Effect of Shear Patterns and EPS on
Fouling in Microfiltration

‘%-x{%
MI
|

s
e

—
NA
10

Pharima Pongpairoj
Lady Margaret Hall

A thesis submitted for the degree of Doctor of Philosophy

Department of Engineering Science, University of Oxford

Hilary term 2013



The candidate confirms that the work submitted is her own and that appropriate
credit has been given where reference has been made to the work of others. This
copy has been supplied on the understanding that it is copyright material and that

no quotation from the thesis may be published without proper acknowledgement.

(©) 2013 The University of Oxford and Pharima Pongpairoj

i



Effect of Shear Patterns and EPS on
Fouling in Microfiltration

Pharima Pongpairoj

Lady Margaret Hall, University of Oxford

Thesis submitted for the Degree of Doctor of Philosophy in Engineering Science
Hilary term 2013

Abstract

Concentration polarisation and fouling reduce performance as well as increase
costs. In order to mitigate these effects, understanding the cause and effects of these
phenomena is crucial. It has been hypothesized, and to a certain extent shown, that
amelioration of fouling can be achieved through the use of time varying shear for
example use of air-sparging or sharp changes in crossflow velocity. Nevertheless the
effect of shear on membrane fouling, in particular its effect on the foulant deposition
and the transmission of small molecules in microfiltration, is not well understood.

The goal of this project was to achieve an understanding of various foulant be-
haviour. The work was divided into two parts. Firstly, the observations of fouling
by freshwater algae, Chlorella Sorokiniana, were carried out at Nanyang Technolo-
gical University, Singapore. Observations using macroscopic parameters were ex-
amined with an optical non-invasive observation technique called Direct Observa-
tion Through Membrane (DOTM). The result yielded a novel relationship between
operating flux, crossflow velocity and transmission of extracellular polysaccharide.
Interestingly shear was shown to have positive as well as negative effects on fouling
of microfiltration membrane. The analysis of permeate has clearly shown that a
maximisation of shear rate was not ideal.

The second part was concerned with observations of the effect of shear patterns
on membrane fouling using newly fabricated special membrane filtration cell, Direct
Shear Stress Test Cell (DSSTC), designed to fit an Anton Paar rheometer and op-
erate at constant flux. Unlike the-constant-shear-filtration cells, one could impose a
very wide variety of shear regimes including intermittent sharp changes of direction
and sinusoidal oscillations in the DSSTC. The effect of shear patterns on transmis-
sion and fouling of a model polysaccharide (Dextran Blue) through microfiltration
membranes was carried out at various conditions. Again, the results showed that
the maximisation of shear rate was not ideal. The effect of shear patterns and EPS
on fouling by yeast suspension was also studied using the DSSTC. The benefit of
oscillatory shear is foulant dependent. For example, square wave oscillatory shear
led to lower relative fouling for yeast EPS, but it resulted in higher relative fouling
for unwashed yeast.

il



Acknowledgements

Firstly, I would like to thank my supervisors, Professors Robert Field and Zhanfeng
Cui. T have worked closely with Prof. Robert Field, and I cannot thank him enough
for his input to the project, his patient guidance, and his valuable advice. He has
assisted me greatly, and his open-mindedness has allowed me to explore researches in
a different dimension which made my DPhil an interesting and enjoyable experience.
I am also very grateful for Prof. Zhanfeng Cui’s advices and suggestions. He has
provided valuable guidance and insight.

Secondly, I would like to thank Professors Anthony Fane, Robert Field, and Wang
Rong for providing me the opportunity to carry out part of my research at SMTC,
NTU, Singapore. During my visits, my special thanks go to Dr. Filicia Wikicaksana
who introduced me to DOTM equipment. I would also like to thank all my friends
and colleages at SMTC especially Thiengi Aung for cultivating the algae.

Thirdly, I would like to thank all my departmental colleages, especially Dr. Alex
Lubansky for his advice and friendship, as well as Dr. Cathy Ye, and Dr. Julian
George. The DSSTC module would not exist without several Oxford technicians.
To my knowledge these include Graham, Steve and Garry who are all thanked. I
very much appreciate Xiafu Shi and Aimee Guha Roy for their help and supports.
To Xiafu Shi in particular, I am very grateful for his assistance when things went
wrong.

Lastly, I owe a lot of gratitute to my family, who have been very supportive. Many
friends who have made my DPhil a very enjoyable time. I am extremely grateful to
Dr. Songpol Chuenkhum for his invaluable advices throughout my time at Oxford. I
really appreciate Flight Lieutenant Eddleston, Lisa Cheowtirakul, and Dr. Graciana
for their supports and advices. I would like to take the opportunity to thank my
other friends and colleagues including Sylvestre Burgos, Jin lee, Julian David Hunt,
and Miroslawa Alunowska Figueroa for motivation, support and friendship.

v



B 1L M

& Mus



Contents

Abstract iii
Acknowledgements iv
List of Figures 1
List of Tables 11
Nomenclature 13
1 Introduction 21
1.1 Background . . . . . ... 21

1.2 Objectives . . . . . . . 23
1.3 Structure of the thesis . . . . . . . ... .. ... ... 24

2 Literature Review 25
2.1 Membrane separation processes . . . . . . ... ... 25
2.2 Membrane modules . . . . . ... ... L 25
2.3 Operation of membrane processes . . . . . . . . . . . ... ... ... 27
2.3.1 Driving force in membrane separation process . . . . . . . .. 27

2.3.2 Modellingof flux . . . ... .. ... ... 28

2.4 Membrane fouling . . . . .. ..o 32
2.4.1 Factors affecting membrane fouling . . . . .. ... ... ... 35

242 Foulants . . . . ..o 35

vi



Contents

2.4.3 Resistance model . . . . .. ..o 39
2.4.4 C(Classic modes of fouling . . . . . ... ... ... ... ... 40
24.5 Critical flux . . . . . ... 42
2.5 Monitoring of membrane fouling . . . . ... ... ... ... ... A7
2.5.1 Invasive and non-invasive techniques . . . . . . ... ... .. 48
2.5.2  Optical and non-optical techniques. . . . .. ... ... ... 49
2.6 Fouling amelioration . . . . . . .. .. ... oL L0 50
2.6.1 Membrane modification . . . . ... ... L. 52
2.6.2 Enhancement of hydrodynamics . . . ... .. ... .. ... 54
2.6.3 Shear quantification in various systems . . . . . .. ... ... 63
2.6.4 Transport of polymeric molecules through membranes . . . . . 66
2.7 SUummary ... ... 69
Study of Fouling in Microfiltration of Algae using DOTM 71
3.1 Imtroduction . . . . . . . ... 72
3.2 Materials and methods . . . . . . . ... ... 76
3.2.1 Direct Observation Through Membrane . . . . . . . . ... .. 76
3.2.2 Materials . . . ... 82
3.2.3 Analysis for algae suspension . . . . ... ... ... ... 84
3.2.4 Analysis of transmembrane pressure . . . .. ... ... ... 85
3.2.5 Analysis of DOTM images® . . . ... ... .. ........ 87
3.2.6 Comparisons between shear rate for DOTM . . ... .. ... 87
3.3 Results and discussion . . . . ... ..o 89
3.3.1 Effect of crossflow velocities . . . . . ... .. ... ... ... 91
3.3.2 Effect of feed concentration . . . . ... ... ... .. 101
3.3.3 Effect of air bubbling . . . . ... ... ... 106
3.3.4 Effect of salt addition . . . ... ... ... ... 108
3.4 Summary ... 109

vil



Contents

4 Transmission of EPS and Fouling in Microfiltration 111
4.1 Materials and methods . . . . . . . . ... ... L. 111

4.1.1 Measurement of Extracellular Polysaccharide and Organic con-

tent ..o oL 112

4.1.2  Measurement of Total Organic Carbon . . . . . . ... .. .. 114
4.1.3 Extracellular polysaccharide classification and definition . . . 114

4.2 Results and discussion . . . .. .. ..o 115
4.2.1 Effect of crossflow velocities . . . . . . ... .. ... ... .. 116
4.2.2 Effect of salt addition . . . . . . ... ..o 119
4.2.3 Effect of membrane type . . . . . .. ..o 121
4.2.4 Effect of Membrane pore size . . . . .. ... ... ... ... 124

4.3 Discussion and conclusion . . . .. .. ... .. 0oL 125
4.3.1 Summary of findings . . . . .. ... ... 125

4.3.2 Rationalisation of visual observation of algae deposition and

removal on membrane surface. . . . . . .. ... ... .. 130
4.3.3 Discussion . . . . . ... 132
4.3.4 Conclusion . . . . . . . . 136

5 Effect of Shear Patterns on Transmission and Fouling of Dextran Blue

through Microfiltration Membranes 137
5.1 Imtroduction . . . . . . ... 138
5.2 Direct Shear Stress Test Cell (DSSTC) . . . ... .. ... ... ... 140
5.2.1 Direct Shear Stress Test cells . . .. ... ... ... .. ... 141
5.2.2  Theoretical design . . . . . ... ..o 145
5.2.3 Characterisation of mass transfer and shear in DSSTC . . . . 145
5.3 Experimental set-up and operational issues. . . . . . ... ... ... 151
5.4 Materials and methods . . . . . . ... ... oL 152
5.4.1 Experimental procedure . . . . . ... ... 152
5.4.2 Membranes . . . . .. ... 154

viil



Contents

5.4.3 Feed suspensions . . . . . ... ... L
5.4.4 Analysis of fouling . . . . ... ... ... L.
5.5 Results. . . . . .
5.5.1 Effect of permeate flux and accumulated permeate volume on
Dextran Blue fouling and permeation . . . . . . .. .. .. ..
5.5.2  Effect of plate rotational speed on membrane fouling and trans-
MISSION . . . . . . L
5.5.3 Effect of time varying shear on fouling and transmission
5.5.4 Effect of shear on membrane irreversible fouling . . . . . . ..
5.5.5  Effect of intermittency of shear on fouling and transmission of
membrane. . . . ... L.
5.5.6  Effect of NaCl on Dextran Blue microfiltration . . . . . . . ..
5.6 Discussion . . . . . . ..
5.6.1 Comparison between the influence of displacement amplitude
and frequency during Sinusoidal operation . . . . .. .. . ..
5.6.2 Comparisons between the influence of square wave and sinus-
oidal wave. . . . . ...
5.7 Concluding remarks . . . . . .. ... oo
5.7.1  Summary . . .. ...

5.7.2  Numerical summary of optimal conditions for each shear pat-

Effect of Shear Patterns and EPS on Yeast Microfiltration

6.1 Introduction . . . . . . . . . ... ..

6.2 Materials and methods . . . . . . . .. ...
6.2.1 Feed suspension . . . . . ... ... L

6.2.2 Analysis of fouling . . ... ... ... 0oL

1X



Contents

6.3 Results

6.3.1

6.3.2

6.3.3

6.3.4

The influence of different shear patterns on microfiltration of
yeast EPS . . . . .o
The influence of different shear patterns on microfiltration of
washed yeast . . . . . . ... L
The influence of different shear patterns on microfiltration of
unwashed yeast . . . . . ... ... L
Comparison of fouling by yeast EPS, washed yeast suspension

and unwashed yeast suspension . . . ... ... ... ... ..

