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A B S T R AC T

Fouling is the main obstacle in membrane fi ltration, especially in the water industries. Mem-
brane fouling by algae and its secreted extracellular polysaccharide is still an ongoing problem. 
Flux stepping microfi ltration experiments of Chlorella Sorokiniana were carried out using Direct 
Observation Through Membrane (DOTM) equipment. The trend of extracellular polysaccharide 
(EPS) transmission during micro-fi ltration of Chlorella Sorokiniana was found to be dependent 
on fl ux as well as crossfl ow velocity (CFV). Increases in fl ux during fl ux stepping experiments 
generally resulted in an initial increase in transmission of EPS through the membrane. Further 
increases in fl ux, however led to unexpected results. At low crossfl ow velocity, EPS transmis-
sion did not vary signifi cantly with fl ux. At higher crossfl ow velocity, EPS transmission initially 
increased as fl ux increased however the transmission then reduced as fl ux was increased to 
higher values. Interestingly, EPS concentration in the permeate was much higher than that of the 
feed supernatant at higher crossfl ow velocities. This implies that Cp >Cb, or negative retention, 
therefore the effect of concentration polarisation alone of solutes in the supernatant cannot be 
used to explain this phenomena. Furthermore EPS transmission through Anopore membranes 
was unexpectedly higher for the 0.1 μm membrane than for the 0.2 μm membrane. PVDF, with 
its broader pore size distribution and interconnected pores, resulted in greater amounts of EPS 
transmission than Anopore membranes of the same 0.2 μm pore size. These phenomena could 
result from the changes in the structure and composition of the concentration polarization layer 
especially near the pore entrances and from shear within the system which may act to remove 
some of the gelatinous sheath around the cells. The effects due to shear within the system are 
highlighted here. In order to relate the effect of shear and basic polymeric transport to EPS trans-
mission through membrane pores, a brief review of transport of a polymer through a pore is pre-
sented. From this a rationalisation of observations on the deposition and removal mechanisms 
of algal cells (a physical model of interaction of algae and EPS with the membrane) as seen using 
DOTM is proposed.
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1. Introduction

Membrane technology is very attractive in today’s 
world as it often offers not only a potentially more 
economic but also an environmental friendly solution 
compared to more established technologies. Membrane 
usage is particularly important in the water industries. 
However fouling and cleaning of membranes is still an 
important issue. The presence of algae in natural water 
is a major obstacle in membrane operations as it results 
in an increase in transmembrane pressure (TMP) or a 
decrease in fl ux (J) [1]. In desalination processes, foul-
ing of microfi ltration and ultrafi tration membranes dur-
ing seawater pretreatment is more pronounced during 
algae bloom [2]. In some cases, after an algae bloom, it 
is necessary for the membranes to be taken off-line and 
cleaned [2]. The deposition of algal cells on the mem-
brane surface results in an increase in operating costs 
[1]. Many studies of algal fi ltration have been made, 
but their fouling mechanism has not been well under-
stood. Understanding the nature and characteristics of 
the algae is crucial as this is the key to the interpretation 
of the results.

The algae used here are fresh water algae, Chlorella 
Sorokiniana, as it is one of the genus that represents 
green algae which are commonly found in natural 
water [3]. Similar to many other macromolecules, they 
secrete extracellular polysaccharides (EPS). Members 
of the Chlorella genus usually inhabit a hydrosphere. 
The hydrosphere around the algal cells is also known 
as the sheath, it is believed that the substance is pro-
duced in order to aid symbiotic association as well as 
absorption of metal ions. Generally, the sheath pro-
duced in microalgae leads to aggregation of cells in 
aquatic systems [4]. It provides an intermediate role for 
communication of cells in symbiotic association which 
promotes algal growth by creating a suitable habitat 
[4−6]. For Chlorella Sorokiniana IAM C212, a polysac-
charide gel is produced as a sheath under photoauto-
trophic conditions. Chlorella Sorokiniana was seen to 
have both adherence to its symbionts and were bound 
together through the sheath produced [7]. The sheath 
of Chlorella Sorokiniana consisted of a metal and algal 
photosynthate [4]. Although some information regard-
ing the symbiotic association is available, symbionts of 
Chlorella as well as relationships between microalgal 
sheath and symbiosis are not clearly identifi ed.

The composition of the mucilage sheath or extra-
cellular polymeric saccharide has been found to 
consist of a variation of saccharides generated as pho-
tosynthetic metabolites, divalent cations contained in 
the culture medium, as well as proteins, lipids and 
inorganic ash [4]. A picture of the sheath matrix pro-
duced by Chlorella Sorokiniana is shown in Fig. 1. 
The EPS characteristic and productivity are affected 

by metal cations [4]. Chlorella Sorokiniana sheath can 
be increased by introduction of calcium chloride solu-
tion which results in cofl occulation of the algae and 
the associated symbiotic bacteria [4]. The precipita-
tion/sedimentation of gelatinous saccharides was 
found to increase as the concentration of calcium and 
strontium chlorides increased. However with addi-
tion of NaCl, KCl, or MgCl2, no saccharide precipi-
tation was observed even though Mg2+ is the major 
metal ion component in the sheath. This may be “due 
to differences in the affi nity between the secreted sac-
charide and the metal ions [4]”. Alginate gelation was 
infl uenced differently by different types of metal ions. 
The amount of sheath produced increased, and the 
cells were fl occulated in the gelatinous sheath. The 
saccharide concentration in the broth decreased, but 
this decrease is equivalent to the quantity of gelled 
saccharides adhering to the algal cells [4].

