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� A higher fouling propensity was caused by the soluble proteins and polysaccharides.
� The cell-bound proteins and polysaccharides were dominant in hydrophobic membrane.
� Proteins and polysaccharides were mostly in the middle of the cake layer thickness.
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a b s t r a c t

Membrane fouling precludes the widespread application of membrane filtration system from treating
wastewater and drinking water, and occurs even under sub-critical flux operations. Hence the character-
istics and behavior of membrane foulants should be thoroughly investigated, so as to find ways to reduce
membrane fouling in membrane bioreactors. The purpose of this study is to compare the membrane
fouling potential at different sub-critical flux operations and for different hydrophobic/hydrophilic mem-
branes, and to investigate the vertical distribution of membrane foulants in a cake layer. Results showed
that higher fouling propensity which occurred under 80% of critical flux of hydrophilic membrane was
associated with the soluble fraction of proteins and polysaccharides, compared with 60% of critical flux.
The cell-bound components were dominant under hydrophobic membrane operation. The highest
concentration of proteins and polysaccharides was found between 40% and 80% of the depth of the cake
layer.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, membrane filtration technologies have become
more and more popular in water reclamation as well as in waste-
water treatment. MBR, which combines membrane filtration and
biodegradation, is a particular method for treating wastewater.
However, membrane fouling during use, which increases opera-
tional and material costs, has been considered a major obstacle
to the extensive use of MBRs. Minimizing membrane fouling has
thus become a top priority for most researchers interested in
MBRs.

Several authors have reported that efficient operation of MBR is
dependent on many factors, such as mixed liquor suspended con-
centration (Trussell et al., 2007), aeration regime (Le-Clech et al.,
2003b), sludge retention time (Ng et al., 2013), membrane
characteristics (Choi and Ng, 2008), as examples. Membrane char-
acteristics, such as pore size, hydrophobicity, and membrane mor-
phology, also affect membrane fouling propensity as a result of the
interaction between membrane and solutes (Le-Clech et al., 2003b;
Maximous et al., 2009). Boussu et al. (2007) suggested that using a
hydrophilic membrane may minimize fouling tendency. Neverthe-
less, Maximous et al. (2009) reported on the advantages of using
hydrophobic membrane in rejecting polysaccharides and proteins
compared with hydrophilic membrane. Further investigation
should be carried out to clarify such controversial results.

The critical flux concept was proposed in the middle 1990s
(Field et al., 1995). Theoretically, when an MBR system operates
at a flux below the critical flux (i.e. sub-critical flux), its permeate
flux remains constant. In other words, foulants should not occur in
sub-critical flux operation. However, some work has shown that a
dramatic increase in fouling rate does occur after operating under
sub-critical flux operation for some time (Cho and Fane, 2002). A
number of critical flux determination methods have been
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proposed, such as the flux-step method (Le-Clech et al., 2003b),
mass balance technique combined with direct observation image
analysis (Zhang et al., 2010), dynamic filtration (Loderer et al.,
2013). Among these, the flux-step method combined with 90%
permeability (K > 0.9K0) definition can be effectively used in mem-
brane process (Le-Clech et al., 2003b; Tiranuntakul et al., 2011).
The flux-step method was then developed to determine the critical
flux in an MBR (Le-Clech et al., 2003a), their results showed that
step length and height are two important parameters measured
by the flux-step method, in which the best choice of step length
and step height lie in 15–30 min and 3 l m�2 h�1, respectively.
The concept of permeability (K, l m�2 h�1 kPa�1) has also been pro-
posed to accurately verify critical flux. K was plotted against flux to
determine critical flux (Le-Clech et al., 2003a). The parameter (K) is
obtained as below:

K ¼ J
Pave

ð1Þ

Pave ¼
TMPn

f þ TMPn
i

2
ð2Þ

where TMPn
i and TMPn

f are the initial and final transmembrane pres-
sures (TMP) (kPa), respectively. J is the arbitrary permeate flux
(l m�2 h�1), and tn

i , tn
f are the initial and final point time of each step

length, respectively. Pave is the average pressure of each step length
(kPa).