6.4 Discussion . . . . . ..

7 Conclusions and Future Work

7.1 Concluding remarks . . . . . . . .. ..o o

7.1.1
7.1.2

Microfiltration of microalgae using DOTM . . . ... ... ..

Effect of shear on fouling in Microfiltration using DSSTC . . .

7.2 Future work . . . . ..

Bibliography

226
226
226
228
231

233



List of Figures

1.1

2.1
2.2
2.3

24

2.5
2.6
2.7
2.8
2.9
2.10

2.11
2.12
2.13

3.1
3.2
3.3

Fouling mitigation methods . . . . . . . . . ... ... .. ... ... 22
Transmembrane pressure in crossflow . . . . . .. ... ... ... .. 27
Solute and solvent transport . . . . . . . .. ... ... ... .. ... 27

Generalized correlation between operating parameters and flux, in-
dicating the areas of pressure control and mass transfer control . . . . 28

Concentration polarisation; concentration polarisation profile under

steady-state conditions . . . . . . ... oo 31
Effect of fouling and concentration polarization on flux . . . . . . .. 33
Fouling mechanisms of porous membranes . . . . ... ... ... .. 41
Strong and weak form of critical lux . . . . ... ... .. ... ... 45
Improving membrane performance by buffles and inserts . . . . . .. 56
Schematic drawing of rotating membrane systems . . . . . . . .. .. 59

Bubble induced secondary flow and enhancement of permeate flux

using pulsatile low . . . . . ... L oo 61
Principle of back-flushing . . . . . . ... ... ... 0L 61
Schematic pictures of typical membrane filtration modules. . . . . . . 63
Snapshots of various degrees of polymer penetration . . ... .. .. 67
Sheath matrix produced by Chlorella Sorokiniana . . . . . . . . . .. 74
Schematic drawing of DOTM . . . . . . ... ... .. ... ..... 77
Experimental set-up of DOTM . . . . . . .. ... ... ... .. ... 78



List of Figures

3.4
3.5
3.6
3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

Openview of DOTM filtration module . . . . . ... ... .. .. ... 78
Top part of filtration modules and membrane supports . . . . . . .. 80
Unassembled DOTM module . . . . . .. .. ... ... ... ..... 81
Particle size distribution of Chlorella Sorokiniana measured using

Mastersizer 2000 . . . . . .. 85

TMP against flux and dTMP /dt against flux during microfiltration

of 3pm latex particles suspension . . . . .. .. ... 92
Fractional coverage of latex particles on membrane surface . . . . . . 92
TMP against flux and fraction of membrane coverage by the algae

cells at different crossflow velocities during microfiltration of algal
suspension: SET-A. . . .. ... 94
Initial and 5-15th minute rate of increase of transmembrane pressure
against flux for 29mg/L algae solution at different crossflow velocities

when flux stepping started from above critical flux for the algae cells:

TMP against flux and fraction of membrane coverage by the algae
cells at different crossflow velocities during microfiltration of 14.5mg/L
algal suspension . . . . . . ..o 97
TMP against flux for 29mg/L algal solution at different crossflow
velocities when flux stepping started from below critical flux for the
algae cells: SET-B. . . . . .. . ... o 98
Initial (0-5th) and 5-15th minute rate of increase of transmembrane
pressure against flux for 29mg/L algae solution at different crossflow
velocities when flux stepping started from below critical flux for the
algae cells: SET-B. . . . . .. ... oo 99
Fractional membrane coverage by the algae cells against time for
29mg/L algae solution at different crossflow velocities when flux step-

ping started from below crtical flux for the algae cells: SET-B. . . . . 100



List of Figures

3.16
3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

Rate of increase of membrane fractional coverage (per minute) . . . . 100
TMP against flux, and fraction of membrane coverage by the algae
cells against time for algae solution at different dilutions at CFV
0.1lm/s when flux stepping started from above critical flux for the
algae cells: SET-A. . . . . .. . . 102
TMP against flux and fraction of membrane coverage by the algae
cells against time flux for algal solution at different dilutions at CF'V

of 0.1m/s when flux stepping started from below critical flux for the

algae cells: SET-B. . . . . . . ... oo 103
Rate of increase of fractional membrane coverage against flux for dif-
ferent algal concentration: SET-B . . . . . ... ... ... ... ... 103
Transmembrane Pressure against flux and fraction of membrane cov-

erage by the algae cells against time for algae solution at different di-
lutions at CFV 0.24m /s when flux stepping started from above critical
flux for the algae cells: SET-A. . . . ... ... ... .. ... .... 104
TMP against flux and fraction of membrane coverage by the algae
cells against time for algae solution at different dilutions at CFV
0.24m/s when flux stepping started from below critical flux for the
algae cells: SET-B. . . . . . ... oo 105
TMP against flux and dTMP /dt against flux for algae solution at 29
mg/L with and without bubbling at CFV 0.1m/s when flux stepping
started from above critical flux for the algae cells. . . . . . ... .. 106
Fractional coverage by the algae cells against time for algae solution
at 29 mg/L with and without bubbling at CFV 0.1m/s when flux
stepping started from above critical flux for the algae cells. . . . . . . 107
TMP against flux, and fractional membrane coverage by the algae
cells against time at CFV 0.1m/s when flux stepping started from

above critical flux for the algae cells. . . . .. .. ... ... .. ... 108



List of Figures

4.1

4.2

4.3
4.4

4.5

4.6

4.7

4.8

4.9

Diagram showing processes of suspension analysis of EPS and organic

Comparison of microalgae deposition at various fluxes and crossflow
velocities . . . ...
EPS-polysaccharide of the permeate at different crossflow velocities. .
TOC (per mg of algae) of the permeate and the feed supernatant at
different crossflow velocities . . . . . . . .. ..o
TMP against flux and initial and 5-15th minute rate of increase of
transmembrane pressure against flux for algal solution at 29 mg/L
with and without addition of CaCly at CFV 0.1m/s when flux step-
ping started from below critical flux for the algae cells. . . . . . . ..
Total Organic Carbon (mg per mg of algae) of the permeate and
the feed supernatant for algae solution at 29 mg/L with and without
addition of CaCly at CFV 0.1m/s when flux stepping started from
below critical flux for the algae cells. . . . . . .. ... .. ... ...
Transmembrane Pressure against flux for 29mg/L algal suspensiom
for Anopore and PVDF membranes at CFV 0.1m/s. . . . ... ..
Extracellular polysaccharide in the permeate, and Total Organic Car-
bon in the permeate and in the feed supernatant for Anopore and

PVDF 0.2pm membranes at CFV of 0.1m/s with algal concentration

Extracellular polysaccharide in the permeate, and TOC in the per-
meate and in the feed supernatant for Anopore 0.1 and 0.2pm mem-

branes at CFV of 0.1m/s with algal concentration of 29 mg/L.

4.10 Algal interactions with membrane surface: Attachment mechanism . .

4.11 Algal interactions with membrane surface: Detachment mechanism

4.12 Algal interactions with membrane surface: Multilayer deposition . . .

5.1

Schematic of filtration system . . . . . . ... ... ...



List of Figures

5.2
9.3

5.4

2.5
2.6

5.7
5.8

5.9
5.10

0.11

5.12

5.13

5.14

5.15

5.16

Open view of the DSSTC filtration module. . . . . . . ... ... .. 144

Radial dimensions of permeate channels of the DSSTC filtration mod-

Mass transfer co-efficient at different plate rotational speed for differ-
ent DSSTC channels. . . . . . .. ... ... ... ... ... ... 148
Pressure due to plate rotational speed at the centre of each channel . 149
Local shear rate for laminar flow range calculated at the centre of
each channel . . . . . . . . ... o 150
Experimental set-up and membranes after an experiment . . . . . . . 151

Proposed flow patterns near base of a stirred tank and expected net

tangential flow direction during filtration using DSSTC . . . . . . .. 151
Schematic of transmembrane pressure measurement . . . . . . . . .. 152
Diagram showing the first and second state of fouling during micro-
filtration . . . . . ... 156
Chapter outline . . . . . . . . . .. ... ... .. 158
Effect of accumulated permeate volume on transmembrane pressure

(TMP) at different permeate channels for microfiltration of Dextran
Blue solution . . . . . . . ... o 159
Channel by channel comparisons of influence of permeate flux of 71
LMH and 101 LMH on TMP at various accumulated permeate volumes160
Average permeate concentration and variance of permeate concentra-
tion during Dextran Blue filtration at constant permeate flux of 71
and 101 LMH . . . . ... .. 161
Effect of radial position on overall d-TMP /dt for one hour microfiltra~
tion of Dextran Blue solution at zero rotational shear at 71 and 101
LMH. . . . 162
Effect of plate rotational speed on normalised dTMP /dt during first

and second state of fouling at constant flux of 71 LMH . . . . . . .. 164



List of Figures

5.17

0.18

5.19

5.20

0.21

5.22

0.23

0.24

0.25

5.26

5.27

Effect of plate rotational speed on normalised dTMP /dt during 60

minute filtration period of microfiltration of Dextran Blue at constant

flux of 7L LMH . . . . . .. .o 165
Effect of plate rotational speed on normalised dTMP /dt during the
first and second state of fouling at constant flux of 101 LMH . . . . . 166
Normalised rate of increase of transmembrane pressure at various

plate rotational speeds for 0.5g/L Dextran Blue 2000 at 101 LMH for

during 60 minute filtration period . . . . . . .. ... 168
Effect of plate rotational speed on normalised observed transmission
of Dextran Blue microfiltration at constant flux of 71 LMH . . . . . 168
Effect of plate rotational speed on normalised observed transmission
of Dextran Blue microfiltration at constant flux of 101 LMH . . . . . 169
Effect of frequency of shear in Sinusoidal wave motion on normalised
dTMP /dt during the first and second state of fouling . . . . . .. .. 171
Effect of frequency of shear in Sinusoidal wave motion on normalised

dTMP /dt of Dextran Blue microfiltration at constant flux of 71 LMH 171
Effect of frequency of shear in Sinusoidal wave motion on normalised
observed transmission of Dextran Blue microfiltration at constant flux
of 7T LMH . . . . . . 172
Effect of displacement amplitude of shear in Sinusoidal wave motion
on normalised dTMP /dt during the first and second state of fouling
of Dextran Blue microfiltration at constant flux of 71 LMH . . . . . 173
Effect of displacement amplitude of shear in Sinusoidal wave motion
on normalised dTMP/dt during Dextran Blue microfiltration at con-
stant flux of Y1 LMH . . . . . . .. ... oo 173
Effect of displacement amplitude of shear in Sinusoidal wave motion
on normalised observed transmission during Dextran Blue microfiltra-

