L. The linearity of the plot, in accordance with Equation (13), indicates
cake formation during this period [41,42]. Therefore, the filtration mechanism shifted from
membrane blocking to cake filtration, as shown in Figure 4.
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Figure 3. The filtration behaviors of sodium alginate (SA) in different PVDF membranes: (a) 1/] vs. v;
(b)d(1/])/dov vs. 1/] (C = 50-400 mg/L); (c) d(1/])/dv vs. 1/] (p = 25-98 kPa); (d) K/¢&g vs. C and
K/gy vs. p.
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Figure 4. Schematic view of the membrane fouling mechanism of polysaccharides.

Figure 3b shows a log-log plot of d(1/])/dv and 1/] based on Equation (12), after
differentiating 1/] with respect to v in Figure 3a. The plot became a straight line rising to
the right, indicating the progression of membrane blocking. It should be noted that the
slopes of the plots were approximately the same for all SA concentrations C. This implies
that the blocking index n in Equation (12) has the same value under all conditions. In
contrast, the value of the resistance coefficient k in Equation (12) increases with increasing
concentration C because the d(1/])/dv value at 1/] = 1 increases. When the concentration
C was 100400 mg/L, the slope gradually became gentler and transitioned toward the
horizontal direction. In Figure 3b, the plot is horizontal, that is n = 0, which represents
the characteristics of cake filtration and corresponds to the period of a constant slope
K. in Figure 3a. Based on the abovementioned results, the transition from membrane
blocking to cake filtration, which is observed in the filtration of fine particles [11], was
observed during the membrane filtration of the SA solution. The scenario is outlined in
Figure 4. By substituting the values of n and k and the value of the initial filtration rate
Jo into Equation (14) [11,43], which is a modified version of Equation (11), the change in
the filtration rate over time can be obtained. Furthermore, Equation (13) is applicable after
the transition from blocking to cake filtration. The solid lines in Figure 3a represent the
calculations based on Equations (14) and (13) and are in relatively good agreement with
the experimental data.

1_ Ml_ l 1-n B ﬁ
]—(l—l—Nv) ]0_{<]0> + k(1 n)v} (14)

Figure 3¢ shows the blocking filtration characteristic plot when the SA concentration
was maintained constant, and the filtration pressure p was varied. The plots become
straight lines, indicating that neither the values of n nor k are influenced by the filtration
pressure. In other words, it can be determined that the filtration pressure affects the initial
filtration rate, but its effect on the pore-blocking mechanism is small. As shown in the figure,
this trend is also observed for the hydrophobic polyvinylidene difluoride (Hbic-PVDE)
membrane. Comparing the Hilic-PVDF and Hbic-PVDF membranes, the slopes of the plots
were parallel, indicating that the n values of both membranes were approximately equal.
The blocking index 7 is a parameter related to changes in the pore shape accompanying
polysaccharide deposition on the pore walls, and its value is considered to be influenced
by the membrane structure. The resistance coefficient k was higher for the Hbic-PVDF
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membrane compared to the Hilic-PVDF membrane, and the surface properties of the
membrane affected this value.

Using the values of n = (8 — 4)/(8 — 3) and k = (3 — B)(K /&) (1/J0)/B~3) gives K/ ¢
in Equation (4), which describes the porosity change with polysaccharide entrapment. K/ e
is an index of the capture ratio of the polysaccharides, and the relationship between this
value and the SA concentration C or filtration pressure p is shown in Figure 3d. K/¢y is
proportional to C, indicating that the rate at which SA blocks the membrane increases with
increasing concentration of SA. In contrast, K/¢gy did not depend on the filtration pressure
p, and changing the pressure did not affect the progress of membrane blocking per filtrate
volume. Note that the K/gj value of the Hbic-PVDF membrane was larger than that of the
Hilic-PVDF membrane under all conditions.

