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Abstract
The technique that employs flash freezing and environmental scanning electron microscopy
(ESEM) was utilised for detailed investigation of the fouling materials in a membrane
bioreactor (MBR). The method involves the flash freezing of a wet sample in liquid nitrogen
for 10 s to preserve its structure for direct ESEM observation with a high image resolution.
ESEM images show that the sludge cake formed by simple filtration of the MBR bulk sludge
has a highly porous, sponge-like structure with a fairly low resistance. However, the fouling
layer attached to the membrane surface contains a thin gel-layer under the main body of the
sponge-like sludge cake, which is similar to that formed by filtration of a dispersion of
biopolymer clusters (BPCs). It is apparent that BPCs tend to accumulate on the membrane
surface, and the gel layer is largely responsible for the high filtration resistance of the cake

layer on the fouled membranes.



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50
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(MBR).

1. Introduction

Membrane bioreactors (MBRs) are increasingly applied to biological wastewater treatment
owing to their ensured solids—water separation and excellent effluent quality for reuse
purposes (Judd, 2006; Yang et al., 2006). However, membrane fouling, which is caused
primarily by foulant deposition on the membrane surface, remains far and away the major
limitation to the cost-effectiveness of MBRs for large-scale applications (Asatekin et al.,
2007). Numerous efforts have been devoted to obtaining a fundamental understanding of the
membrane fouling mechanisms (Le-Clech et al., 2006) that is essential for the development
of effective fouling control technologies. It is generally believed that the deposition of a
fouling (cake or gel) layer on the membrane surface is the major form of membrane fouling
during MBR operation (Chu and Li, 2005; Wang et al., 2007). A number of foulants have
been identified that would be responsible for the fouling layer formation, including biomass
sludge (Defrance et al., 2000), the extracellular polymeric substances (EPS) in sludge
(Nagaoka et al., 1996; Drews et al., 2006), soluble microbial products (SMP) and other forms
of organic matter in the liquid phase (Rosenberger et al., 2006; Liang et al., 2007). Therefore,
the roles played by different foulants, and their interactions in membrane fouling during
MBR operation, however, still require investigation.

The supernatant of the MBR sludge mixture has been found to have a consistently
higher organic concentration than the effluent from the MBR (Shin and Kang, 2003; Holakoo

et al., 2006). It is therefore believed that the organic materials in the sludge suspension
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contribute significantly to the development of membrane fouling (Judd, 2006; Ng et al., 2006;
Rosenberger et al., 2006; Liang et al., 2007). Studies have further indicated that biopolymer
clusters (BPCs) are one of the primary foulants in the MBR system (Wang et al., 2007; Sun et
al., 2008; Wang and Li, 2008). BPCs are formed by the clustering of SMP and loose EPS in
the sludge cake. BPCs are much larger in size than SMP, and they differ from bacterial flocs
in that they are composed of few microorganisms. It has become clear that the difference in
organic concentration between the supernatant of the MBR sludge and its permeate effluent is
due to the retention of BPCs by membrane filtration. Meanwhile, BPC formation and
accumulation in turn would cause serious membrane fouling during MBR operation (Sun et
al., 2010b). However, the role played by BPCs in fouling layer formation and its effect on
membrane permeability remain to be determined.

Detailed examination of the fouling layer structure on the membrane surface is greatly
needed for better understanding of the MBR fouling mechanisms and the interactions of
different foulants during the fouling process. Such examination is also extremely important to
the development of more effective membrane fouling alleviation strategies. For example, a
further increase in shear intensity may not be effective for membrane fouling reduction if the
top layers of the sludge cake contribute little to its filtration resistance. Similarly, the
commonly applied back-flushing technique (Wu et al., 2008) may have a low degree of
effectiveness if BPCs accumulate mainly at the bottom of the sludge cake and cover the
membrane surface. Chemical cleaning from the permeate side may be more effective in this
case (Chang et al., 2002). The advanced microscopic techniques used to date to examine
foulants and fouling layers, including scanning electron microscopy (SEM), confocal laser
scanning microscopy (CLSM) and atomic force microscopy (AFM), are unsatisfactory.
Conventional SEM examination requires samples to undergo dehydration followed by sputter