In an earlier study, Le-Clech et al. (2006) classified membrane
foulants into standard blocking, intermediate blocking, complete
blocking or cake filtration. Several authors reported that the cake
layer contributed up to 80% of total resistance, and is the dominant
foulant (Maximous et al., 2009; Qu et al., 2014; Lee et al., 2001).
Moreover, extracellular polymeric substances (EPS) were found to
be one of the main components of cake layer (Cho and Fane, 2002;
Wang et al., 2009; Wu and Lee, 2011), and identified as the complex
high-molecular weight mixtures of polymers in biomass such as
activated sludge and biofilm produced from metabolism or the cell
lysis processes. The major components of EPS include polysaccha-
rides, proteins, nucleic acids, and lipids (Sheng et al., 2010). In
several studies, polysaccharides were considered the main compo-
nents of EPS, while proteins were much less so, or were below detec-
tion limits (Pan et al., 2010; Drovak et al., 2011). Li et al. (2013) found
that membrane fouling took place under sub-critical flux conditions
in three stages, in which cell-bound fractions play an important role
in the first stage, after which soluble fractions accelerate final block-
ing of the membrane pores.

To examine the structure of microbial cells and biofilm, confocal
laser scanning microscopy (CLSM) has been widely used in MBRs
(Chen et al., 2006; Hwang et al., 2012). Chen et al. (2006) reported
that foulant components such as proteins and polysaccharides can
be simultaneously detected via CLSM by using a quadruple staining
method. Ng and Ng (2011) also used CLSM to identify that the foul-
ing mechanisms changed from a biofilm predominantly attached
to polyolefin membranes, to a bio-organic layer on polyethersulf-
one membrane under sub-critical flux operation. Although many
studies have been focused on membrane fouling under sub-critical
flux operation, little information is available on the compositions
of foulants, as well as on their distribution in a cake layer. Further
research is thus necessary in order to provide a correlation
between membrane foulants composition and membrane hydro-
phobicity under different sub-critical flux conditions. The aim of
this study was: (1) to compare the fouling potential under two dif-
ferent sub-critical flux conditions using a hydrophilic membrane;
(2) to evaluate the correlation between hydrophilic/hydrophobic
membranes and membrane fouling under sub-critical flux opera-
tion, and (3) to investigate the vertical distribution of foulants in
the cake layer.
2. Methods

2.1. Experimental setup

A 30-L MBR was used in this study, the detailed information of
which is given in Pan et al. (2010). Synthetic wastewater was pre-
pared as influent as in Ng and Hermanowicz (2005). Hydrophilic
(HPI) and hydrophobic (HPO) flat-sheet membranes (King Mem-
brane Company, Taiwan) were used. The membranes are made of
polytetrafluoroethylene (PTFE) with mean pore size of 0.5 lm
and total surface area of 0.1 m2. The contact angle of the mem-
branes was 65� and 120� for HPI and HPO membranes, respec-
tively. In order to keep a constant flux operation, an automatic
control system was designed by ADAMview software. When the
system was operating, the flow-rate signal was transferred from
the flow meter to the computer and the pump speed was con-
trolled to adjust the flow-rate as constant as computed. Feed solu-
tion was stored in a refrigerator, and was continuously pumped
into the bioreactors from a 60-L feed solution tank. Tap water
was supplied to maintain the water level and was controlled by a
float switch. The average total organic carbon of MBR influent
was 160 ± 10 mg l�1. To control the pH at 6.5–7.5, hydrochloric
acid was automatically added into the MBR if needed. Air was also
continuously supplied from the bottom of the tank through air dif-
fusers below the membrane modules to keep the dissolved oxygen
at P2 mg l�1. Sludge retention time (SRT) was set at 10 days. The
mixed liquor suspended solids (MLSS) concentration was stable
in the range of 6000–6500 mg l�1.

2.2. Flux-step method for determining critical flux

The flux-step method was applied to determine critical flux.
Initial flux was selected at 6 l m�2 h�1, and operational fluxes were
varied between 6 and 45 l m�2 h�1 with a step height of 3 l m�2 h�1

and step length of 15 min. The changes of TMP were automatically
recorded by the computer. Critical flux is defined as the flux at which
K > 0.9K0, where K0 (l m�2 h�1 kPa�1) is the initial permeability mea-
sured from the first flux-step (Le-Clech et al., 2003b; Guglielmi et al.,
2007). K and K0 were calculated by using Eqs. (1) and (2).