4.2. Relationship between Membrane Properties and Fouling Mechanism
4.2.1. Sodium Alginate (SA)

Figure 5 shows the filtration behavior of sodium alginate (SA) solutions with five
types of membranes (Hilic-PVDF, Hbic-PVDEF, Hilic-PTFE, Hbic-PTFE, and MCE). Figure 5a
shows 1/] versus v and Figure 5b shows d(1/])/dv versus 1/]. As shown in Figure 5a,
the decrease in the filtration rate | was faster for hydrophobic membranes (Hbic-PVDEF,
Hbic-PTFE) and slower for hydrophilic membranes (Hilic-PVDE, Hilic-PTFE, and MCE).
The progression of membrane fouling was the slowest on the Hilic-PVDF membrane.
As shown in Figure 5b, which is a double-logarithmic plot of d(1/])/dv and 1/] based
on Equation (12), all the membranes exhibited an upward-sloping straight line. At the
same 1/] value, the hydrophobic membrane exhibited a larger d(1/])/dv value, and the
plots were approximately parallel for membranes made of the same material. The values
of the blocking index n and resistance coefficient k in Equation (12) were determined
for all the membranes and are listed in Table 1. The #n values for the Hilic-PVDF, Hbic-
PVDF, Hilic-PTFE, Hbic-PTFE, and MCE membranes were 1.05, 1.05, 1.02, 1.03, and 1.32,
respectively. The blocking index 7 is a parameter closely related to changes in the pore
shape accompanying polysaccharide deposition on the pore walls and is considered to
be significantly affected by the membrane structure. In contrast, the resistance coefficient
k is affected by the surface properties of the membrane, with a hydrophobic membrane
exhibiting a larger value than a hydrophilic membrane when membranes are made of the
same material. The model calculations based on Equation (14) using the values of n and k
were in relatively good agreement with the experimental data, as shown in Figure 5a.

500 T 10 .
2 ﬁ{,'}ﬁ_}f‘v’gﬁ 8" O Hilic-PVDF 1
A Hilic-PTFE 6+ @ Hbic-PVDF i
400 3 Hbied N A Hilic-PTFE
A Hbic-PTFE
0O MCE 4 A Hbic-PTFE |
— Cal & O MCE
al. E
= 300 - . 5
9 2,
2, > 2t J
) 2
= 200 - _ §
:a/ 1
SA 100 - _
100 C=50mg/L —| 8 C=50mgl
dy=0.1 pm 6 dy=01pm |
p =49 kPa p=49kPa
0 . ‘ ! 4 L L | L L -
0 5 10 15 20 10" 102 107
v [om] 1/J [s/em]
(a) (b)

Figure 5. The microfiltration behaviors of sodium alginate (SA): (a) 1/] vs. v; (b) d(1/])/dv vs. 1/].
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Table 1. Values of n and k in the microfiltration of sodium alginate.

Hilic- Hbic- Hilic- Hbic-
Membrane PVDF PVDF PTFE PTFE MCE
n[-] 1.05 1.05 1.02 1.03 1.32
k[s'="/em2—"] 0.0949 0.134 0.144 0.258 0.0246

4.2.2. Pectin (PC)

Membrane filtration tests were performed using four types of membranes (Hilic-PVDF,
Hbic-PVDE, Hilic-PTFE, and Hbic-PTFE) with pectin (PC) as the solute, and the results are
shown in Figure 6 and Table 2. The transition from membrane blocking to cake filtration
occurred more rapidly with PC compared to SA. The cake filtration behavior was similar
between the membranes; therefore, the membrane-blocking behavior was achieved by re-
ducing the PC concentration. As shown in Figure 6a, even for PC, a significant difference in
the filtration behavior was observed between the hydrophilic and hydrophobic membranes,
which was more pronounced compared to the case of SA (Figure 5a). Figures 5a and 6a
show that the Hilic-PVDF membrane exhibited the slowest reduction in the filtration rate J.
In the blocking filtration characteristic plot in Figure 6b, the Hilic-PVDF and Hbic-PVDF
membranes are in parallel. Similarly, in Figure 5b, the Hilic-PTFE and Hbic-PTFE mem-
branes are also parallel. In addition, the n values, which represent the slope of the plots,
were approximately the same between the PVDF membranes (1.86 and 1.85) as well as
between the PTFE membranes (1.50 and 1.50), as shown in Table 2. However, the values
differ from those of SA shown in Table 1, indicating that n exhibits a unique value for each
specific membrane—polysaccharide combination. The k value was higher for the Hbic-PVDF
membrane compared to the Hilic-PVDF membrane, and for the Hbic-PTFE membrane
compared to the Hilic-PTFE membrane, indicating that hydrophobic membranes exhibit
higher k values. As shown in Figure 6a, the model calculations based on Equation (14)
using the values of n and k were in relatively good agreement with the experimental data.

150 T ‘ 10
PC | O Hilic-PVDF
C=10mgL @ Hbic-PVDF
dy =0.1 pm I A Hilic-PTFE
p=49kPa A Hbic-PTFE
100 . &=
= 5
g =
z z 10 .
2 s
50 4 =1
O Hilic-PVDF pe
@ Hbic-PVDF 0l
A Hilic-PTFE 5—7 (;) ]mg |
A Hbic-PTFE m
— Cal. p =49 kPa
0 | | | 10° L A . L
0 20 40 60 80 100 10! 10 10°
v [cm] 1/J [s/cm]
(a) (b)

Figure 6. The microfiltration behaviors of pectin (PC): (a) 1/] vs. v; (b) d(1/])/dv vs. 1/].

Table 2. Values of n and k in the microfiltration of pectin.