coating (Miura et al., 2007), whereas samples for CLSM must be stained using specific
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fluorescent dyes before observation (Chu and Li, 2005; Hwang et al., 2008). As the foulants
are highly hydrated, porous and soft, the SEM sample pretreatment steps can cause the
significant deformation, or even collapse, of the structure and morphology of the foulants and
fouling layers (Fig. 1a and 1b). AFM scan requests little sample treatment and the images can
have a fairly high resolution. This, however, is the case only for rather hard surfaces. The
AFM images of the fouling layers on membrane are usually blurry owing to the soft nature of
the foultants (Huisman et al., 2000; Martinez et al., 2000; Song et al., 2004). Moreover, AFM
as a surface scanning technique is apparently not suitable for examination of thick sludge
cake layers, as is also the case for CLSM. In the latter, the free dyes may remain in the cake,
and the fouling layers may produce false images that are difficult to discern.

Environmental SEM (ESEM, or, more generally, variable-pressure SEM) is another
technique employed for the direct observation of highly hydrated samples including fouling
layers (Le-Clech et al., 2007), but requires no dehydration and sputter coating steps.
Omission of the dehydration step allows preservation of the sample contents and structure.
However, the maximum magnification possible for ESEM observations at room temperature
could be restricted, being determined by the limitation of the useful specimen distance, which
may lead to a loss of specimen details. Thus, most ESEM images of the fouling layers on the
membrane surface look rather blurry (Le-Clech et al., 2007). The other problem for ESEM is
the specimen dehydration resulted from water evaporation at room temperature in the low-
pressure (one to several hundred Pa) specimen chamber, which often leads to significant
sample shrinkage and structure deformation. This problem is more severe for highly hydrated
specimens, as is the case for the gel and/or cake layers responsible for membrane fouling (Fig.
1c and 1d). However, both the magnification and resolution can be significantly improved

and the specimen dehydration can be greatly minimized if the specimen is cryogenically
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fixed and maintained frozen on the cold stage during ESEM examinations (Santiwong et al.,
2009; Wang and Waite, 2009).

In this study, the flash freezing technique with liquid nitrogen coupled with ESEM
examination was adopted for the first time to examine the shape and structure of the MBR
foulants and fouling layers. In view of the known role of BPCs in membrane fouling, focuses
were placed on the characterisation of the fouling properties of BPCs and determination of
the spatial distribution of BPCs in the sludge cake layer. The findings would provide

important insight into the mechanisms of membrane fouling in MBRs.

2. Materials and methods

2.1. Sludge and BPC samples

The sludge and BPC samples were obtained from a submerged MBR that had been in
stable operation for more than 4 yr (Sun et al., 2010b). A 0.2 m? polyethylene hollow-fibre
membrane module was immersed in the cuboid plexiglass reactor, which had a working
volume of 5 L. The feed to the reactor was a mixture of synthetic wastewater and actual
domestic sewage. The synthetic wastewater was prepared according to the basic recipe of
AEESP (2001) to supply about 90% of the organic load in the influent, and the actual sewage
was collected from a local wastewater treatment plant (Stanley Sewage Treatment Works,
Hong Kong). The influent had a total organic carbon (TOC) concentration of around 220 mg
L, and the concentration of the mixed liquor suspended solids (MLSS) in the MBR was
maintained at about 5.1 g L™. Continuous aeration was applied under the membrane module,
and an intermittent filtration mode was applied with a switch on/off ratio of 18 min/2 min for
membrane fouling minimisation. The sludge and hydraulic retention times were 20 d and 6 h,

respectively, which corresponded to a food-to-microorganism ratio of 0.125 g TOC g MLSS
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d* and a filtration flux of 0.1 m®* m?d™. The reactors were operated at room temperature (22-
25 °C), and the water temperature was 20-22 °C. The TOC concentration in the liquid
samples was determined with a TOC analyser (IL550 TOC-TN Analyzer, Lachat).