tion at constant lux of 71 LMH . . . . . . . . ... ... .. 174



List of Figures

0.28

5.29

9.30

5.31

5.32

2.33

5.34

2.3

9.36

Effect of displacement amplitude of shear in square wave motion on
normalised dTMP/dt during the first and second state of fouling of
Dextran Blue microfiltration at constant flux of 71 LMH . . . . . .. 175
Effect of displacement amplitude of shear in square wave motion on
normalised dTMP /dt during Dextran Blue microfiltration at constant
flux of 7L LMH . . . . . .. oo 175
Effect of displacement amplitude of shear in square wave motion on
normalised observed transmission during Dextran Blue microfiltration
at constant lux of TLLMH . . . . . . . .. ... 176
Effect of plate rotational speed during microfiltration on membrane
irreversible fouling ratio (IFRR) at 71 LMH and 101 LMH for different
membrane channels . . .. ..o 177
Effect of displacement amplitude and frequency of plate rotation in
Sinusoidal operation on IFRR during microfiltration on membrane

irreversible fouling resistance ratio (IFRR) at constant flux of 71 LMH

...................................... 178
Effect of displacement amplitude of plate rotation in Square wave
operation on IFRR during microfiltration on membrane irreversible
fouling ratio (IFRR) at constant flux of 71 LMH . . . . . . . . .. .. 179
TMP profile during filtration with intermittent steady shear of 5 and
840 rpm with intermittent interval of 300s . . . . . . . ... ... .. 181
Effect of high plate rotational speed during intermittent low-high
steady shear on normalised average dTMP /dt at different membrane
channels . . . . . . .. 182
Effect of high plate rotational speed during intermittent low-high
steady shear on normalised observed transmission at different mem-
brane channels . . . . . ... oo 183



List of Figures

5.37

2.38
5.39

5.40

5.41

5.42

0.43

0.44

5.45

5.46

5.47

Effect of high plate rotational speed during intermittent low-high
steady shear on irreversible fouling resistance ratio (IFRR) at dif-
ferent membrane channels . . . . .. ... 183
Normalised second dTMP/dt at different membrane channels. . . . . 184
Effect of steady shear without and with periodic sharp change in
direction on irreversible fouling resistance ratio (IFRR) at different
membrane channels . . . . ... .00 L0000 185
Plate rotational speed against operating time at different intermittent
interval (8) . . . . . ... 186
Effect of intermittent low-and-high steady shear at intermittent inter-
val of 120s on transmembrane pressure at different membrane channels186
Effect of intermittent interval (s) during intermittent low-and-high
steady shear on normalised dTMP /dt at different membrane channels. 187
Effect of intermittent interval (s) during intermittent low-and-high
steady shear on normalised observed transmission at different mem-
brane channels. . . . . . . ... oo 187
Effect of intermittent interval (s) during intermittent low-and-high
steady shear on irreversible fouling resistance ratio (IFRR) at different
membrane channels . . . . . ... 000000 188
Comparison between normalised irreversible fouling of membrane for
filtration under zero rotational shear when different feed and proced-
ure were used . ... .. Lo 191
Comparison between normalised irreversible fouling of membrane for
filtration under steady shear of 840rpm when different feed and pro-
cedure were used . . . . ..o 192
Comparison between irreversible fouling resistance ratio (IFRR) at

840rpm when different feed and procedure were used. . . . . . . . .. 192



List of Figures

0.48

5.49

5.50

2.51

5.52

2.53

6.1

6.2

6.3
6.4

6.5

6.6
6.7

6.8

6.9

Effect of AFR on rate of increase of transmembrane pressure at chan-
nel 3and 4 . . . . ... 193
The influence of AFR on observed transmission at different radial
POSItION. . . . . . L. 194
Effect of sinusoidal and square wave mode of operation on membrane
normalised dTMP /dt at various amplitudes. . . . . . . .. ... ... 195
Variance of dTMP/dt across channels for Sinusoidal and square wave
operation. . . . . . ... 196
Effect of displacement amplitude of shear in Sinusoidal and square
wave mode of operation on irreversible portion of membrane fouling . 197
Normalised observed transmission against NdTMP /dt of optimum

values obtained with various shear patterns as shown in Table 5.9. . . 200

Effect of different shear patterns on normalised fouling resistance of
membranes with flux during microfiltration of yeast EPS. . . . . . . 208
Fouling resistance ratio (FRR) of yeast EPS suspension during flux
stepping experiment under various shear conditions . . . . . . . . .. 211
Variance Ry for microfiltration of yeast EPS suspension . . . . . .. 212
Normalised resistance (Ry) during flux stepping microfiltration of
washed yeast cells as feed. . . . . . . .. ..o 213
Fouling resistance ratio (FRR) of washed yeast suspension during flux
stepping experiment under various shear conditions . . . . . .. . .. 215
Variance of Ry for microfiltration of washed yeast suspension . . . . 216
Normalised resistance (Rpy) during flux stepping microfiltration of
unwashed yeast cells as feed. . . . . . . ... 217
Fouling resistance ratio (FRR) of unwashed yeast suspension during
flux stepping experiment under various shear conditions . . . . . . . . 218

Variance of Ry for microfiltration of unwashed yeast suspension . . . 219



List of Figures

6.10 Comparison of normalised fouling resistance by yeast EPS, washed
yeast suspension and unwashed yeast suspension under different shear

patterns . . . . . .. 220

7.1 Alteration of rheometer plate to allow retentate channel . . . . . . . . 231

10



List of Tables

2.1

2.2
2.3
24
2.5
2.6
2.7

3.1
3.2
3.3

3.4

3.5

3.6

3.7

3.8

Comparison between Microfiltration, Ultrafiltration, Nanofiltration
and Reverse Osmosis . . . . . . .. .. .. ... ... ... ...
Advantages and disadvantages of different type of filtration module
Summary of constant flux pressure equations, part 1. . . . . . . . ..
Summary of constant flux pressure equations, part 2. . . . . . . . ..
Definitions of critical lux. . . . . . . . ... ...
Back transport mechanism for particles in different size range

Shear rate for the three types of rotating dynamic filtration systems .

Modified ATCC medium 616 (BG-11) . . . . ... ... ... ... ..
Work distributions . . . . ...
Wall shear rate calculated using rectangular die and slit die approx-
imation at different crossflow velocities for DOTM module . . . . . .
Shear rate within the pore for Anopore membrane . . . . . ... ..
Summary of experiments . . . .. .. ..o
Critical flux and threshold flux for latex suspension at crossflow ve-
locity 0.1m/s . . . . .o
A table displaying threshold flux identified as the flux resulting in
dTMP/dt reaching 0.1kPa per minute: SET-A . . . . . .. . ... ..
Comparison of critical flux for 29mg/L Chlorella Sorokiniana by trans-

membrane pressure and by DOTM . . . ... ... ... .......

11



List of Tables

3.9 Comparison of critical flux for 29mg /L. Chlorella Sorokiniana by trans-
membrane pressure and by DOTM . . . ... ... ... .......

3.10 Threshold flux by TMP versus by DOTM . . .. ... ... .....

3.11 Apparent shear rate during crossflow microfiltration without and with

air bubbling. . . . . ...
4.1 A table summarized EPSresults . . . . . . . . .. ... ... .. ..

5.1 Empirical and theoretical correlations for mass transfer at the en-
closed fixed disc under steady shear . . . . . . . ... ... ... ...
5.2 Empirical and theoretical correlations for mass transfer at the en-
closed rotating disc under steady shear . . . . . . .. ... ... ...
5.3 Summary of terms used in determination of fouling resistance and
transmission . . . . ... Lo Lo
5.4 % Decrease in membrane average dTMP /dt and transmission as plate
velocity increases from stationary during flux of 71 LMH . . . . . ..
5.5 % Decrease in transmission and dTMP /dt for microfiltration of 0.5
g/L Dextran Blue 2000 at 101 LMH as plate rotational speed increases
from stationary . . . .. .. ..o

5.6 Summary of experiments: effect of shear intermittency . . . . . ..

5.7 Summary of normalised observed transmission and normalised dTMP /dt182

5.8 Comparisons of filtration procedures in different test conditions
5.9 Comparisons of optimum values of NdTMP/dt and normalised ob-

served transmission obtained with various shear patterns . . . . . ..

12

. 189



Nomenclature

Abbreviations

a*,b*, f Geometric constants

Ag Initial clean membrane area (m?)

A Initial clean membrane area

A, Cake area

C, Permeate concentration

CRB Bulk concentration

Cra Constant for laminar flow

Cs Solid volume concentration (kg/m?)

Cru Constant for turbulent flow

d diameter of rod shape particles

dp, Hydraulic diameter

Dy Molecular diffusion coefficient in liquid (m/s)
Dy Molecular diffusion coefficient in biofilm (m/s)
d, Spherical particles diameter
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Nomenclature

e Annular gap

F Oscillation frequency (Hz)

Jei Critical flux for irreversibility

Jes Strong form of critical flux

Jew Weak form of critical flux

Je Critical flux

kq Parameter

K. Cake blocking co-efficient

K, Standard blocking co-efficient

ka(r) Local mass transfer coefficient at a fixed surface (m/s)
ke Velocity coefficient

M, Molecular weight (Da)

Ny, Empirical parameter (ny, ng = compressibility parameters)
Py Pressure on filtrate side

P, Module inlet pressure

P,, Module outlet pressure

P, Overall transmembrane pressure

Q; Average flow rate through membrane (m?/s)

Qcryv Crossflow velocity (in volume flow rate)

r Radial position (m)
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Nomenclature

Radius of gyration

Membrane pore radius (m?)
Adsorption resistance

Cake layer resistance

Concentration polarisation resistance
Critical radius (m)

Inner cylinder radius (m)

Radius at centre of channel (m)
Radius of the stationary plate (m)
Fouling resistance (m™!)