It has been hypothesised that amelioration of foul-
ing can be achieved through the use of operations 
and transient shear for example crossflow velocity 
and air-sparging. Nevertheless for some cases such 
as MBRs, it has been reported that too larger a cross-
flow velocity and/or too higher an aeration rate can 
lead to higher overall resistances and a greater por-
tion of irreversible fouling [8]. For algae filtration, 
it is known that the EPS secreted is responsible for 
severe membrane fouling. The specific cake resis-
tance of membranes in Chlorella algae filtration has 

Fig. 1. Sheath matrix produced by Chlorella Sorokiniana 
IAM-212 (a) C. Sorokiniana (b) sheath. Reproduced with 
permission [6].
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been found to relate directly to the amount of extra-
cellular organic matter within the feed [9]. Moreover, 
Babel et al. found that the developed cake resistance 
did not vary with the membrane materials used [10]. 
Chiou et al. compared filtration of 3 algae species, 
and the species which has the highest amount of EPS 
fouled the membranes most severely [11]. There are a 
few studies on shear and algae filtration. Crossflow 
filtration was believed to result in better performance 
than dead end filtration [12]. The effect of shear on 
the feed stock prior to algae microfiltration and ultra-
filtration have also been observed [2]. As expected, 
pre-shear samples with higher EPS substances led to 
higher membrane fouling [2]. Several algae fouling 
mitigation techniques have been used, these include 
coagulation and preozonation [13]. Nevertheless, the 
formation of a more compact cake as a result of the 
coagulants may lead to a higher fouling rate as found 
in bacterial floc microfiltration [14].

Greater understanding of the foulant behaviour is 
required for fouling mitigation. The use of direct obser-
vation through membrane (DOTM) system, allows 
a non-invasive optical observation of the foulant on 
the membrane surface. The optical images were used 
together with TMP to observe membrane fouling of 
Chlorella Sorokiniana. Understanding the transmis-
sion of polysaccharides by the membranes is of impor-
tance in many applications including desalination and 
MBR operations. A brief review of transport of polymer 
through pore and a rationalisation of visual observation 
are included with this paper as they help explaining the 
fouling phenomena.

2 . Experimental (materials and methods)

2.1. Feed

Pure culture of Chlorella Sorokiniana was obtained 
from American Type Culture Collection (ATCC). The 
algae were cultured in photoautotrophic condition at 
room temperature in a photobioreactor of 3 l working 
volume. During cultivation, a mixture of carbon diox-
ide gas and air of volume ratio 3:100 was introduced 
into the system to maintain optimal growth. Harvesting 
of the algae was done at approximately 14 days where 
algal concentration is at its maximum. Upon harvesting, 
concentration was found to be approximately 2 g dry 
weight/l. Dry weight together with calibration curves 
relating algae concentration-UV absorbance was carried 
out. UV spectrophotometer (UV-1800, Shimadzu UV 
Spectrophotometer) was set to measure the absorbance 
at various wavelengths. Measurements at 490 nm were 
used for analysis. Diluted algal mixtures were then used 
as feed to the fi ltration cell.

2.2. Crossfl ow membrane fi ltration unit

A schematic drawing of the DOTM fi ltration process 
is shown in Fig. 2. The DOTM cross-fl ow fi ltration cell 
consists of a conventional crossfl ow cell that is made of 
Perspex with a glass viewing window. An optical micro-
scope, Axiolab, Zeiss, was used to focus through the back 
of the membrane, and images of the membrane skin on 
the feed side were periodically captured by colour video 
camera, JVC, TK-C921BEG. These images were captured 
using Image pro plus software, and the same software was 
used for image analysis. Magnifi cation of 10x was found 
to produce clear images for image analysis. The trans-
parent membranes used for image analysis experiments 
were Anopore fl at sheet membrane from Whatman.
This setup is a modifi ed version of the DOTM set up 
used by Li et al. [15].

The setting of the crossfl ow fi ltration cell is upside 
down so that settling of the feed material on to the mem-
brane due to gravity is avoided. The inlet, outlet, and the 
permeate were connected with identical pressure trans-
ducers (Model 206, Cole Palmer). Crossfl ow velocity
was generated by a gear pump (Gear pump drive, Cole 
Palmer). A peristaltic pump (Minipuls3, Gilson) was 
connected at the permeate side to control fl ux. An elec-
tronic balance (Model PL4002, Mettler Toledo) was used 
to measure the permeate. These data are feed to a PC 
via a datalogging system using Labview software. The 
feed was continuously stirred at 500 rpm by a mag-
netic stirrer bar with magnetic coupling generated by a 
Barnstead Cimarec Digital Hot Plate Stirrer (Barnstead/
Thermolyne).