2.3. Analytical methods

2.3.1. Membrane foulants collection
As soon as the TMP reached about �40 kPa, the flat-sheet mem-

brane was removed from the MBR. The cake layer surface was then
washed softly with deionized water. All the foulants on one side of
the membrane sheet (0.05 m2) were then scraped off with a hard
plastic sheet. Next, the collected foulants were placed in a beaker
with 75 ml deionized water and well mixed with a magnetic stir-
rer. The foulants taken from the cake layer was then analyzed.

2.3.2. Extraction of EPS
As noted above, the main composition of EPS is considered as

proteins and polysaccharides. Further, EPS has been demonstrated
by many investigators that it is the most important membrane fou-
lant. In order then to characterize membrane foulants, EPS should
be much more concentrated. EPS thus has to be separated from the
other membrane foulants so as to determine its composition. Dif-
ferent EPS extraction methods have been proposed: thermal treat-
ment (Wang et al., 2009) and formaldehyde-NaOH extraction (Liu
and Fang, 2002). In this study, we selected the formaldehyde-
NaOH extraction method, because of the advantages demonstrated
by Liu and Fang (2002).

First, 10 ml sludge was centrifuged (U-320R Boeco, Germany) at
4000 rpm, and 4 �C for 20 min to separate the sludge from the



Table 1
Permeability and fouling rate in flux-step experiment.

Flux (l m�2 h�1) Permeability
(l m�2 h�1 kPa�1)

Flux (l m�2 h�1) Permeability
(l m�2 h�1 kPa�1)

HPI HPO HPI HPO

6 21.8 24.6 27 23.7 23.7
9 22.2 26.1 30 22.2 22.3

12 26.4 23.7 33 20.2 21.0
15 22.5 24.1 36 19.2 19.0
18 22.7 23.4 39 19.5 17.1
21 23.2 23.3 42 19.6 15.5
24 24.7 23.5 45 18.8 12.9
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liquid. The liquid was filtered through 0.45 lm membrane to
obtain soluble EPS. 10 ml deionized water was used to re-suspend
the solids. Then, 0.06 ml 36.5% formaldehyde was added into the
suspension and kept at 4 �C for 60 min in order to fix the cells to
prevent lysis. Next, 4 ml of 1 N NaOH was added into the suspen-
sion to increase pH, resulting in the dissociation of acidic groups
in the EPS. The suspension was then refrigerated at 4 �C for
180 min. The suspension then was centrifuged at 20,000g at 4 �C
for 20 min and filtrated through a 0.2 lm membrane to remove
the microbial cells. Bound EPS was obtained after purification with
a 3500 Da dialysis membrane at 4 �C for 2 days to remove the
extractant residues in the solution.

2.3.3. Determination of polysaccharides in membrane foulants
Polysaccharides were quantified by the phenol–sulfuric acid

method, which was first established by Dubois et al. (1956). 1 ml
5% phenol was added to 1 ml of filtrate, which separates most of
sugars in the sample. Next, 5 ml of 75% sulfuric acid was added
to the mixture for 10 min to remove the residual phenol, and the
tube was then stood in water bath at 25 �C for 15 min for complete
reaction. After the complete reaction, the absorbance of the sam-
ples was then measured at a wavelength of 488 nm. The calibration
curve was obtained by plotting the absorbance versus the glucose
concentration of 5, 10, 20, 40, and 80 mg l�1.

2.3.4. Determination of proteins in membrane foulants
To determine the concentration of proteins, the Bradford

method (1976) was used. 3 ml of Bradford reagent (Sigma–Aldrich)
was added to 0.1 ml of sample, and then rapidly mixed at ambient
temperature for 5–45 min. The absorbance of the samples was
then measured at a wavelength of 595 nm. To plot the calibration
curve, Bovine Serum Albumin (BSA) was used as the protein stan-
dard with a concentration range of 0.1–1 mg ml�1. Where protein
concentration was less than 0.1 mg ml�1, the procedure was
slightly modified as per the manual provided by Sigma–Aldrich,
and the protein concentration was changed to a range of
1–10 lg ml�1 in the calibration curve.