Membrane irreversible resistance (m™!)
Inner radius of the channel

Clean membrane resistance (m™!)
Outer radius of the membrane

Outer radius of the channel

Pore blocking resistance

Membrane reversible resistance (m™—!)
Total membrane resistance (m~1)
Radius of rheometer plate (m)

Time dependent consolidation effect
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Nomenclature

Ta Taylor number

al, a2, a3, a4 Constants

C Concentration

¢ Volume of particles deposited by unit volume of filtrate
G Shear rate (at below critical shear) (s71)

H Channel height (m)

J Flux or flowrate through membrane (LMH)
k Mass transfer co-efficient (m/s)

L Channel length (m)

N Number of pores

P Pressure

Q Flow rate (m3/s)

R Membrane resistance (m™1)

rpm Revolutions per minute

S Mass fraction of particles in the feed

u Fluid velocity through membrane pore (m)
\Y Cumulative volume filtered

v Fluid velocity

W Channel width (m)

z Distance from the membrane
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Nomenclature

Greek Symbols

o Specific cake resistance(mass basis) (m/kg)

6] Compressibility parameter

) Boundary layer thickness

a Apparent shear rate (s71)

A Wall shear rate (s™1)

YLa Shear rate under laminar flow

YTu Shear rate under turbulent flow

Yol Local shear rate in laminar flow (s7')

Ywp Membrane pore wall shear rate

At Local shear rate in turbulent flow (s71)

YW Rec Wall shear rate using rectangular die approximation
YW Stit Wall shear rate using slit die approximation

Yo Concentration of particles in the feed

s Feed suspension density

A Ratio of the radius of gyration to the radius of pore
I Dynamic viscosity

s Permeate viscosity

v Fluid kinematic viscosity (m?/s)

w Disk angular velocity
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Nomenclature

Acronyms

AFM

AFR

CLSM

CPTC

DNA

DO

DOTM

DSSTC

EPS

ESEM

FESEM

FRR

A function of the variables

Shape factor

Fluid density

Clogging co-efficient (for sphericalzl.SWZjif 5> for rod-like :4%;—51&)
Shear stress at membrane wall (Pa)

Half angle of the cone

Membrane porosity (%)

Atomic Force Microscopy

The product of displacement amplitude, oscillation frequency, and ra-

dial position.

Confocal Laser Scanning Microscopy
Cone-Plate Test Cell

Deoxyribonucleic acid

Direct Observation on Hollow Fibre Membrane
Direct Observation Through Membrane

Direct Shear Stress Test Cell

Extracellular Polysaccharides

Environmental Scanning Electron Microscopy
Field Emission Scanning Electron Microscopy

Fouling Resistance Ratio

18



Nomenclature

IC Inorganic Carbon
IFRR Irreversible Fouling Resistance Ratio
Javg Average flux (LMH)

LB-EPS Loosely bound extracellular polysaccharides

LSFCM Laser scanning fluorescene confocal microscopy
MBR Membrane bioreactor

MF Microfiltration

MFCP Microfiltration Cone and Plate Test Cell

MFS Membrane Fouling Simulator

NdTMP/dt Normalised rate of increase of transmembrane pressure

NF Nanofiltration

NIL Nanoimprint lithography

NTr Normalised observed transmission
PAA Poly acrylic acid

PAC Powdered activated carbon

PEO Polyethylene Oxide

PES Polyethersulfone Membrane

PET Polyethylene Terephthalate

PIV Particle Image Velocimetry

PT Projector Technique
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Nomenclature

PVDF

RO

Sc

SEM

Sh

SIN

SQ

TB-EPS

TEM

TMPavg

TOC

USTC

UTDR

VSEP

Polyvinylidene difluoride

Reynolds number

Reverse Osmosis

Schmidt number

Scanning Electron Microscopy
Sherwood number

Sinusoidal wave

Square wave

Tightly bound extracellular polysaccharides
Transmission Electron Microscopy
Average transmembrane pressure (kPa)
Total Organic Carbon

Uniform Shear Test Cell

Ultrasonic Time Domain Reflectometry

Vibratory Shear Enhanced Processing
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1 Introduction

1.1 Background

Membrane filtration has been used widely for water purification, pharmaceutical
downstream processing, as well as in the food and other industries. Microfiltra-
tion and Ultrafiltration are particularly important for removal of chlorine-resistant
pathogens in water treatment industries. Microfiltration and Reverse Osmosis are
also used for purification for pure water production in the electronic, chemical, and
pharmaceutical industries. Other important applications of Microfiltration include
separation of “low-volume high-value” heat-sensitive feed, an example of this is yeast
cell removal from cider and wine[1].

Fouling of membranes is still an ongoing problem and is one of the main obstacles
for the future expansion of membrane filtration. Also the fouling of membranes
is costly due to increased operating costs arisen from pumping, operations under
higher pressure, and cleaning as well as the need to change the membranes. There

are several methods for fouling mitigation, this is summarised in Figure 1.1.
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Shear Unsteady shear

Hydrodynamics
Crossflow Yes No
Air-bubbling Yes Yes
Vibration / Dynamic Yes Yes
Cleaning
Backwash No No
Chemical enhanced backwash No No

Figure 1.1: Fouling mitigation methods

Membrane cleaning can contribute between 5 and 20% of the operating cost|2].
Cleaning of membrane can be done via physical cleaning, chemical cleaning or
other methods|3]|. Physical cleaning includes backwashing of membrane to remove
foulants. The use of harsh chemicals can be employed to help dislodge foulants from
the membrane surface, however it usually causes deterioration of membranes espe-
cially for polymeric ones|3]. Chemical cleaning cannot always restore the original
membrane resistance, and in some cases, it can worsen the membrane performance|2].
Moreover, in food or phamaceutical industries, special care must be taken to remove
trace elements of these chemicals.

Prevention of fouling using hydrodynamics is therefore seen as a more promising
approach, much research has been carried out in this area using various methods.
Application of shear is one of the most popular and widely used methods for re-
ducing concentration polarization and fouling. Generally, a higher mass transfer
co-efficient hence lower concentration polarisation leads to higher flux, or lower rate
of TMP increases. The use of hydrodynamic conditions to enhance mass trans-
fer co-efficient (k) in the system has been found effective. These methods include
the use of crossflow filtration module, the use of air bubbling, and vibration of the

membrane module. For these systems it is generally difficult to quantify the shear

22



CHAPTER 1. INTRODUCTION

and the imposition of various shear patterns may not be possible. For thorough
studies on the effect of shear the inclusion of the effect of shear intermittency, i.e.,
periodically alterations between the low and high shear, is desirable.

The fouling mechanism varies with foulants and the membrane used. Generally,
foulants whose size is greater than the membrane pore size lead to cake formation
on top of the membrane surface, this creates further resistance to the fluid flow.
The foulants whose size is smaller than the membrane pore tends to deposit in the
wall of the membrane pore leading to pore narrowing. For mixed suspension where
both larger-than-pore and smaller-than-pore size particles are presented together,
the situation becomes more complicated. This is because the smaller foulants can
either pass through the membrane pore or be retained within the cake of larger
foulants|[4]. Fouling by mixed foulants is therefore complex especially for the live
feed suspension. The current understanding of the effect of shear on fouling and
transmission is limited, particularly for the filtration which involves foulants with

various size and type.

1.2 Objectives

The objectives of this thesis are to gain better understanding of the fouling phe-
nomena of mixed suspension as well as to observe the influence of shear patterns
on transmission and fouling of small molecules through microfiltration membranes.
This involves the use of a readily available tool as well as design and development of
a novel tool in house for investigation of fouling phenomena under the influence of
various well defined shear conditions. The Direct Observation Through Membrane
or DOTM module (Singapore Membrane Technology Centre, Nanyang Technolo-
gical University, Singapore) serves as an optical tool for in-situ visual observation of
the deposition of particles onto the membrane surface as well as their removal. And

the Direct Shear Stress Test Cell or DSSTC provides an integrated module capable
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of generating different shear patterns necessary for thorough studies.

1.3 Structure of the thesis

Chapter 1 and Chapter 2 consist of Introduction and relevant previous literatures to
the case studies respectively. Chapter 3 is based on DOTM studies on microfiltration
of microalgae under various conditions. This chapter focuses on critical /threshold
fluxes obtained using visual observation and transmembrane pressure data. Chapter
4 is concerned with the transmission and fouling of the extracellular polysaccharide
(EPS) in algal microfiltration. The highlights of this chapter include the significance
of the level of shear and its effect on fouling and transmission of the EPS. Moreover,
the use of visual observation enables better understanding of the deposition and
removal mechanisms of a complex feed such as the algae.

DSSTC was employed in both Chapters 5 and 6. Chapter 5 concerns the effect
of various shear patterns on fouling and transmission of a model polysaccharide,
Dextran Blue. The shear patterns used include steady shear, smooth or sharp
change in oscillatory shear, as well as intermittency of shear. These enabled a
better understanding of the benefit of shear of various patterns and levels on fouling
mitigation. Chapter 6 involves comparisons between different shear patterns on
fouling by unwashed yeast suspensions, washed yeast suspensions, and yeast EPS.

Finally, Chapter 7 consists of conclusions and suggestions for future work.
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2 Literature Review

2.1 Membrane separation processes

The phrase “membrane separation process” refers to separation of two or more com-

ponents through “a semi-permeable barrier (the membrane)”[5]. The movement of

one or more species through the membrane is faster than another resulting in separa-

tion of these species[5]. The retained part of the feed is known as a retentate while a

permeate refers to the portion of feed that is transmitted through the membrane[5].

Pressure driven membrane processes can be divided into three categories based on

size, these are ultrafitration (UF), and microfiltration (MF), nanofiltration (NF),

and reverse osmosis (RO)[6]. The comparison between UF, MF, NF and RO is

summarised in table 2.1.

Microfiltration | Ultrafiltration | Nanofiltration | Reverse Osmosis
Pore size (nm) 0.1-10 0.001-0.1 0.001-0.01 0.0001-0.001
Pressure drop (kPa) 10-100 100-800 500-2000 800-8000

Table 2.1: Comparison between Microfiltration, Ultrafiltration, Nanofiltration and
Reverse Osmosis ([5]Modified)|7, §]

2.2 Membrane modules

Membrane modules can be roughly divided into two categories based on the type of

membranes. These are flat sheet and hollow fibre or tubular membrane. The flat
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sheet membranes can be incorporated into several modules, these include the three
basic modes of operation which are dead-end cell, stirred cell, and crossflow cell.
The more advance membrane modules which employ the use of shear for fouling
mitigation include dynamic membrane systems such as Vibratory Shear Enhanced
Process (VSEP)[9] and Cone-Plate Test Cell (CPTC)[10]. The main advantages
and disadvantanges of these modules are summarised in Table 2.2. Direct Shear
Stress Test Cell (DSSTC) which is newly developed as a part of this project is also

included here for comparisons.

Constant|Constant )
Module type Shear Advantages Disadvantages
flux | pressure
Hollow fibre/Tubular membrane Y Y Y Larg? memll:rane surfarl:e area.. Non-uniform pressure distribution.
Possible to introduce air-bubbling.
Flat sheet crossflow cell Y Y Y O,T.lick and feasy to set-up, equipments are N.on-.uniflorm shear profile and pressure
widely available. distribution.
Possible to introduce air-bubbling. Denting of membrane due to crossflow
Dead-end cell Y Y N Q!.Iick and feasy to set-up, equipmentsare | No shear.
widely available.
Stirred cell Y Y Y O,TJick and Fasy to set-up, equipments are |  Shear profile is non-uniform.
widely available.
Capable of generating shear in the Not possible to generate oscillatory
system. shear profile.
Y Y Y Capable of generating steady shear or Cannot directly compare the effect of
Dynamic membrane system oscillatory shear. steady shear and oscillatory shear.
(eg. VSEP, CPTC) (CPTC) | (VSEP) Uniform shear stress on membrane Alteration of feed channel height is not
surface (CPTC). possible.
Difficult to clean all components.
DSSTC Y N Y Capable of generating both steady shear Operation in constant pressure mode is
and oscillatory shear. not possible at present.
Both steady and oscillatory shear are Difficult to model feed concentration
precisely adjustable. profile.
Easy to alter channel height . Possible to
change channel height during the run.
Easy to dissemble and clean.