Deionised water was used throughout, and was 
prepared by a MilliQ system with 0.22 μm Millipak 
express. Prior to starting each experiment, the system 
was fl ushed thoroughly with deionised water for at least 
half an hour.

Fig. 2. Schematic drawing of DOTM.
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For each experiment, a new membrane sheet was 
used, and its initial water permeability was measured. 
All experiments operated using recirculation. For analy-
sis of Organic content, a small sample was collected from 
the feed tank at the beginning and the end of each fl ux 
stepping. The permeate was also collected separately 
for each 17.5 min period. Flux-Transmembrane pressure 
measurements were recorded every 10 s.

2.3. The membrane

Anopore 0.2 μm, 0.1 μm and PVDF 0.2 μm membranes 
were used in these experiments. Anopore is a aluminium 
oxide membrane with precise, non-deformable, highly 
controlled, uniform capillary structure ‘with no lateral 
crossovers between individual pores’ [16,17]. The contact 
angles of Anopore and PVDF membranes measured using 
the sessile drop technique (DataPhysics OCA-series) are 
9.5−10.2° and 28−30° respectively. The pore size distri-
bution of the Anopore membrane is narrow, whilst the 
PVDF membrane showed a broad distribution. This was 
done using (CFP-1500A, Porous Materials, Inc.) [18].

2.3.1. Membrane sheet preparation

Each membrane is mounted between 150 gsm A4 
paper. Holes are cut in the paper and the circular disk is 
glued between two sheets; the glue also prevents water 
penetration. This approach accommodates a circular 
disk in a rectangular cell and also provides the mem-
brane area with stable fl ow and minimizes entrance 
effects which would otherwise give rise to unstable 
fl ow. The arrangement is the typical technique used for 
DOTM [15]. Blank test membrane sheets (without mem-
brane) were tested to confi rm that the surface was not 
permeable to water or damaged by the fl ow even at the 
highest crossfl ow velocity used for the experiments for 
the limited time used. The membrane sheet was also 
tested by soaking in water overnight as well as testing it 
rigorously in the test cell.

This system appeared to work well although for 
long term experiments and at high crossfl ow velocity,
an indentation became visible near the feed inlet of 
the membrane sheet. However, because the distance 
between the Anopore membrane and this indentation 
was large, the effect on membrane fi ltration was consid-
ered minimal.

2.4. Suspension analysis

An UV spectrophotometer (UV-1800, Shimadzu UV 
Spectrophotometer) was used to relate algae concentra-
tion to UV absorbance. A linear relationship between 

these occurred for the dilution range used for the 
experiments. Algae concentration of the feed tank was 
measured every 17.5 min via the above method. As the 
membrane pore sizes of 0.2 and 0.1 μm are much smaller 
than the size of the algae (around 3 μm), none of the algal 
cells were presented on the permeate side. At the dilu-
tions used in the experiments the viscosity of the algae 
solution did not deviate noticeably from that of water.

Particle size distribution was measured using Par-
ticle analyzer (Mastersizer 2000, Malvern, UK). Fig. 3 
shows particle size distribution (as number %) of algae 
diluted with deionised water.

2.4.1. Measurement of extracellular polysaccharide and 
organic content

The feed samples were concentrated by refrigerated 
centrifuge (Sorvall Legend Mach 1.6R, Thermo scientifi c) 
at 4000 rpm at 4°C for 10 min. The fl uid was removed 
and labelled as supernatant. The pellet remaining was 
extracted via a chemical method. 0.6 ml of 8.5 wt.% NaCl 
and 0.22 wt.% formaldehyde solution and 4.4 ml of 
deionised water were added to 10 ml samples and this 
mixture was incubated at 4°C for one hour. After that 0.4 
ml of 1.0 M NaOH and 4.6 ml of deionised water were 
added. A further incubation period of 3 h was required. 
After the extraction procedure had been completed, the 
solution was transferred to 2 ml centrifuge tubes and 
was centrifuged at 13200 rpm at 4°C for 20 min (CT15E 
Series, Hitashi Koki Co. Ltd). The extracted liquid was 
labelled as pellet extractant.

Supernatant, extraction from the pellets, as well as 
the permeate sample of each fl ux step were then anal-
ysed using the following methods.

2.4.2. Colorimetric determination of polysaccharide 
concentration (EPS-Polysaccharide)

Measurements of Polysaccharides of the collected 
samples were analysed using the Sulphuric-Phenol 
method (Dubois method). This was done by addition 

Fig. 3. Particle size distribution of Chlorella Sorokiniana 
measured using Mastersizer 2000.
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of 1 ml 5 wt.% phenol solution and 5 ml of concen-
trated sulphuric acid (H2SO4) to 2 ml of analyte and 
mix well. After 10 min of reaction time, UV absor-
bance of the analyte was carried out at 492 nm. The 
UV absorbance was found to be proportional to the 
total carbohydrate concentration within the solution 
(Glucose equivalent).