2.3.5. Identification of foulants
A CLSM (Leica TCS SP2 Confocal Spectral Microscope Image Sys-

tem, Germany) was used to determine the compositions of the
membrane foulants. Three fractions of membrane were randomly
taken from the membrane module after being removed from reac-
tor for staining when the TMP reached about �40 kPa. Besides, a
blank sample (clean membrane) stained with the same procedure
was prepared for collating. Fluorescein isothiocyanate (FITC)
(Molecular Probes, USA), Concanavalin A (ConA) (Molecular Probes,
USA) and Fluorescent Brightener 28 (Calcoflour white, CW) (Sigma)
were used to stain the proteins, a-D-glucopyranose polysaccha-
rides and b-D-glucopyranose polysaccharides, respectively. Stain-
ing were followed the procedure described by Chen et al. (2006).
Proteins were detected via excitation at 488 nm and emission
wavelengths of 500–550 nm. To detect a-D-glucopyranose polysac-
charides, excitation wavelength of 543 nm and emission range of
550–590 nm was applied. The presence of b-D-glucopyranose poly-
saccharides were determined via excitation at 400 nm and emis-
sion at 410–418 nm.
3. Results and discussion

3.1. Critical flux assessment and different sub-critical flux operations

In order to carry out this study, critical flux was first measured
based on the permeability as described in Section 2.2. The perme-
ability values for HPI and HPO membranes are given in Table 1. For
HPI membrane, the initial permeability (K0) was 21.8 l m�2 h�1 -
kPa�1, and therefore 0.9K0 was 19.62 l m�2 h�1 kPa�1. Based on
the K > 0.9K0, critical flux was 33 l m�2 h�1. Two different sub-
critical fluxes at 60% and 80% of critical flux (i.e. 19.8 l m�2 h�1

and 26.4 l m�2 h�1, respectively) were then operated to compare
the fouling potential under different sub-critical flux conditions,
and are given as 60% (HPI) and 80% (HPI), respectively. Similarly,
critical flux of HPO membrane was 30 l m�2 h�1 and 80% of critical
flux (i.e. 24 l m�2 h�1) which is given as 80% (HPO) was operated
thereafter.

Fig. 1 shows the variation of TMP with operation time under
different sub-critical fluxes with hydrophobic/hydrophilic mem-
branes. For the first 6 days of operation, the TMP changes of these
three runs were almost similar with a slight increase from nearly 0
to approximately �7 kPa. The increase of TMP indicates the depo-
sition of membrane foulants even under sub-critical flux (Cho and
Fane, 2002). The TMP jump occurred after about 7-days operation
for 80% (HPO), while it took about 12-days for both 80% (HPI) and
60% (HPI). After operating for 6 days, the TMP of 80% (HPI) began to
exceed that of 60% (HPI) until 15 days, and the TMP tended to be
similar again.

The profiles of TMP changes for all runs in this study are consis-
tent with the hypothesis of two-stage process of membrane fouling
formed under sub-critical flux operation proposed by Cho and Fane
(2002). The deposition of EPS was the main reason causing the
gradual increase of TMP for all runs in the first 6 days of operation
(Cho and Fane, 2002). Zhang et al. (2006) suggested that the reason
for this phenomenon is caused by biopolymer deposition and bio-
film formation. The sudden increase in TMP occurred in all runs at
a specific operational time as a result of the deposition of a large
amount of polysaccharides excreted by biomass activities (Zhang
et al., 2006). The faster TMP jump of 80% (HPO) compared with
80% (HPI) can be explained by considering the hydrophobic-hydro-
phobic interaction of solutes and membranes (Jarusutthirak et al.,
2002). In other words, the foulants attach more easily to a hydro-
phobic membrane surface than a hydrophilic one, resulting the
higher fouling propensity of HPO membrane. It was very obviously
that the higher TMP was observed from 80% (HPI) compared with
60% (HPI) because of the higher suction force applied. The plateau
in TMP at the tenth day of 80% (HPI) might be attributed to the
reversible attachment of foulants on membrane surface. In other
words, the shear stress could not detach the removable foulants
until TMP reached the peak of �16 kPa, resulting in the abnormal
increase in TMP. Eventually, the cake layer covered the membrane
surface for all runs and kept TMP stably increasing after TMP
reached approximately �35 kPa.

3.2. Membrane foulant composition under different sub-critical flux
operations

Proteins and polysaccharides, the main components of EPS, are
foulants in an MBR (Zhang et al., 2006), and are generated by the
activities of microorganisms. To identify the compounds in a cake
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layer, a Fourier Transform Infrared (FTIR) spectrophotometer was
used. Proteins and polysaccharides were detected on both types
of membrane confirming then as dominant components of
membrane foulants (see Appendix A.1).