Table 2.2: Advantages and disadvantages of different type of filtration module
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2.3 Operation of membrane processes

2.3.1 Driving force in membrane separation process

Feed inlet_‘ \_Feed outlet

i o
Memb /
embrane Pf
l Permeate

Figure 2.1: Transmembrane pressure in crossflow (modified after [6])

. . ..// . Solute
. // . Membrane
. . . Convective solvent transport
. . Convective solute transport
. Diffusive solute transport
. E Osmotic back-pressure driven solvent transport

S %\Mmb B 5 I oifusive backransport of st

Figure 2.2: Solute and solvent transport (modified after [11])

The primarily driving forces in membrane separation include transmembrane pres-
sure (TMP), concentration or electrochemical gradient, osmotic pressure, electro-
static field. Schematic diagram is shown in Figure 2.2. Transmembrane pressure
is the main applied driving force. When TMP is applied, the solvent and solute
molecules are transported towards the membrane, mainly by bulk convection. It
can be generally illustrated by Figure 2.1.

Pip + Fop

AP = _y (2.1)

27



CHAPTER 2. LITERATURE REVIEW

where AP is transmembrane pressure, F;, is module inlet pressure, F,, is module
outlet pressure, and P is pressure on the filtrate side.

‘The solute molecules may be fully transmitted, partially transmitted or totally
retained (rejected) by the membrane’|[11]. The level of rejection is determined by
steric, hydrodynamic, thermodynamic, and electrostatic effects. Some components
in the feed are rejected by the membrane (e.g. salts in RO, proteins in UF, and cells
in MF). The rejected components will be of greater concentration adjacent to the
membrane surface. This layer of highly concentrated materials is known as mass
transfer boundary layer. This phenomena is known as concentration polarisation, it
contributes to a resistance to driving force.

In addition, back-diffusion of accumulated solutes near the membrane surface to
the bulk occurs. This is determined by the transport properties of the solutes to-
gether with the hydrodynamics on the feed side of the membrane. Electric field
can occasionally be applied externally in order to achieve a higher rate of the back-
transport of solute molecules. In some cases, electric field is also used to enhance se-

lectivity by promoting transmission of specific molecules through the membrane[11].
2.3.2 Modelling of flux

Water

Flux Higher flow rate
) Higher temperature
Lower concentration

Pressure ;/Mass-transfer
controlled /  controlled
region region

Transmembrane pressure

Figure 2.3: Generalized correlation between operating parameters and flux, indic-
ating the areas of pressure control and mass transfer control (modified
after [6])

28



CHAPTER 2. LITERATURE REVIEW

Flux in a membrane process is dependent on the cross-flow rate, temperature, feed
concentration, and transmembrane pressure, membrane pore size, and operating
time. When the system operates at low pressures, low feed concentrations, and
high feed velocities, the resulting effects of concentration polarisation are considered
minimal. At this condition, flux depends largely on transmembrane pressure, this is
known as pressure control region|[6]. On the other hand, when the system operates
at high pressures, high feed concentrations, and low feed velocities, the resulting flux
is in the mass transfer controlled region, i.e., where flux can no longer be enhanced,

or very slightly enhanced by an increase in transmembrane pressure|6].

2.3.2.1 Pressure controlled region

Hagen-Poiseuille law for streamline flow through channel is considered the best de-
scription of fluid flow through micropores but is only exact when the microporous
membrane consists of uniform cylindrical pores. The flow rate, J, expressed by the
Poiseuille model is shown below [6, 12] :
2
B er,AP

J = 2.2
L (2.2)

where J is the flow rate through the membrane, r, is the pore radius, P is the
applied transmembrane pressure, 1, is the viscosity of the fluid permeating the mem-
brane and L is the length of the channel, ¢ is the surface porosity of the membrane.
Often J is quoted in ums™t or Im=2h~! (LMH). Assumptions|6] of the above equa-
tion are (i) laminar flow through pore, Re<1800 (ii) incompressible liquid (density
remains constant) (iii) steady state conditions (flow does not change with time) (iv)
Newtonian fluid (viscosity only changes with solid concentration (feed concentra-
tion) and temperature, not with velocity, and (v) end effects negligible[6].

Equation is straight forward to use if the membrane filter is both symmetric and
microporous. However the model can be adjusted to suit asymmetric membranes

those cannot be visualised as having cylinder pores|[6]. One can assume 2 layers, a
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skinlayer and a support layer. Nevertheless, this method can be used in principle,

but in practice it is hard to estimate the skin thickness and porosity accurately.

2.3.2.2 Concentration Polarisation

In membrane processes, components on the feed side are convected to the membrane
surface under transmembrane pressure. A fraction of them may be rejected due to
size exlusion or some other effects. Therefore, the rejected components will accu-
mulate in the area adjacent to the membrane surface, which forms a mass transfer
boundary layer between the bulk solution and the membrane as shown in Figure 2.4.
The concentration gradually increases across this layer to the membrane surface[6].
This phenomenon is called concentration polarisation and is a natural consequence
of the perm-selectivity of a membrane. It is inevitible in filtration processes and the
resultant high concentrations at locations are relevant to fouling[13].

As a result of this concentration gradient, the rejected components will diffuse
back to the bulk solution. Assuming that there is no chemical reaction in the sys-
tem, the density is constant, the concentration difference parallel to the membrane
is negligible, and Fickian diffusion takes place[l14], the steady-state mass balance
between convection and back-diffusion can be expressed as

ac

JC —JCy =D (2.3)

where J is the volumetric flux, C is the concentration, C, is the permeate concen-

tration, D is diffusivity, and z is the distance from the membrane.
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Bulk feed :Boundarylayer Permeate
l Crn
I
I
J*C J*C
i —_— —
I
Cs !
I
I
: D* E Cp
: dx
T
I
7 5 0 Membrane

Figure 2.4: Concentration polarisation; concentration polarisation profile under
steady-state conditions (modified after [14])

Integrating the above equation with boundary conditions, C' = C,,, at z = 0, and

C =Cpg at z =0, yields

D (Cn—C,)
J="Zln-—n 7
0 (CB _Cp)

(2.4)
where C,,, Cp are the concentration at membrane surface and in the bulk re-
spectively, ¢ is the boundary layer thickness, and % is known as the mass transfer
coefficient, k.
When total rejection (100%) is assumed, and both concentration profile and per-
meate flux effects on the mass transfer coefficient, k, is neglected|15]. The concen-

tration of solutes at the surface can be written as|[15]

Ch = Cgel'p(%> (2.5)

The mass transfer coefficient is significantly affected by hydrodynamic of the sys-
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tem, it is related to Sherwood number (Sh). Sherwood number is the ratio of
convective to diffusive mass transport, it can be correlated with Reynolds number

and Schmidt number as

_k}*dh

h
5 L

a2 a3 dh o
= al * Re®™ % Sc™ * [ — (2.6)
where Re is Reynolds number, Sc is Schmidt number, d, is the hydraulic dia-
meter, L is the channel length, and al, a2, a3, and a4 are constants[14|. Reynolds
number is a dimentionless number which relates inertial forces to viscous forces in

the fluid system|[16]. It can be used to characterise flow regimes e.g. laminar flow

and turbulent flow. Reynolds number is defined as

Re = — (2.7)

where p is the fluid density, v is the fluid velocity, and p is the dynamic viscosity.
Schmidt number relates diffusivity of momentum to that of mass, it can be written

as

1%
— 2.
Sc D (2.8)

where v is the fluid kinematic viscosity. The correlations for mass transfer in a
binary rotating-fixed disc system in a closed cylinder at the enclosed fixed disc and
at the enclosed rotating disc for under steady shear operation will be presented in

Section 5.2.3.

2.4 Membrane fouling

One of the biggest challenge for membrane operation is the fouling of membrane.
Membrane fouling leads to reduced permeate flux in constant pressure operation

and increases in transmembrane pressure in constant flux operation. This reduces
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productivity as well as increasing cost relating to the system downtime, membrane
cleaning, and changing of membrane.

In operation, the actual flux through the membrane can only be a fraction of pure
water flux as the performance is diminished by polarisation phenomena. After the
steady state condition occurred, there should be no further decrease in flux, and these
phenomena are reversible. But in practice, a continuous decline in flux is usually
observed. This results from a decrease in hydraulic permeability which is caused
by membrane fouling|[11]. Fouling includes adsorption, pore blocking, precipitation,
and cake formation. The type of membrane used, the feed condition, and operating
condition determine the extent of fouling. In certain types of membranes, flux
decline could also result from membrane compaction|11]. Moreover, fouling also
alters behaviour of solute transmission [11]. Figure 2.5 shows the impact of fouling

on flux as compared to concentration polarization.

Flux \ t concentration polarisation

fouling

Time

Figure 2.5: Effect of fouling and concentration polarization on flux (modified after

[6])

Fouling of membranes can be roughly characterized to internal pore fouling and
external pore fouling. Internal pore fouling is due to smaller-than-pore-size sub-
stances within the feed. External fouling refers to blockage of membrane pores by
larger-than pore-size substances. Internal fouling has been found to cause severe

fouling that is difficult to remove[17|. In several cases, the presence of large cells
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within feed is beneficial as they act as filter-aid and could prevent EPS from coming
to contact with the membrane[18].

External membrane fouling can involve the adsorption/deposition on the external
surface of filtration membrane, resulting in elevated membrane resistance, as well as
alteration of transmission characteristic of solute through the membrane|11|. This is
because some pore entrances are blocked and/or constricted, and the effective mem-
brane thickness is increased. This process is the consequence of two main mechan-
isms, diffusional transport to membrane and bulk convection and sieving|[11]. In the
former, the molecules from the bulk fluid diffuse through the fluid boundary layer to
the membrane, and in the latter, the molecules ‘are carried by solvent molecules to
the pore entrance, where they are retained by a sieving mechanism’[11]. This is also
known as surface filtration. In internal fouling, some pores are internally blocked
or constricted, and pore tortuosity is altered. This results from three mechanisms,
direct interception, inertial impaction, and diffusional transport to pore walls[11].

The fluid with particles larger than pore size passes through the membrane; the
particles are removed by direct interception. Whereas if the particles are smal-
ler than the pore size, they will be removed by ‘bridging effect and partial occlu-
sion of pores by the collected particles’. For inertial impaction, particles in the
stream posses a certain momentum. The fluid stream consisting of the fluid and the
particles passes into the membrane via ‘the path of least resistance to flow, and will
be diverted around the pore wall’[11]. ‘Because of their inertia, the particles will
tend to continue in the previous established flow direction and impact upon filter
medium|11]. Diffusion interception mechanism is more relevant to gas filtration|11].