2.4.3. Colorimetric determination of protein c oncentration 
(EPS-Protein)

BCA Protein assay kit for protein assay using Bicin-
choninic acid (Product number 23225, Thermo Scien-
tifi c) was used. BCA Protein assay Reagent A was used 
together with BCA Protein assay Reagent B, at A:B ratio 
of 50:1. The solution was added into the supernatant, 
the pellets extractant and the permeate sample at a ratio 
of 20 to 1 (2 ml of BCA working solution per 0.1 ml
of analyte. These solutions were incubated at room 
temperature for exactly 120 min then UV absorbance 
was measured at 562 nm by UV spectrophotometer 
(UV-1800, Shimadzu UV Spectrophotometer). The UV 
absorbance relates to the concentration of proteins 
within the solution (BSA equivalent).

2.4.4. Measurement of total organic carbon

Measurement of total organic carbon (TOC) of the 
supernatant solutions and the permeate samples from 
each fl ux step were carried out using Total organic car-
bon analyser ( TOC-V CSH, Shimadzhu ). Prior to the 
measurement, each sample was fi ltered through a 0.45 
μm syringe fi lter (Acrodisc syringe fi lter, Pall) to assure 
that particle size within the solution was below the 
machine’s threshold limit.

2.5. Analysis of transmembrane pressure

Due to a large amount of noise in the data, and 
for additional accuracy of data analysis, a different 
approach to the conventional way used in membrane 
fi ltration was employed. A signal processing tech-
nique, the Savitzky-Golay fi lter smoothing method 
(OriginLab), was used to remove noise from the raw 
data signal. Savitzky-Golay is a polynomial regression 
which reveals the data smoothed values while the peak 
height and width is preserved [19]. Transmembrane 
pressure fl ux curves were shifted to the same starting 
point. From the TMP-J data average transmembrane 
pressure and average fl ux for each fl ux step were plot-
ted. Rate of increase of transmembrane pressure was 
then revealed. In this way, the overview of transmem-
brane pressure and the rise in transmembrane pres-
sure at each fl ux step for various systems can be easily 
compared.

3. Results and discussion

Flux-stepping crossfl ow fi ltration of Chlorella Soro-
kiniana was carried out at subcritical and supercritical 
fl ux of the algal cells. TMP-J data was used together with 
DOTM image analysis to reveal algal depositions on the 
membrane surface. Crossfl ow velocities were set at three 
levels 0.107, 0.175, and 0.237 m/s. Higher crossfl ow 
velocities lead to lower algal deposition on the mem-
brane surface for both subcritical and supercritical fl ux 
experiments. However for subcritcal fl ux experiments, 
the TMP were higher at higher crossfl ow velocities than 
at lower crossfl ow velocities. Further experiments were 
then carried out to observe this with EPS and TOC of 
the feed and the permeate being monitored throughout. 
The effect of membrane pore size and membrane type 
on EPS transmission was also observed and discussed 
in this paper.

3.1. Effect of crossfl ow velocity

3.1.1. TMP trends and coverage results

Experiments were carried out to observe the behav-
iour of algae at supercritical fl uxes of the algae. As 
expected, higher crossfl ow velocity lead to higher 
removal of algal cells and resulted in less deposition 
of algal cells on the membrane. As shown in Fig. 4, the 
deviation of average transmembrane pressure against 
fl ux from that of the clean water values was less signifi -
cant at high crossfl ow velocity. This result is supported 
by DOTM images; higher crossfl ow velocities resulted 
in slower and less deposition of the algal cells on the 
membrane surface compared with that at lower cross-
fl ow velocity. For crossfl ow operation, it is believed that 

Fig. 4. Transmembrane pressure against fl ux for 29 mg/l 
algae solution at different crossfl ow velocities when fl ux 
stepping started from above the critical fl ux of the algal cells.
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the effect of shear induced diffusion reduces deposition 
of the solutes as shear increases and this was observed 
with the use of DOTM.

However when the starting fl ux of the fl ux step-
ping was reduced to a subcritical level, an opposite 
effect of crossfl ow velocity was found as shown in Fig. 
5). S urprisingly, the TMP is higher at a given fl ux for the 
higher CFV. Interestingly the deviation of average trans-
membrane pressure against fl ux from clean water values 
was less at low the crossfl ow velocity. For low crossfl ow 
velocity, algal cell deposition increased dramatically as the 
fl ux was increased above 50 lmh. For both crossfl ow veloc-
ities of 0.107 m/s and 0.175 m/s, transmembrane pressure 
data alone failed to detect these signifi cant increases on 
the membrane surface. This is due to the limited ability of 
transmembrane pressure data to sense algal cell deposi-
tion on the membrane surface as initially it does not result 
in signifi cant changes in overall permeability.