The bulk sludge (BS) was obtained directly from the MBR sludge mixture. Special
attention was paid to the cake sludge (CS) that gradually built up on the membrane during
MBR operation. When the membrane was severely fouled, as indicated by a trans-membrane
pressure (TMP) of about 80 kPa, the CS deposited on the membrane was thoroughly removed
from the membrane fibres and re-suspended in water until to a sludge concentration of about
5 g MLSS L. In addition to the CS mixture, the CS suspension was further separated by
sedimentation at 4 °C for 12 h into the CS supernatant and settled CS solids. The CS
supernatant is known to contain a high concentration of organic solutes deemed to be BPCs
(Wang et al., 2007; Lin et al., 2009). A filterability test was carried out on the four samples,
i.e., the BS mixture, CS suspension, settled CS solids and CS supernatant, to determine their
specific resistance to filtration. The filtration test was conducted using microfiltration (MF)
membrane filters (0.4 um, Osmosis) following the method that has been used by Wisniewski
and Grasmick (1998) and Wang et al. (2007). More importantly, the sludge or gel layers

deposited on the MF filters were then processed for the subsequent ESEM examination.

2.2. ESEM observation

A flash freezing technique was adopted to preserve the sludge or gel layers. This
method has been previously employed (Santiwong et al., 2008; Wang and Waite, 2008) to
examine the structure of highly porous gel layers. As stated above, resolution of the ESEM
images can also be greatly enhanced if the wet samples are fixed by freezing. Prior to ESEM
observation, each membrane filter with a wet cake or gel layer was carefully cut into 10 x 5

mm slices. The filter with the sample was then dipped in a liquid nitrogen bath for about 10 s.
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After the simple flash freezing, the sample was frozen into a fragile solid that could easily be
snapped to display a nearly flat edge or cutaway section. The sample specimen was then
placed under an ESEM (S-3400N, variable-pressure SEM, Hitachi) on a cold stage (-25 °C,
MK?2-cool stage, Deben). The sample was not conductive, and a back-scattered electron (BSE)
signal was used for imaging. In actuality, use of BSE signal is necessary to allow a high
resolution of the ESEM images. Moreover, the fouled membrane fibres were also cut off
from the MBR, and the morphology and micro-structure of the CS formed on the membrane

surface were examined using the same flash freezing-ESEM technique.

3. Results and discussion

3.1 Sludge and BPC layers

The volume and structure of the wet sludge deposition on the filter surface were well
preserved by the flash freezing method using liquid nitrogen, thus allowing the porous
structure of the deposition layer to be examined directly via ESEM. A highly porous structure
with many large pores (Fig. 2) was observed for the cake layer formed through filtration of
the BS suspension from the MBR. The size of these pores was apparently of the same
magnitude as the sludge flocs, i.e., tens of um. The packing of the sludge flocs was found to
form a sponge-like structure conducive to water passage. Such distinct ESEM images
showing the micro-structural details of the sludge cake would not be obtained with the
conventional SEM (Fig. 1a and 1b), which requires a dehydration step. In comparison to the
ESEM photos of the sludge cake taken at room temperature without prior flash freezing (Fig.
1c and 1d), the quality of the images in Fig. 2 is largely improved in terms of both resolution

and structure preservation.
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Filtration of the MBR BS suspension through the MF filter was actually fairly easy.
The filtration test showed the BS mixture to have a mass-based specific resistance of only 3.4
x 10" m kg™ (Fig. 3), which is comparable to that reported by Buyukkamaci (2004) and
Wang et al. (2007). The degree of filtration resistance remained low when a thick BS cake
layer was formed on the MF filter. It can thus be deduced that the membrane module in a
MBR would not become seriously fouled if only such a sludge cake was formed on the
membrane.