Because proteins and polysaccharides are main compositions of
membrane foulants, they are mentioned by many authors in order
to investigate the impact of fouling against the membrane (Pan
et al., 2010; Ng and Ng, 2010), and this was confirmed by this
study. The soluble and cell-bound fractions of proteins and poly-
saccharides in cake layer under different operational conditions
are shown in Fig. 2. Fig. 2a shows that the concentration of soluble
polysaccharides of 80% (HPI) (101.34 ± 44.31 mg l�1 as glucose)
was much higher than that of 60% (HPI) (31.34 ± 5.88 mg l�1 as
glucose). On the other hand, 60% (HPI) had slightly higher cell-
bound polysaccharides concentration (35.14 ± 0.19 mg g�1 MLSS
as glucose) than that of 80% (HPI) (27.83 ± 5.46 mg g�1 MLSS as
glucose). These results show that the different fouling rates found
may mainly result from the significant difference of soluble poly-
saccharides in the cake layer. In other words, the higher concentra-
tion of soluble polysaccharides of 80% (HPI) resulted in the higher
TMP increase than 60% (HPI). Pan et al. (2010) found that high con-
centration of soluble polysaccharides caused extreme fouling in
MBR. In the case of 80% (HPO), the concentration of soluble poly-
saccharides (12.96 ± 0.26 mg l�1 as glucose) was considerably
lower than that of 80% (HPI), while the cell-bound polysaccharides
concentration (61.21 ± 1.9 mg g�1 MLSS as glucose) was slightly
more than twice as high. Furthermore, a rapid increase of TMP
was observed at 80% (HPO), and we conclude that the higher
TMP increase of 80% (HPO) may be caused by cell-bound polysac-
charides, compared to 80% (HPI). Ng and Ng (2010) reported that
proteins on membrane fouling are crucial in MBRs under different
flux conditions, and Fig. 2b shows the concentration of soluble and
cell-bound proteins in the cake layer. The concentration of soluble
proteins of 80% (HPI) (36.25 ± 6.29 mg l�1 as BSA) was higher than
that of 60% (HPI) (9.51 ± 0.19 mg l�1 as BSA) while the cell-bound
proteins of 80% (HPI) (21.09 ± 1.27 mg g�1 MLSS as BSA) was much
lower than that of 80% (HPO) (262.26 ± 3.52 mg g�1 MLSS as BSA).

In summary, as can be seen from the Fig. 2, the soluble fraction
of proteins and polysaccharides resulted in the higher fouling
propensity of 80% (HPI) (36.25 ± 6.29 mg l�1 as BSA and
101.34 ± 44.31 mg l�1 as glucose) compared with 60% (HPI)
(9.51 ± 0.19 mg l�1 as BSA and 31.34 ± 5.88 mg l�1 as glucose)
while cell-bound fraction of those related to the higher fouling
potential of 80% (HPO) (262.26 ± 3.52 mg g�1 MLSS as BSA and
61.21 ± 1.9 mg g�1 MLSS as glucose) compared with 80% (HPI)
(21.09 ± 1.27 mg g�1 MLSS as BSA and 27.83 ± 5.46 mg g�1 MLSS
as glucose).
3.3. Distribution of fouling compositions in foulants

Proteins and polysaccharides in membrane foulants can be
directly observed using CLSM technology. Three confocal scan
positions on three different samples were examined to obtain sta-
tistics. In CLSM images, proteins, a-D-glucopyranose polysaccha-
rides, and b-D-glucopyranose polysaccharides are shown in green,
cyan, and blue, respectively (detailed in Appendix A.2). These
images also confirm that proteins and a-D-glucopyranose
polysaccharides as the main contributors to membrane fouling,
while the effect of b-D-glucopyranose polysaccharides was insignif-
icant. To gain a better understanding of cake layer composition, the
vertical distribution of these compounds was next investigated.