With data from image analysis of the membrane sur-
face (shown in Fig. 6) it is evident that at 0.237 m/s the 
algal coverage was negligible. Therefore, it could be con-
cluded that the deviation of transmembrane pressure 
from clean water values was due to other substances 
(EPS) within the feed solution, and not just the algal cells 
themselves. Further experiments were then carried out 
to explore these phenomena.

The algae used for further experiments was from a 
different batch, but was grown at the same conditions. 
Using data analysis, the pattern of behaviour of aver-
age transmembrane pressure iterated by fl ux stepping 
were very similar for each crossfl ow velocity. Similar 
trends were shown throughout for all the crossfl ow 
velocity values. At higher fl uxes, the rate of increase 
of t ransmembrane pressure increased. The analysis 

of organic content of both the permeate and the feed 
revealed a more intriguing observation which is the 
main focus of this paper.

3.1.2. Analysis of organic content

EPS-Polysaccharides (Carbohydrate content) EPS-
Polysaccharide content of the feed remained relatively 
constant. The supernatants had values of around 2 ppm 
whilst the pellets had values in the range 6−8 ppm. EPS- 
protein was also measured throughout; however its 
concentration was negligible or was below the detection 
limit.

Fig. 7 shows permeate EPS vs fl ux at different cross-
fl ows. As crossfl ow velocity increased, the peak of poly-
saccharide content in the permeate shifts towards the 
left, from a fl ux of around 180 lmh to 116 lmh at crossfl ow 
velocity of 0.175 m/s and 0.237 m/s respectively. The 
peak value has also become more noticeable at crossfl ow 
velocity of 0.175 m/s and 0.237 m/s than at 0.107 m/s. 
This indicates that, during the fl ux stepping, as fl ux 
increases, greater amounts of EPS-polysaccharide were 
caused to penetrate through the membrane. There exists 
a fl ux at which the penetration of EPS is a maximum. 
After this fl ux, the concentration of EPS-polysaccharide 
in the permeate reduces. This could be due to fouling 
within the membrane pores by EPS.

EPS-polysaccharide concentration of the collected 
permeate eventually became higher than the concen-
tration of EPS-Polysaccharide in the supernatant (feed 
solution), but it is still lower than EPS-Polysaccharide 
concentration extracted from the pellets. For the solu-
tion, this implies that Cp>Cb which disagrees with the 
conventional fi ltration equation. Also the concentration 

Fig. 5. Transmembrane pressure against fl ux for 29 mg/l 
algae solution at different crossfl ow velocities when fl ux 
stepping started from below critical fl ux for the algal cells.

Fig. 6. Fractional membrane coverage by the algal cells 
against time for 29 mg/l algae solution at different crossfl ow 
velocities when fl ux stepping started from below the critical 
fl ux of the algal cells.
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polarisation equation yields Cw = (Cb−Cp)*; exp(j/k) + 
Cp, which implies lower concentration at the membrane 
surface as mass transfer coeffi cient increases as a result 
of higher crossfl ow velocity. In principle the sources of 
this extra amount of EPS-Polysaccharide in the perme-
ate are: (i) the EPS of the supernatant of the feed solution 
accumulating on the membrane surface, or (ii) the EPS 
from the sheath surrounding the algal cells, or (iii) extra 
EPS released by the algal cells due to stress experienced 
at the membrane surface or some combination of these.

3.1.3. TOC and IC

Most feed concentrations had an inorganic carbon 
concentration of 0.15+/−0.05 mg per mg of algae. For all 
conditions, Total Organic Carbon content of the perme-
ate was much higher than that of the feed solution. A 
trend of transmission can be seen, nevertheless a clear 
explanation of the trend cannot be made.

Information from TOC content indicates that there 
is a possibility of retained carbon content on the mem-
brane surface at the second fl ux stepping at all crossfl ow 
velocities. This retained carbon content could be EPS 
molecules resulting from accumulation of the cake on 
the membrane surface or within the membrane pore. It is 
hypothesized that as fl ux increased, local fl uxes became 
high enough to disturb the retained solutes, resulting in 
more small solutes passing through the membrane pores; 
hence increased values would be detected in the perme-
ate. As fl ux increased further, the resulting EPS-Polysac-
charide and TOC content reduced. One possibility of this 
is that the membrane became more fouled as a result of 
accumulated solutes prior to that stepping. One possibil-
ity is that at this point, the fl ux is above the critical fl ux of 
the algal cells, and the fouling mechanism due to external 
pore blocking by the algal cells has started to take place.

3.2. Effect of membrane pore size

The trend of average transmembrane pressure 
against fl ux of fi ltration of algae at CFV of 0.107 m/s 

using 0.1 μm and 0.2 μm Anopore membranes were very 
similar. However analysis of organic content revealed 
interesting differences as shown in Figs. 8 and 9.
 With 0.1 μm, EPS-Polysaccharide concentration of the 
permeate at different fl uxes was found to remain low, 
however it was slightly higher than the EPS concentra-
tion of the feed supernatant. The peak values of TOC 
remained at a fl ux of 100 lmh for both 0.1 μm and 0.2 
μ m. It can be seen clearly in Figs. 8 and 9 that both 
the EPS and TOC content in the permeate were much 
higher than that in the feed. Also this effect was much 
more pronounced at all fl uxes for the 0.1 μm membrane, 
the smaller pore size membrane, than for the 0.2 μm 
membrane.