Fouling is highly influenced by feed velocity or shear stress at the membrane
surface. Deposited material could be sheared off by generating high shear rates at
the membrane. This leads to a reduction in the hydraulic resistance of the fouling
layer. Increasing fluid velocity or the recirculation rate and/ or decreasing flow

channel dimensions are the most common method of minimising the thickness of
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fouling layer|[11].

2.4.1 Factors affecting membrane fouling

Fouling of membrane is extremely complex, it is a result of deposition of colloids,
macromolecules, salt or particles within the membrane pore or on the membrane
surface. Type of fouling is dependent on the membrane process and nature of
foulants[19]. Physicochemical factors affecting fouling can be divided into three

categories|20|

1. Membrane properties or morphology: membrane materials, porosity, morpho-
logy, membrane hydrophobicity, charge, membrane molecular weight cut-off

and membrane pore size.

2. Feed contents: feed species, feed concentration, feed characteristic, ionic strength

and pH.

3. Hydrodynamic conditions: flux, crossflow velocities, temperature, module design,

and operating conditions.

2.4.2 Foulants

Fouling is largely affected by the type of foulants contained within the feed. Foulants
can be categoried based on its size into macromolecules and particulates. Macro-
molecules can be subdivided into humic acid substances, polysaccharides, and pro-
teins. Mixtures of these substances often occur in natural feed. For examples ground
water generally contains Natural Organic Matters (NOM), which consists of humic
substances, amino acids, polysaccharides, lipids, lignins, waxes and organic acids.
The presence of bacteria or algae and their secretion is common in surface water.
The fouling behaviour of such mixed suspensions can be drastically different from
that of single feed. And to date, the understanding of complex fouling mechanism

is not well understood|21].
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It is well known that fouling by the particulates depends on its concentration and
size. The higher the concentration and the smaller the particle size usually lead
to higher membrane resistance. This is due to larger number of particles near the
membrane surface and thickening of the cake layer. Fouling by particulates is also
controlled by hydrodynamic conditions. While the increase in crossflow velocity led
to removal of particles especially larger ones, the more compact layer of cake due to
smaller particles can lead to greater cake resistance. The colloidal cake formation
is influenced by the physicochemical properties of the membrane, characteristics of
colloids, the feed solution, and the hydrodynamics. Moreover the surface charge
of both the membrane and the colloids governs the interactions by electric double
layer[21].

The particle deformability has significant factor on membrane performance be-
cause softer particles leads to a more compact structure during filtration|22|. Cake
layer formation during soft colloid microfiltration started by deposition and re-
arrangement of the molecules on the membrane surface which cause increases in
resistance due to pore blocking[23|. After the first layer of deposition has been
formed, the formation of the cake layer occurred. This causes rapid increase in res-
istance and decreases in porosity of the cake. Since the colloid is soft and deformable,
the cake formed is compressible and cake compression will cause further increase in
resistance|24] The cake formed adjacent to the membrane surface has a compact
skin layer with approximate thickness of only about 10-20% of the cake thickness
but its resistance is about 90% of total resistance[24|. Gradual increase in resistance
occurred afterwards due to loose packing of further deposition[24]. During filtration
of dextran-MnQO,, a deformable soft-swollen dextran material, the cake compres-
sion occurred throughout experiments even if pressure remained constant|25]. The
rejection was 100%[25].

Fouling by macromolecules is dependent on macromolecule-macromolecule inter-

actions and macromolecule-membrane interactions|21]. Macromolecule-membrane
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interactions mainly refer to adsorption of the solutes to the membrane. This ef-
fect is more significant when for membrane and solutes with high hydrophobicity.
Adsorption mechanism often consists of more than one type of interaction, these in-
clude protein-membrane, membrane bound proteins and solution interactions|26].
Abruption of the structure of the bound proteins due to protein-membrane in-
teractions is assumed to be responsible for extensive membrane fouling|11|. The
adsorbed layer also alters the conformation and chemical properties of membrane
surface chemistry|27]. The resulting changes in membrane surface roughness, hydro-
phobicity and charge can lead to further modification of filtration characteristics|21].
Macromolecule-macromolecule interactions are capable of alteration of fouling mech-
anisms and specific membrane resistance. In the mixed feed suspension, the presence
of much smaller solutes such as proteins in alginate suspension can result in lower
alginate transmission|28]. The BSA-alginate cake resistance was slightly lower than
pure alginate cake which indicates that the lower binding of mixed feed|21]. Solu-
tion chemistry such as ionic strength, pH, and metal ion concentration significantly
influence fouling of membranes|21]. Decreases in electrostatic interactions between
Humic acid molecules can be achieved by increasing the ionic strength or lowering
the pH[21]. The presence of metal ions in the feed containing extracellular poly-
saccharide or natural organic matters may lead to crosslinking of the molecules or
changes in molecular conformation|21].

The fouling mechanism for mixed suspension is more complicated than that of
single feed. Influence of polydispersed particles on fouling is dependent upon the
fouling mechanism. The presence of small macromolecules together with larger par-
ticulates may lead to the filter-aid or over clogging situation|18]. Larger particles
can be beneficial while in other cases it can lead to elevated transmembrane pres-
sure. For mixed suspensions, depositions of larger particles which occur at above
the critical flux form a barrier that prevent smaller substances from depositing onto

the membrane surface. This refers to the 'filter-aid’ situation where the cake layer
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of large particles acts as secondary membrane so as to benefit the overall filtration
performance[18|. In this case, it has been reported that membranes can be easier
to clean when operating at above critical flux than at sub-critical level[29]. Under
sub-critical conditions, Hughes et al.[18] has observed overclogging situation dur-
ing unwashed yeast filtration through 0.1ym membrane, while significant difference
during washed-unwashed yeast filtration through 0.2um membrane was not found.
The feed containing microorganism generally consists of both macromolecules and
particulates. The situation here became more complex as the effect of the solution
chemistry and environment on microbial behaviour should also be considered. The
fouling characteristic is largely dependent on the cake layer, which is commonly com-
pressible. Compressibility of microbial cake occurs as a result of particle rearrange-
ment or particle deformation[30]. This alters porosity of the cake and particle-fluid
interface area[30]. The ratio between crossflow velocity and permeate flux has been
found to directly affect rod-shaped cell orientation during filtration, hence changes
in cake porosity[30, 31]. Operating pressure alter specific cake resistance irreversibly
for powder cake, however for microbial cake, reversible cake compresibility has been
observed|30, 32]. Meireles et al. reviewed that specific resistance of the yeast cake
from literatures was pressure dependent for pressure range 0-400kPa, and Carman-
Kozeny equation for Stoke flow through granular bed with similar particle size as
the yeast cells predicted much lower cake resistance than experimental values|32].
Cake compressibility was believed to be due to greater particle contact as a result
of particle rerangement and deformation|32]. Cake compressibility constant differs
depending on the yeast type, and it was not due to the shape or aspect ratio of the
deposited cells|33, 30]. “Compact skin layer” occurred adjacent to the membrane
surface, and this was assumed to be “due to the mass of particles”[32|. It is import-
ant to note that the area adjacent to the membrane surface is the location where
the compressive pressure was greatest|32|. Influence of pressure on fouling by yeast

EPS was not considered in their paper.
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The procedure for treating the microbial cells prior to filtration may also affect
filtration performance. Increases in pellet porosity with time has been found when
the pellets |, i.e., the cells, are left in the supernatant after centrifugution[30]. The
behaviour of microbial cells are complex and changes in porosity of the pellets is
likely to result in altered filtration performance, it is therefore essential that the ex-
act procedure was used each time prior to filtration. And this may explain variation
in filtration performance for washed yeast cell suspension found in literatures. Al-
teration of pH of the microorganism feed lead to changes in filtration performance
because surface properties of the cells can change as pH and ionic strength were
altered[34].

Pretreatment can alter the membrane performance by affecting the feed particle
deformability. Recently the influence of particle deformability of modified yeast
suspension during filtration in dead-end mode has been observed|35]. Pretreatment
of yeast with glutaraldehyde resulted in changes in deformability of the yeast. It
was concluded that the softer particles led to greater pore blocking hence a more
severe flux decline, while the increase in particle rigidity would lead to improved
membrane performance|35]. Nevertheless glutaraldehyde is known to seal ions by
crosslinking the membrane proteins|36], and alteration of cell environment directly
affects the amount of soluble component in the feed and hence changes in the fouling

characteristic.

2.4.3 Resistance model

The basic equations for resistance model can be modified to allow the effect of
concentration polarisation and fouling. A simple and commonly used method in-
volves the use of resistance-in-series, this is known as membrane hydraulic resistance
model[6]. Membrane hydraulic resistance model includes the influence of fouling by
addition of fouling resistance to the original equation. This method needs constants

to be obtained experimentally[6]. Total membrane resistance can be written as
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Rro = Ry + Ry (2.9)

where R,, is the intrinsic membrane resistance, R; is the total fouling resistance,

and Ry, is the total membrane resistance. Using Darcy’s law, flux becomes

AP,

J—__ =0
u(Rm+Rf)

(2.10)

where AP, is the overall transmembrane pressure, and g is the viscosity. Fouling
resistance is the sum of fouling resistance by different fouling mechanism. Ry can

be written as

Rf = ch—i-Rad-i-pr-i—Rd (2.11)

where R, is the resistance of concentration polarisation, R.q is the adsorption
resistance, R, is the resistance due to pore blocking, and R, is the cake layer
resistance[3.

Where the concentration polarisation layer resistance, which consists of the res-
istance of gel-polarized layer and associated boundary layer, is a function of applied

pressure. R, can be written as
Rey = ¢APr (2.12)
where ¢ is a function of the variables affecting mass transfer properties in the

system|6].

2.4.4 Classic modes of fouling

The increase in transmembrane pressure during constant flux filtration or reduc-
tion in permeate flux during constant pressure filtration is the result of deposited

particles in or on the membrane surface[4]. For microfiltration of particles in col-
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loid size range, the size and shape of the foulant are the major factors determining
fouling mechanism|4]|. Deposition of foulants within the membrane pores by smaller
particles can slowly but eventually result in pore closure[4]. Blockage of pores may
be caused by particles with similar size to the pore size|4]. Cake layer on the mem-
brane surface can be formed by particles with larger dimension than the membrane

pore size[4].

a) Complete b) Standard ¢) Intermediate
pore blocking pore blocking pore blocking

'/

d) Cake filtration

Figure 2.6: Fouling mechanisms of porous membranes [37]

Fouling can be classified into four categories based on the size of the foulant
and the membrane pore size. These are demonstrated by Figure 2.6. Particles
of comparable size to the membrane pore may result in complete pore blockage
resulting in a lessening number of pores, while smaller solutes will result in pore
narrowing. For mixed suspension where both larger-than-pore and smaller-than-
pore size particles are presented together, transmission of smaller particles occurred
at the beginning|4]|. However, these smaller particles can be retained within the
cake later on[4]. For compressible cake filtration, the cake may contain deformable
particles, it has non-uniform cake structure and has a tight skin layer adjacent to

the membrane which causes severe flux decline or TMP increase[35]. In general,
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constant flux blocking law uses Darcy’s law with the modified initial pore area to
compensate for the obstruction caused by foulants|38]. These are summarised in

table 2.3 and 2.4.