The CS mixture, in contrast, was rather difficult to filter through the MF filter. The
CS removed from the fouled membrane in the MBR displayed a much greater specific
filtration resistance, i.e., at a level of around 1.4 x 10** m kg™ (Fig. 3). The CS had a high
organic content, about 20 mg TOC g* SS, much higher than that of the MBR BS, which was
around 1 mg TOC g™ SS. The settled CS solids underwent an order of magnitude reduction in
specific filtration resistance (around 2.1 x 10" m kg™) compared to the original CS mixture.
The organic content of the CS was dissolved into the supernatant to give it a TOC
concentration of more than 40 mg L. The CS supernatant had a much lower filterability, as
it formed a gel layer on the MF filter with a specific resistance (around 1.7 x 10* m kg™)
similar to that of the CS mixture. The organic solutes in the supernatant, which are classified
as BPCs, have been recognised as an important foulant in MBR systems (Wang et al., 2007;
Sun et al., 2008). BPCs play an essential role in sludge deposition and cake layer formation
on the membrane surface during MBR operation, and they are also primarily responsible for
the great filtration resistance of the CS (Wang and Li, 2008; Lin et al., 2009; Sun et al., 2011a,
2011b).

The flash freezing treatment allows direct examination of BPCs on the filter surface
(Fig. 4). The BPC layer showed a gel appearance that is rather different from the BS observed

in Fig. 3. Despite its great filtration resistance, the gel layer formed on the MF filter was only
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a few pum in thickness. The dehydration step for common SEM observation would greatly
change the nascent structure and volume of the BPC gel layer. In contrast, as no dehydration
was involved in sample preparation, the BPC layer structure was preserved in the present
study. BPCs are in nature microgels formed by the clustering of SMP, small BPCs and loose
EPS (Wang et al., 2007; Sun et al., 2008). It is apparent that BPCs in the gel layer were inter-
connected (gelated) probably with the aid of multivalent cations (Wang and Waite, 2009). As
a result, the gel layer did not have a sponge-like porous structure. It instead had a very low
porosity at the top surface, which would effectively restrict the passage of water through the
gel layer. Moreover, it is rather difficult to dehydrate a gel, which would further account for

the extremely high specific resistance of the gel layer.

3.2 Fouling cake layer on the MBR membrane surface

The sludge cake layer on the membrane surface has been investigated in previous
studies. The influences of the operating parameters, such as filtration flux, organic loading
and sludge age, on the MBR fouling process were studied through laboratory experiments
(Wang and Li, 2008). The membrane fouling rate was found to be affected by both the
process variables and the BPC concentration in the sludge mixture. The specific filtration
resistance of the cake layer correlated well with the BPC content in the sludge cake (Wang et
al., 2007). In other words, BPC accumulation appeared to be the primary reason for the high
specific resistance of the sludge fouling layer in MBRs. Because a high hydraulic shear is
normally applied for membrane fouling control during MBR operation, massive sludge
deposition on the membrane is usually prevented if the filtration is below the critical flux
(Cho and Fane, 2002). However, an elevated shear intensity and a lower filtration flux would

favour BPC accumulation in the sludge cake (Wang et al., 2007).
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The structural detail of the cake sludge formed on the membrane fibre in the MBR
was also revealed by the ESEM images (Fig. 5a and 5b). When the membrane module was
severely fouled, the CS layer could be over 200 um thick and sometimes cover more than one
fibre. The CS layer attached to the membrane was different from the BS deposition formed
during the filtration test, as indicated by the specific resistance of the former two orders
magnitude higher than that of the latter (Fig. 3). The principal morphology of the CS fouling
layer was similar to that of the BS deposition in terms of the porous structure (porosity and
pore size). However, by a scrutiny of the ESEM images one can find that at the bottom of the
CS layer there was a thin (several um) layer that had a reticulum-like appearance with a mesh
of nodules. The above sponge-like main body formed by biomass sludge could be easily
detached while the thin layer remained attached to the membrane (Fig. 5¢ and 5d). The thin
layer was composed mainly of organic substances and apparently similar to the BPC gel layer
shown in Fig. 4.

The ESEM images also showed the BPC distribution within the CS layer to be non-
uniform, with the BPCs prone to accumulate at the bottom. Compared to CLSM images (Chu
and Li, 2005; Hwang et al., 2008), ESEM images have a higher resolution and show
structural details more clearly. The strong filtration resistance exhibited by the CS is likely
owing to the thin BPC layer, as the top sponge-like structure is fairly permeable. As organic
solutes, BPCs are sticky and flexible and can penetrate with water through the main body of
the porous sludge cake. Over the course of time, however, BPCs would become too large to
pass through the membrane, which could result in their accumulation and thus the formation
of a gel layer on the membrane surface. A small amount of BPC deposition on the membrane
would be sufficient to greatly increase its filtration resistance.