3.3. Effect of membrane type

For PVDF membranes, very similar transmembrane 
pressure trends to those of the Anopore membrane of 

Fig. 7. EPS-Polysaccharide of the permeate at different crossfl ow velocities.

Fig. 8. Carbohydrate content or EPS (ppm) in the permeate 
from Anopore membranes with pore size 0.1 μm and 0.2 μm 
for algae solution at 29 mg/l at CFV of 0.107 m/s.
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the same pore size was found. However, PVDF, with its 
broader pore size distribution and interconnected pores, 
resulted in considerably more EPS and TOC transmis-
sion. The EPS-Polysaccharide transmission was high 
even at low fl uxes, and the values are much higher than 
the EPS content of the feed. The trend of EPS-Polysac-
charide concentration was similar to TOC content trend. 
Decreasing values of EPS-Polysaccharide and TOC con-
centration could imply that the membrane was fouled, 
therefore less of the organic particles could pass through. 
These results are illustrated by Figs. (10−12).

It was found that there is a possible relationship 
between the transition fl ux (defi ned as the fl ux at which 
a TMP jump occurs and sometimes defi ned by others as 

the critical fl ux) and shear stress experienced by biopoly-
mer molecules. When an EPS molecule is subject to high 
shear, the molecule elongates and its crossectional area is 
reduced. The stretched EPS molecules could then enter 
the membrane pores more easily. The expectation would 
be that at the same fl ux, EPS-content of the permeate 
would be greater at higher crossfl ow velocities and this 
was proven to be the case. Stretching of EPS molecules 
during crossfl ow fi ltration could also occur near the 
mouth of the pores where the change in fl uid velocity is 
higher, and except at the highest fl uxes, the EPS content 

Fig. 9. Total organic carbon (mg per mg of algae) in the per-
meate and in the feed supernatant with Anopore membranes 
of pore size 0.1 μm and 0.2 μm. Operation at CFV of 0.107 m/s 
with algae solution at 29 mg/l.

Fig. 10. Transmembrane pressure against fl ux for algae solu-
tion at 29 mg/l for Anopore and PVDF 0.2 μm membrane at 
CFV of 0.107 m/s.

Fig. 11. EPS Polysaccharide in the permeate for Anopore and 
PVDF 0.2 μm membrane at CFV of 0.107 m/s.

Fig. 12. Total organic carbon (mg per mg of algae) in the per-
meate (closed symbols) and in the feed supernatant (open 
symbols) with Anopore and PVDF 0.2 μm membranes. 
Operation at CFV of 0.107 m/s with algae concentration of 
29 mg/l.
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of the permeate does indeed increase with fl ux. From the 
review of a polymeric molecule transport through pore 
which will follow, one could conclude that upon enter-
ing the pore, a polymeric molecule is stretched and the 
conformation of the molecule within the pore depends 
not only on the pore diameter, but also the pore length 
and the length of the molecules. Along the pore length, 
there exists a pressure gradient which relates directly to 
the shape of viscoelastic molecules. With higher shear 
near the pore entrance and lower shear deeper in the 
pore, the molecule can more easily return from cigar-like 
conformation to a deformed conformation which can 
then cause internal pore fouling.

The transport of another fl exible biopolymer, DNA, 
through fi ltration membranes has also been studied. 
Transmission of DNA was found to increase as DNA size 
decreases [20]. Elongation or deformation of DNA due 
to shear led to higher transmission at higher transmem-
brane pressure, and the DNA transmission was found 
to be highest for the smallest molecules [20−22]. Flux-
dependent transmission of supercoiled plasmid DNA 
through ultrafi ltration membranes has also been found 
[23]. With different nominal molecular weight cut-offs, 
the plasmid sieving coeffi cient “increased from zero to 
nearly one” as fl ux increases. Elongation of DNA, shear 
deformation, and concentration polarization were con-
sidered, “fl ow-induced elongation or deformation” was 
found to be crucial. However, in their studies, shear on 
the feed side, i.e., the stirring speed, was found not to 
infl uence DNA transmission. It is possible that the stir-
ring in their system failed to provide suffi cient energy 
for pre-deformation of the DNA molecules. Further 
studies are needed if a general conclusion is to be made.