2.4.5 Ciritical flux

Fouling of membrane can be influenced by permeate flux, concentration polarisa-
tion, pH, salt concentration, feed concentration, protein aggregation, and protein
denaturation. Critical flux is defined by the level of flux where fouling is minimal.
‘The critical flux hypothesis is that if on start up of a membrane operation, flux is
controlled there exists a critical flux below which a decline in flux over time does
not occur’[41]. In microfiltration experiments, it is possible to operate at a constant
flux while maintaining the transmembrane pressure. The fouling occurred was also
slight or negligible[41]. As transmembrane pressure is increased, fouling layer accu-
mulates, and flux declines. This decrease in flux is not generally reversible even if
transmembrane pressure is then lowered to the previous value.

Critical flux is one of the most important and widely used concepts for fouling
control since its establishment in 1995[41]. Recently, Scopus reported that it has
been cited 506 times since 199642, with 51 citations in 2012. This shows significance
of critical flux concept on fouling control of membrane filtation systems. Moreover it
also indicates that fouling control is still an ongoing research topic in this area. The
definition of critical, threshold, and sustainable flux will be clarified in this section.

Critical flux is defined for crossflow mode as “a flux below which a decline of flux
with time does not occur; above it fouling is observed”[41] . It is later clarified as
“the flux at which fouling is first observed for a given feed concentration and given
crossflow velocity”[29], it is “a criterion for the transition between concentration
polarisation and fouling” on the system as a whole[43]. In constant flux operation,

the increase in transmembrane pressure due to fouling is negligible if the system
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operates at below the critical flux.

Flux

,¢ Pure water
Strong form

Weak form

TMP

Figure 2.7: Strong and weak form of critical flux (modified after [41])

Critical flux can be divided into 3 classifications, strong form of critical flux (J.),

weak form of critical flux (J.,), and Critical flux for irreversibility (.J.;)[43]. Strong

form of critical flux refers the permeate flux at which the J-TMP curve starts to

deviate from that of clean water. Weak form of critical flux refers to the permeate

flux at which the irreversible fouling occurs. The Strong form of critical flux therefore

discriminates no fouling to any kind of fouling. The weak form of critical flux

occurs during filtration with rapid initial fouling due to adsorption|44]. Critical flux

for irreversibility discriminates between reversible fouling and irreversible fouling.

Definitions of critical flux is summarised in Figure 2.5.

Definitions Abbreviations R, below = R, above =
Strong form of critical flux Jes R, Ry + (Rrev + Rirrew)
Weak form of critical flux Jew R, + Raas Ry + Rags + (Rrew + Riprew)
Critical flux for irreversibility Jei Ry, where Rjpper =0 Rr, where Ripyper >0

Table 2.5: Definitions of critical flux (modified after [43])

Threshold flux is the flux “at or below which a low and near constant rate of

fouling occurs but above which the rate of fouling increases markedly”[29], i.e., it
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is the flux that distinguishs low from high fouling rates. The term “critical flux”
commonly used in literature indeed refers to this “threshold flux” as a zero rate of
TMP rise can hardly be seen in practice. The concept of threshold flux is therefore
more applicable especially for direct mode of operation (semi dead-end) as used in
the water industry. Nevertheless the concept can be applied to both filtration in
crossflow and dead end mode[29).

Another concept that has been used especially in industries where fouling occurs
throughout, even at low flux operations, is the concept of sustainable flux. Sustain-
able flux can sometimes be regarded as economically sustainable flux or “net flux
that can be maintained using mechanical and chemical enhancing means to meet
an operation cost objective over the project life of the membrane”[45][29]. Above
sustainable flux, a sharp increase in fouling rate occurs, below this flux exists a slow
sustainable level of fouling. The optimal flux changes with energy prices and mem-
brane costs when the system’s overall productivity is considered[29]. It is therefore
not surprising that sustainable flux can be chosen to be above the threshold flux

providing that the fouling can be removed easily at an acceptable frequency|29].

2.4.5.1 Factors affecting critical flux

The main factors affecting critical flux include membrane pore size, particle size,
and the level of shear. Although larger membrane pore size generally means a lower
membrane resistance, one should note the influence of membrane pore size to solute
ratio[46]. In the filtration of a model colloid[46], critical flux was found to decrease
as membrane pore size increased.

It is widely accepted that higher shear within the system generally will result
in lower deposition on the membrane surface hence better filtration performance.
Gesan-Guiziou et al. considered that critical flux was the result of the balance
between convective force on particles towards the membrane and back-transport[47].

The critical parameter was defined as ;7—0 , below this value should lead to no particle
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deposition and high stable filtration performance[47|. This parameter was considered

APcrit Jc

more appropriate than as =% is independent of initial membrane resistance
w

and membrane pore size.
The effect of shear on critical flux is also dependent on the size of particles. This
is because the back transport mechanism of solutes due to shear is mainly governed
by particle size. For particles in the smaller size range the removal of particles
relies more on Brownian diffusion than other mechanisms. As particle size increases
the back transport mechanism becomes more dependent on shear-induced diffusion
and inertial lift. Shear-induced diffusion starts to dominate for particle sizes between

0.3um and 10pum. For much larger bouyant particles the back transport is controlled

by inertial lift. These are summarized in table 2.6.

Particle size Brownian diffusion | Shear-induced diffusion | Inertial lift
10nm-0.1ym Vv
0.1ym-luym vV vV
1ym-10um vV
Buoyant particles larger than 10ym

Table 2.6: Back transport mechanism for particles in different size range (modified

after [48])

2.5 Monitoring of membrane fouling

The main components for fouling monitoring techniques include measurement of
performance and assessment of fouling|49]. The former requires pressure drop or
flux information. The latter involves online, in-situ, non-invasive, and foulant com-
position analysis[49].

The most basic and commonly used methods for analysis of fouling during mem-
brane filtration are permeate flux monitoring for constant pressure mode and trans-

membrane pressure monitoring for constant flux mode. The accuracy of these meth-
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ods is largely dependent on the sensitivity of the equipments used. Increases in the
rate of increase of transmembrane pressure when operating at constant flux or de-
creases in flux when operating at constant TMP revealed that the fouling has already
taken place. In many cases, these fouling are not fully reversible after the operat-
ing condition has changed to lower flux or lower transmembrane pressure, or after
membrane cleaning. Other fouling monitoring techniques were therefore employed
in conjuction with the basic technique to achieve early fouling notification. These

can be roughly classified to invasive and non-invasive techniques|49].

2.5.1 Invasive and non-invasive techniques

For observations using invasive techniques it is necessary that the membranes must
be removed from the module. This may disturb the foulant materials or lead to loss
of the samples[49]|. Examples of invasive techniques for used membrane includes use
of electron microscope techniques or other 3D imaging techniques. Field Emission
Scanning Electron Microscopy (FESEM), Scanning Electron Microscopy (SEM),
and Transmission Emission Microscopy (TEM) require drying/coating or staining
of samples but are able to obtain high resolutions of samples of 0.7, 1 and 4nm
respectively[49]. Environmental Scanning Electron Microscopy (ESEM) does not
require sample preparation; however, slightly lower resolutions of 10-20nm can be
achieved[49]. Atomic Force Microscopy (AFM) and Confocal Laser Scanning Micro-
scopy (CLSM) are capable of producing 3D images[49]. AFM allows visualizations
of morphology and adhesion characteristics of deposition which are extremely useful
for fouling studies of feed containing extracellular polysaccharides. Characterization
of foulant, visual observation of different foulant distributions can be achieved by
using CLSM|49].

Non-invasive techniques for observation of membrane processes reveal vital fouling
information during filtration without removing the membrane from the filtration

module. Non-invasive observations contribute very much to greater understanding
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of the phenomena because they can provide direct in-situ information with minimal
sample disturbance. Non-invasive observation can be roughly classified in to two

categories: Optical and non-optical techniques[50].

2.5.2 Optical and non-optical techniques.

Optical techniques make use of high magnification apparatus such as a camera or
a video camera coupled with a microscope to investigate fouling of membrane or
particle deposition on the membrane surface[50]. Direct in situ visualised observa-
tion on deposition of biomass under flow was accomplished by Bustnes et al[51]. In
their study, Laser scanning fluorescene confocal microscopy (LSFCM) was equipped
with a crossflow cell to visualise deposition and removal of solutes from domestic
wastewater effluent on PET fibre[51]. The importance of “local nature of the sur-
face geometry” on formation of deposition was emphasised|[51]. Small particles were
found to deposit on the surface of the fibre.

An example of low-resolution optical observations is the Projector Technique
(PT). Resolution of lmm in PT allows visualisation of foulant thickness but in-
dividual particle interactions are not possible[49]. Greater resolution optical tech-
niques involve the use of microscopes. Examples of these include Direct Observation
Through Membrane (DOTM), Direct Observation on Hollow Fibre Membrane (DO),
Particle Image Velocimetry(PIV), and Membrane Fouling Simulator (MFS). Obser-
vation of particle deposition is clear in DOTM and MFS but the cake thickness is
difficult to quantify in these systems[49]. The cake thickness measurement is pos-
sible in DO, but the focus around the membrane edge is still a challenge[49]|. Cake
thickness can also be visualised using Laser Beam Excitation, but it is not possible
to observe cake structure using this technique[49].

Non-optical approaches are especially useful when visibility and resolution of the
observed area are low. Non-optical approaches employ the use of more complicated

systems involving various radio frequencies, electric field, or heat transfer, therefore
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these methods require a complex signal processing for the analysis. Measurement of
cake thickness can be done using sound waves (Ultrasonic Time Domain Reflecto-
metry, UTDR) or infrared light (Photo-interrupt sensor). UTDR is able to detect
transparent molecules without the need of foulant labelling[49]. Species of foulants
could also be identified with the use of NMR imaging, CAT (computer aided tomo-
graphy), as well as radiolabelling|50]. Measurement of shear force at the membrane
surface can be achieved using an electrochemical shear probe, this is especially useful

during filtration with bubbling application[49].