It is therefore apparent that BPC coverage of the membrane was brought about

primarily by the retention of organic materials such as SMP during MBR filtration. The
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accumulation of BPCs in the sludge cake layer would also allow the BPCs to grow in size.
The size of the BPCs in sludge cake has been found to be significantly larger than that in
MBR sludge suspension (Sun et al., 2011b). During MBR operation, in which hydraulic shear
is commonly applied, the BPCs that have not reached the membrane surface, but bind with
the sludge flocs, have a strong chance of being scoured back into the bulk suspension. Thus,
the formation of the thin BPC gel layer on the MBR membrane surface was the result of
long-term operation (e.g., several weeks). Both the ESEM images and the filtration test
showed a thin BPC layer to be sufficient to cause severe membrane fouling. BPC formation
and accumulation within the CS layer are inevitable consequences of the inherent feature of
membrane filtration during MBR operation, i.e., the retention of biomass sludge and organic

foulants, thereby leading to membrane fouling.

4. Conclusions

An effective flash freezing-ESEM technique for investigation of fouling layers has been
developed. ESEM images showed the sludge cake formed by simple filtration of the BS to be
highly porous and permeable with a sponge-like structure. Filtration of the BPC dispersion,
however, led to the formation of a gel-layer that was less porous, much less permeable and
displayed a reticulum-like appearance. The CS layer formed was found to contain a thin (< 10
pm) gel-layer under the main body of the sponge-like sludge cake, which is largely

responsible for the great specific filtration resistance of the cake layer.
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Figure Captions

Fig 1. Micrographs of the activated sludge cake layer obtained (a, b) with a conventional

Fig.

Fig.

Fig.

SEM after sample pretreatment involving dehydration and sputter coating and (c, d) with
an ESEM at room temperature without prior flash freezing. The arrow points to the
membrane filter.

2. ESEM images of (a) the cross-section and (b, c, d) detailed structure of the sludge
cake formed on a MF membrane filter through direct filtration of the suspended bulk
sludge in a MBR. The arrows point to the membrane filter.

3. Comparison of the specific filtration resistance of the cake and gel layers formed
during filtration of the MBR bulk sludge (AS mixture), the re-suspended MBR cake
sludge (CS mixture), the settled solids of the CS mixture and the CS supernatant after
settling.

4. ESEM images of a layer of BPCs retained on the MF membrane filter through
filtration of BPC dispersion, with increasing magnification from (a) to (d). The arrows

point to the membrane filter.

Fig. 5. ESEM images of (a, b) the sludge cake layer deposited on the membrane module in

the MBR and (c, d) its bottom BPC layer after removal of the main body of the sludge

cake. The arrows point to the hollow-fibre membrane.
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Fig 1. Micrographs of the activated sludge cake layer obtained (a, b) with a conventional
SEM after sample pretreatment involving dehydration and sputter coating and (c, d) with

an ESEM at room temperature without prior flash freezing. The arrow points to the

membrane filter.
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Fig. 2. ESEM images of (a) the cross-section and (b,c,d) detailed structure of the sludge cake
formed on a MF membrane filter through direct filtration of the suspended bulk sludge

from a MBR. The arrows point to the membrane filter.
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Fig. 3. Comparison of the specific filtration resistance of the cake and gel layers formed
during filtration of the MBR bulk sludge (AS mixture), the re-suspended MBR cake
sludge (CS mixture), the settled solids of the CS mixture and the CS supernatant after

settling.
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Fig. 4. ESEM images of a layer of BPCs retained on the MF membrane filter through
filtration of BPC dispersion, with increasing magnification from (a) to (d). The arrows

point to the membrane filter.
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Fig. 5. ESEM images of (a,b) the sludge cake layer deposited on the membrane module in the
MBR and (c,d) its bottom BPC layer after removal of the main body of the sludge cake.

The arrows point to the hollow-fibre membrane.
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