Another mechanism that could be responsible for 
higher transmission of EPS at higher crossfl ow velocity 
could be the mechanically simulated hindered trans-
port through the gel layer on the membrane surface, 
nevertheless, this mechanism alone cannot explain the 
fl ux dependent transport. Concentration polarisation 
leads to deposition of viscoelastic molecules on the 
membrane. The gel structure, which is not a uniform 
structure as local shear close to pores is higher than else-
where, depends upon the hydrodynamic conditions of 
the system. Deposited EPS on the membrane surface 
can be viewed as a dynamic hydrogel with a structure 
which varies signifi cantly with the micro environment. 
A polymeric gel consists of a solid network in a fl uid 
phase. In the equilibrium state, hydrostatic forces and 
osmotic pressures (fl uid phase forces) balance the elastic 
response of the polymer chains. When an equilibrium is 
disturbed, the polymeric network is deformed and the 
fl uid is redistributed. This largely determines the macro-
scopic mechanical behaviour of these systems [24]. The 
transport of macromolecules within polymeric gels is 

due to the dynamic equilibrium between matrix defor-
mation, fl uid pressure, and interstitial velocity, as well as 
the mechanical environment [24]. Mechanical deforma-
tion of a polymeric gel matrix can lead to the convective 
transport of macromolecules due to simple mechanical 
stimulation even without the presence of concentration 
gradients [24]. Periodic mechanical loading enhanced 
transport has also been found [25]. These studies were 
performed using relatively stable hydrogels whilst the 
present work involved a diluter system albeit one that 
may have a highly deformable dynamic gel layer next to 
a fi ltration surface. It has been reported that a membrane 
fi ltration model based on the viscosity dependency of 
the mass transfer coeffi cient which might well explain 
the sharp increase in TMP at higher fl uxes but this does 
not offer an explanation for the changes in the permeate 
concentration [26].

3.4. Transport of a polymeric molecules

Many polymers are known for their shear thinning 
properties which could lead to higher transmission 
through the membrane at different shear stresses. A 
brief review on the transport of a polymeric molecules 
is presented here because this can be used to explain the 
shear dependent transmission of fl exible molecules. The 
review starts by outlining the mechanism of a polymer 
chain entering the pore, being confi ned, then ejected.

In macromolecule studies, the mechanism of poly-
meric molecules entering a narrow channel has been 
studied. A polymer is known to change its conformation 
upon entering a narrow path. As a polymer becomes 
confi ned, its conformation changes. It starts by align-
ing its longest axis along the channel axis without much 
extension along the channel. This is followed by paral-
lel expansion of polymer along the channel. Afterwards, 
the chain conformation within the channel changes to 
that of a random coil [27]. Upon entering the pore where 
the polymer’s radius of gyration in bulk solution is 
equal or larger than the pore radius, then a portion of 
the chain is strongly stretched (known as stem), and the 
remaining rests just outside the pore (known as crown) 
[28]. This fl ower conformation occurs when the centre 
of mass is approximately one radius of gyration from 
the pore mouth. Once the centre of mass of the chain is 
positioned at twice the chain’s radius of gyration inside 
the pore, the chain will change from fl ower conforma-
tion to a new conformation (deformed coil), see Fig. 13 
[28]. During this process, there exists an immediate suc-
tion of the crown fraction into the pore when the chain 
reaches a certain distance into the pore [29]. In the case 
where adsorption of monomer onto the pore wall and 
the outer surface occurs, the crown is adsorbed on the 
surface and the stem becomes less stretched [28]. The 
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results were not affected even with mild monomer-wall 
attractive interactions [28].

However, at suffi ciently low concentrations in the 
solution exterior to the channel, the chains fi nd it dif-
fi cult to enter the channel. However at higher concentra-
tions, the polymer characteristic length decreases in the 
exterior. When the characteristic length becomes smaller 
than the pore diameter; polymer chains will rush into 
the channel (weak-to-strong penetration transition) [27].

The transport of the molecules through the pore var-
ies with not only its gyration radius, but also the pore 
diameter, pore length, and most importantly the relative 
length of polymer to the length of pore. In a confi nement 
of two opposing walls of a piston, relation between the 
escape width and polymer length and piston radius has 
been found [28]. This is because the fl ower conforma-
tion plays an important part in the ejection of polymeric 
molecules from the pore. The behaviour of a polymer 
molecule within a pore is not well understood despite 
intensive research during the past decades [30]. The 
polymer residence time was found to increase and then 
decrease with molecular weight of the polymer, never-
theless above a threshold value, further increase in resi-
dence time was not observed [31]. It was concluded that 
when the polymer is relatively large in comparison to 
the pore size, “the out-of-the-pore part of the molecule 
pulls on the trapped part, thus acting as an entropic 
spring” [31]. The ejection kinetics of the case where the 
polymer is fully confi ned within the pore and partially 
confi ned with a fraction of a chain outside the pore are 
very different [30]. The simple diffusion of the molecules 
along the tube is responsible for the former.

Fig. 13. “Snapshots of various degrees of polymer penetra-
tion ϕ: (A) bulk, (B) ϕ = 28%, (C) ϕ = 42%, (D) ϕ = 89%, (E) 
bulk pore”. Reproduced with permission [28].