The thickness of cake layers was 62.4 ± 3.89 lm,
102.57 ± 5.37 lm, and 76.93 ± 4.88 lm for 60% (HPI), 80% (HPI),
and 80% (HPO), respectively. The mechanism of deposition of par-
ticles on membrane surface is very complicated because of the
complex composition of sludge, operating dynamics, as well as
the interaction between solutes and membrane, and as a result
the distribution of the components in a cake layer is uneven
(Zhang et al., 2006), and the cake layer thickness differs at different
places on the membrane. To compare the relative vertical distribu-
tion of foulants in cake layers, the intensities of the fluorescent
lights probed at specific position above membrane. In other words,
the cake was cut at 9 points and marked from 0 to 1 at each cutting
point corresponding to from 0% to 100% of the cake layer thickness.
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Fig. 3 shows the vertical distribution of proteins, a-D-glucopyra-
nose polysaccharides, and b-D-glucopyranose polysaccharides.

At the initially deposited layer, nearest membrane surface
(position 1), the intensities of the fluorescent lights corresponding
to proteins, a-D-glucopyranose polysaccharides, and b-D-glucopyr-
anose polysaccharides were relatively low. The intensities then
increased with the increase of cake layer thickness. The deposition
of proteins through the cake depth of 60% (HPI), 80% (HPI), and 80%
(HPO) are shown in Fig. 3a. The low protein concentration at the
beginning of the cake layer might be explained by the attachment
of inorganic and non EPS substances on the membrane surface to
form the first layer. Allison and Sutherland (1987) showed that
non-polysaccharides were not present at the initial attachment
stage, but only after the initial layer had been formed, did microor-
ganisms gradually colonize, grow and then develop a biofilm which
became part of cake layer. As a result of the growth of microorgan-
isms on the membrane surface, EPS was released and became the
dominant foulant, leading the increase of proteins in the cake layer.
As can be seen from Fig. 3a, the peaks for proteins for all runs were
at 0.9, 0.8 and 0.6 of the relative distance for 60% (HPI), 80% (HPI)
and 80% (HPO), respectively. Another reason for the change of pro-
tein concentration in cake layer could be a result of the pressure of
the long-term operation. Because of the pressure applied, particles
such as colloids, solutes and bacteria cells in sludge solution
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gradually accumulates and becomes compressed, causing the
dense layer near the membrane surface. This dense layer contained
more protein concentration than other levels of the cake layer,
resulting the concentration peaks in the middle regions of the cake
layer. A similar phenomenon was found for a-D-glucopyranose
polysaccharides and b-D-glucopyranose polysaccharides (Fig. 3b
and c), where they were mainly found in the middle of the cake
layer.

Interestingly, the peaks for proteins, a-D-glucopyranose poly-
saccharides and b-D-glucopyranose polysaccharides of 60% (HPI)
were observed at 80% of depth of cake layer (described by 0.8 of
X-axis) while the peaks for proteins, a-D-glucopyranose polysac-
charides, and b-D-glucopyranose polysaccharides of 80% (HPI) were
seen at 0.7, 0.4, and 0.6, respectively. Furthermore, the TMP
increase of 80% (HPI) was higher than 60% (HPI) for the period of
operation from day 6 to day 15. This indicates that for a lower flux
imposed, foulants seems to become more densely compressed than
a higher flux. In other words, small particles gradually attach on
the membrane surface first and larger particles are then deposited
later, whereas at a higher flux, large particles could be forced to
become attached and will prevent the formation of a dense layer,
with the result that the peaks occurred further from the membrane
surface. In the case of 80% (HPO), the peaks for proteins, a-D-gluco-
pyranose polysaccharides, and b-D-glucopyranose polysaccharides
were found at 0.6. Although the peaks of these substances could
be found at the positions similar to those of 80% (HPI), the TMP
increase of 80% (HPO) was faster than that of 80% (HPI). This differ-
ence may be a result of the hydrophobic/hydrophilic characteris-
tics of membranes. Qu et al. (2014) reported that hydrophobic
membrane is more attractive of adsorptive fouling than hydro-
philic membrane, leading to a higher TMP.

4. Conclusions

This study shows that soluble fractions of EPS (mainly proteins
and polysaccharides) dominate membrane fouling in an MBR oper-
ated at higher sub-critical flux. On the other hand, cell-bound frac-
tions of EPS of hydrophobic membrane contribute to greater
membrane fouling and TMP increases compared to hydrophilic
membrane. Moreover, the vertical distributions of proteins and
polysaccharides fluctuate with the cake layer depth at which pro-
teins and polysaccharides mainly accumulate.
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