Hilic- Hbic- Hilic- Hbic-
Membrane PVDF PVDF PTFE PTFE MCE
nl 1.86 1.85 1.50 1.50 1.98

k[s'="/cm27"] 0.00084 0.00725 0.00714 0.0384 0.00213
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4.2.3. Xanthan Gum (XG)

In the case of xanthan gum (XG), cake filtration was observed from the initial stage of
filtration owing to the presence of gel-like substances in the solution, even at a concentration
of 10 mg/L. Consequently, the concentration C was lowered to 1 mg/L, and filtration tests
were performed using the PVDF membranes. Figure 7a shows the relationship between
the reciprocal filtration rate 1/] and the cumulative filtrate volume v per unit membrane
area. The filtration behavior of both the Hilic-PVDF and Hbic-PVDF membranes changed
from a downward convex curve to an upward convex curve and, finally, to a straight line.
Although the Hilic-PVDF membrane exhibited a longer curved membrane-blocking period,
the slopes of the plots after the linear cake filtration period were parallel for the Hilic-PVDF
and Hbic-PVDF membranes. The fact that the slopes are the same indicates that similar
cakes were formed on both the membranes [41].

300 T 10° —
XG r
C=1mgL I O Hilic-PVDF
dy=0.1 pm | @ Hbic-PVDF
p=49kPa

200 O Hilic-PVDF
@ Hbic-PVDF

— Cal.

1/J [s/cm]

|
d(1/7)/dv [s/em?]
=3
— .
O
>
T

100
XG

C=1mgL
dy=0.1 um
p =49 kPa
0 I I | 10° |
0 5 10 15 20 ¢ L (G ? ¢
v [cm] 1/J [s/em]

(a) (b)
Figure 7. The microfiltration behaviors of xanthan gum (XG): (a) 1/] vs. v; (b) d(1/])/dv vs. 1/].

Figure 7b shows a log-log plot of d(1/])/dv and 1/] based on Equation (12). For both
the membranes, the plot transitions from a straight line rising to the right to a straight line
falling to the right and then flattens corresponding to a constant value (K). In the blocking
filtration characteristic plot, a negative slope indicates that the filtration behavior is affected
by both membrane blocking and cake formation [11,44]. In addition, during the positive
slope period in the early stage of filtration, the n value was approximately 0.5, which
was smaller compared to other polysaccharides such as SA and PC. It was presumed that
both membrane blocking and cake formation occurred during this period. The presence
of gel-like XG in the sample and the extremely low concentration of XG contributed to
the observation of this complex filtration behavior. This phenomenon is illustrated in
Figure 8. The period where the filtration resistance increased significantly, during which
pore blocking on the surface and inside the membrane, as well as cake formation, occurred
simultaneously, transitioned to a period where only cake formation occurred. These
were divided into three periods, namely the first blocking, second blocking, and cake
filtration periods. The n and k values obtained in each blocking period (first blocking;
n=058,k=14s"""/cm?2 ", second blocking; n = —2.4, k=29 x 100 s~ /cm?~") were
substituted into Equation (14), and then, the K. value obtained in the cake filtration period
(K¢ = 8.9 s/cm?) was substituted into Equation (13). The filtration behavior was estimated
by combining these results. The calculated value is represented by the solid line in Figure 7a,
which represents the actual filtration behavior.
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Figure 8. Schematic view of the membrane fouling mechanism of xanthan gum (XG).

5. Conclusions

The relationship between membrane properties and the fouling mechanism in the
microfiltration of polysaccharides was analyzed using a blocking filtration model. The
blocking index 1, which is correlated to the changes in the pore shape due to polysaccharide
deposition on the pore walls, exhibited a unique value for each particular membrane—
polysaccharide combination, independent of the filtration conditions (pectin: n = 1.86,
1.85, 1.50, and 1.50 for hydrophilic PVDEF, hydrophobic PVDEF, hydrophilic PTFE, and
hydrophobic PTFE, respectively). In contrast, the resistance coefficient k varied with the
polysaccharide concentration and membrane surface characteristics (pectin: k = 0.00084,
0.00725, 0.00714, and 0.0384 s'~"/ecm2~" for hydrophilic PVDF, hydrophobic PVDF, hy-
drophilic PTFE, and hydrophobic PTFE, respectively). Furthermore, it was confirmed that
the model calculations using the values of 7 and k accurately estimated the filtration behav-
ior. Additionally, it was elucidated that, typically, the transition to cake filtration occurred
after membrane blocking caused by polysaccharides. However, when polysaccharides un-
dergo gelation, both membrane blocking and cake formation occur simultaneously during
the initial filtration stages. These model analysis results are valuable for understanding the
membrane fouling mechanism and determining the timing of cleaning and replacement of
membranes in practical applications. These findings will be useful for establishing efficient
membrane filtration methods and fabricating antifouling membranes.
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