Flow in microfl uidic devices especially those involv-
ing extension are considered to be different to those in 
macroscale channels [32]. The effect of elastic properties 
even in low viscosity aqueous polymer solution (2−3 
mPas) has been seen in high speed processes [32]. Unsta-
ble streamlines along the depth of the channel contain-
ing 0.1−0.5% PAA in water have been visualised [32]. 
In fl ow visualisation of low concentration PEO through 
polydimethylsiloxane (PDMS), sharp features at the 
contraction entrance, coupled with the fl uid elasticity 
leads to growth of vortices upstream, and suppression 
of those downstream [32]. Deposition of PEO material 
was observed on the surface near the contraction throat. 
The deposited material was asymmetric and led to 
asymmetric fl ow [32]. The suppression of downstream 
vortices could be due to kinetic energy being absorbed 
by the polymer molecules during their deformation 
along the channel length. This is supported by observa-
tions on pressure drop. As polymer chains reach their 
fi nite extensibility limit, further pressure drop was not 
observed, and polymer chains act as a highly anisotro-
pic viscous fl uid [32]. The hindrance effect of polymer 
mobility by chain-chain interaction can be present at 
high concentrations [32]. At higher polymer concentra-
tions, the critical deformation rate becomes lower and 
the magnitude of the increase in the extensional viscos-
ity increases [33].

3.5. Rationalisation of visual observation of algae deposition 
and removal on membrane surface

With the use of DOTM, deposition and removal 
mechanism of algal cells can be visually observed. 
A schematic picture describing a possible transport 
of EPS through the membrane is shown in Fig. 14. 
Now consider when the algal cells, surrounded by 
its EPS sheath, come into contact with the membrane 
surface. If the tangential shear exceeds the adhesion 
force (EPS-membrane adhesion force), then the algae 
will be lifted away from the membrane surface. If the 
tangential shear is less than the adhesion force, the 
algae will stick to the membrane until tangential shear 
exceeds the EPS molecule-molecule linkage force 
causing tearing of the sheath. The algae will then be 
released from the sheath and rolled out. Also if the 
local fl ux, especially the local fl ux near to the depos-
ited algae is higher than critical shear of the EPS, then 
the EPS will be deformed and pass through the pores 
leaving the algae with a reduced adhesion force to the 
membrane. After this, whether the algal cell will get 
stuck to a neighbouring part of the membrane surface 
depends on the remaining amount of EPS in the sur-
rounding algal cells. If the algal cell is still surrounded 
by an s uffi cient amount of remaining sheath, the algae 
removal process will repeat until the tangential shear 
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exceeds the adhesion force or lead to the release of 
the cell from its sheath. Nevertheless, further observa-
tions, and testing of permeate must be carried out to 
confi rm this hypothesis.

In the case where the algae have aged, and when salt 
concentration of the feed was altered, especially with 
CaCl2 addition, agglomeration of the EPS around the 
algae occurred. It was visible through a microscope that 
the EPS deposition on the membranes became thicker 
and larger. The EPS were visually observed to be more 
abundant and tear less easily, leading to lower algal 
removal from the membrane surface as well as thicker 
formation of the algal cell layer on the membrane sur-
face. It was also found that lowering concentration of 
the algae is not always benefi cial.

Many MBRs have been studied and one of the inter-
esting fi ndings is that fouling resistance is caused by 
mostly loosely bound EPS rather than tightly bound 
EPS [8]. Although it has been observed that tightly 
bound EPS is responsible for high fi ltration resistance, 

the fi ltration resistance in mixed suspension is con-
trolled by loosely bound EPS fraction [34]. This fi ts well 
with our rationalisation.

It has been suggested in discussion with others that 
higher fl uxes increase concentration polarisation and 
that this is the cause of higher transmission. Whilst for a 
fi xed intrinsic separation factor this is true, the key obser-
vation that we have sought to explain is the increase in 
transmission at high crossfl ow velocities as compared to 
that at lower crossfl ow velocities. Focusing upon con-
centration polarisation does not explain this; indeed 
increases in crossfl ow velocity will lead to a decreased 
concentration polarisation adjacent to the surface.

4. Conclusion

Experiments has been carried out on the fi ltration of 
Chlorella Sorokiniana. The results showed that transport 
of EPS through microfi ltration membranes is affected 
by both the permeate fl ux and the crossfl ow velocity. 

Fig. 14. Interaction of algae and EPS with membrane: Physical model to rationalise observation.



P. Pongpairoj et al. / Desalination and Water Treatment 35 (2011) 138–149 149

Unlike many previous results for other macromolecules, 
increased crossfl ow velocity resulted in higher transmis-
sion of EPS at the same fl ux, as well as a higher rate of 
increase of transmembrane pressure. Several mecha-
nisms have been considered and a rationalisation of 
observations has been made. There is a possibility that 
for fi ltration of biopolymers or similar feed molecules, 
fouling can be linked to a macromolecule’s critical shear. 
Rheological properties of a sample feed could be exam-
ined in order to calculate the most suitable fi ltration con-
ditions for the feed.
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