2.6 Fouling amelioration

In order to minimise membrane fouling, an appropriate membrane and operating
condition for the application must be chosen[19]|. Factors affecting or ameliorating
fouling can be divided into 5 categories; pretreatment, membrane properties, module
process, cleaning, and compaction. Pretreatment of feed prior to filtration may also
be necessary in some cases, the method is selected depending on the quality of feed,
quality of permeate, and the membrane performance|52|. Alteration of membrane
properties can be done via modification of membranes, the common techniques used
include changes in membrane hydrophilicity and preadsorption of membrane (e.g.
preadsorption of hydrophilic polymers on hydrophobic membranes|53|, and pread-
sorption of membrane with activated carbon such as powdered activated carbon
(PAC) in hybrid system)[19]. Improvement of module process involves methods for
reducing concentration polarization which can generally be achieved by enhance-
ment of mass transfer coefficient|52|. Cleaning of fouled membranes can be carried
out using several methods eg. mechanical, hydraulic, chemical, and electric uses.
However, it is not necessary that the original membrane performance be regained
but the loss of permeability with time needs to be relatively slow[52]. Compaction

refers to mechanical control of deformation of the membrane structure, this is par-
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ticularly important for a polymeric membrane matrix. Introduction of pretreatment
will be discussed here. This will be followed by sections on membrane modification
and improvement in hydrodynamics for fouling mitigation.

Pretreatment can be subdivided to physical, chemical, biological, and electrical
pretreatment|52|. Physical pretreatment uses physical forces for pre-separation of
solutes; examples include the use of MF and UF applications prior to NF /RO, and
the use of media filter and adsorption by activated carbon for colloidal filtration and
organic matter, respectively[52]. Chemical pretreatment employs the use of chem-
icals to alter feed characteristics. Scaling can be prevented by addition of scaling
inhibitor or by adjusting pH|[52|. Moreover, adjustment of pH during operation to
the isoelectric point of proteins should lead to minimised fouling, whereas others
recommend pH values to be adjusted far removed from the isoelectric point[6, 14].
Addition of disinfectant to remove microorganisms can be beneficial; nevertheless it
has also been reported that an adverse effect occurred due to microbial reaction|52].
Pre-coagulation/flocculation can also be used as an antifouling method. Coagula-
tion is a process to destabilise colloids by neutralising the electrical charges on their
surfaces with the addition of coagulant chemicals to reduce the repulsive forces that
keep them apart. Then, usually this process is followed by flocculation, which is a
process of further contact and adhesion of the destabilised colloids to form larger-size
clusters, called flocs. Coagulation process is thermodynamically irreversible, while
flocculation is reversible. Coagulation by chemical addition to virus and NOM feed
suspension has been found to improve viral removal[54]. Moreover, the removal
properties of membrane increased with time due to development of cake layer of
coagulated NOM and virus[54]. Chemical pretreatment by coagulant resulted in
decreases in algal cake resistance by 71-86%|55|, while preozonation reduces cake
compressibility during algal microfiltration which led to 54% and 70% reduction
in cake resistance in chemically conditioned and untreated algae respectively|55].

Coagulation prior to membrane filtration is popular due to its relatively low cost
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and easy operation. This method has been proven to improve the membrane’s
performance and the contaminants’ removal[56]. Therefore, it can further reduce
usage of cleaning chemicals and hence, the subsequent formation of disinfection
by-products|57].

Application of electric field has been implemented at the laboratory scale in order
to control concentration polarisation. The effect of electrophoresis, electroosmosis,
and electrolysis should be considered[58]. Electrophoresis refers to electrophoretic
mobility which causes charged particles to migrate away from the membrane surface
when an electric field is applied[58]. This is the mechanism that prevents particle
deposition. Electroosmosis is important for the deposited cake. It results in changes
in ion cloud at the membrane which can cause fluid movement through the mem-
brane. The electroosmosis effect is small for hydrodynamic controlled systems and
can be neglected in microfiltration[58|. Electrolysis refers to chemical reaction at
the electrodes; depending on the configuration of the modules, the effect of elec-
trolysis may alter the product or the feed suspension|58]. Pulsed electric field is
found to be more efficient than a constant one[11|. Bowen and Ahmad[11, 59] found
that pulsed electrophoretic filter-cake release in dead-end module with BSA was
very effective. Weigert et al. has achieved nearly 4 times the permeate flux during

electrofiltration|58].

2.6.1 Membrane modification

Organic and microorganism fouling are believed to be controled by interactions
between membrane material and various foulants on the membrane surface. Such
interactions include adsorption, hydrophobic forces, hydrogen bonding, electrostatic
interactions, and van der Waals attractions|19]. Membrane surface properties have
strong effects on the fouling behaviour. Thus, prevention or minimisation of mem-
brane fouling may be achieved via modification of its surface. For instance, increas-

ing hydrophilicity on the membrane surface can form a water layer via hydrogen
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bonds|19]|. This layer prevents the foulants adsorbing on the membrane surface. It
is also desirable to have similar surface charge between the foulants and the mem-
brane surface because fouling can be detered by the electrostatic repulsion forces|19].
Change of surface roughness also influences the fouling process because the surface
roughness of membrane affects particle adhesion|60]. Greater fouling often happens
for membrane with high roughness, as it increases the total surface area [19]. Under
static conditions, it has been found that surfaces with greater roughness led to higher
adhesion of nano-size particles on the surface|60]. For crossflow systems, surface
roughness provides friction force which assists particle adhesion, however enhanced
membrane performance with higher surface roughness has also been observed|60].

Grafting base polymeric membranes such as Polyethersulfone Membrane (PES)
or Polyvinylidene difluoride (PVDF) with hydrophilic monomers is known to re-
duce fouling by proteins and bacteria such as E. Coli[19]. Hydrophilicity of the
surface plays an important part because adhesion properties depend on both hydro-
phillicity /hydrophobicity of the microorganism and the membrane[61]. Adhesion to
the membrane was lower for more hydrophilic cells than for hydrophobic ones|61].
Moreover, microorganism attachment for hydrophobic membrane was greater than
hydrophilic membranes|61].

In contrast to previous findings, the membranes with greater hydrophobicity can
also be desirable. Biological cells have been observed to deposit by either packing or
elongation of cells on the channel topography[62]. Some membranes, Sharklet AF,
were therefore designed to have hydrophobic surface whose topography has feature
dimensions smaller than the foulant as this would reduce overall adhesion strength
due to bridging effect|[62]. This is because the bridging reduces the contact area
between the cell and the membrane|62]. 85% reduction in cell deposition (Ulva linza
zoospores) has been achieved using this method[62]. Recently, modification of mem-
brane surface pattern using nanoimprint lithography (NIL) was capable of increasing

critical flux by 19-45% during filtration of colloidal silica particle suspensions|63].
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The NIL technique involves thermal embossing of polymeric film which led to alter-
ation of surface pattern without changes in membrane surface chemistry|63]. This
demonstrates the significance of the nanoscale surface pattern of membrane on mit-
igation of colloidal deposition|63].

Modification of membrane to include biocide substances was particularly useful
for reduction of biofouling, as it can inhibit growth of the microbial at the fouling
layer|[61]. Addition of TiOs which has photobactericidal effect to the membrane has

been found to increase water flux by approximately 200%][61].

2.6.2 Enhancement of hydrodynamics

Membrane performance can be enhanced by increasing mass transfer co-efficient,
k, which leads to a reduction in concentration polarisation|11]. Mass transfer co-
efficient in a membrane module is controled by the hydrodynamic condition|[11].
Generally, it is more dependent upon the Reynolds number in the turbulent region|11].
Increases in hydrodynamics can simply be achieved by increasing crossflow velocity
or shear rate[11]. Increasing cross-flow velocity will result in an increase in mass
transfer coefficient as well as a decrease in concentration polarisation within the
stagnant film. Hence the permeate flux is enhanced in constant pressure operation
or a lower rate of increase of transmembrane pressure is observed in constant flux
operation|11].

Introduction of shear increases back diffusion and may give rise to turbulence; the
cake properties are also altered|64]. Fouling characteristics under the influence of
shear is different to that in dead-end mode|29], while the increase in shear leads to
significant reduction in cake thickness and possibly a slight increase in cake porosity
due to strong agitation|64]. The influence of polydispersity or selective packing due
to particle size results in the cake with smaller particle size|64]. The cake with
smaller particle size can lead to greater cake resistance|64|, but the reduction in the

cake thickness may overcome this increase in resistance|65].

o4



CHAPTER 2. LITERATURE REVIEW

For polydisperse feed such as microbial suspension, crossflow velocity plays im-
portant roles; crossflow operation can result in greater cake resistance that that
under dead-end mode|66|. It has been found that at higher crossflow velocities, the
steady state flux was lower even though there was thinner cake height[65]. The
increase in specific cake resistance is assumed to be due to higher affinity for smaller
particle depositions|66]. Inertial lift is greater for larger particles than for smal-
ler particles under the same velocity. This resulted in more deposition of smaller
particles and elongated particles as they are less likely to roll off[66]. These effects
lead to higher specific cake resistance. It has been suggested that in crossflow filtra-
tion, crossflow velocity and membrane resistance could determine the specific cake
resistance[65].

Increases in crossflow velocity usually result in lower hydraulic resistance, due to
decreased amount of deposits on the membrane|67, 68|, but as a certain crossflow
velocity can be more effective at removal of larger particles while leaving the smaller
particles behind causing increased membrane resistance due to the formation of
a less porous cake|67, 68, 69|, there may be an optimum velocity. Increases in
crossflow velocity resulted in lower specific resistance until a minimum value was
reached; further increases in shear no longer affect specific resistance|70|. However,
for feed with higher concentration, increase in specific resistance was found when
crossflow velocity exceeded a certain value[70]. Moreover, the influence of high
crossflow velocity on the transport of small solutes through the membrane is not well
understood. It is therefore essential to control shear stress to an appropriate level,
as greater amount does not always lead to better membrane performance|67, 70].

Crossflow velocity (v) has significant effect on mass transfer coefficient (k)[11].

Typical relationships between k and v are as follows.

koc o™ (2.24)

where n = # or 1 for laminar flow and n =3 for turbulent flow. Hence increasing
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the degree of turbulence in the system would lead to improved membrane perform-
ance. However enhancing the permeate flux by increasing cross-flow velocity is not
the most cost effective approach; it is limited by constraints such as capacity of
the pump used and the pressure drop across the module[11|. Equipping the system
with a variety of turbulence promoters, for example modified spacers required for
the stability of the modules in plate-frame and spiral wound modules, can enhance

turbulence without excessively increasing the pressure drop.

Tubular membrane

—V\

— "D

0RO AR RO RO RO RN RS RRC RN RN RO

Vortex

Figure 2.8: Improving membrane performance by buffles and inserts (modified after

[11])

Turbulence enhancement can be done by increasing the Reynolds number in the
system in order to introduce flux enhancement and increase the rate of forced con-
vection. The optimum position of the turbulence promoters depends upon the flow
condition in a particular system. With turbulence enhancers, membrane modules
can produce the same flux at a reduced crossflow velocity, while operating at the
same or a lesser amount of pressure drop, compared with those without. Hence, at
the same operating flux, the modules with spacers consume lower energy per unit of
permeate than those without. Baffles and tube inserts, a schematic picture of which
is shown in Figure 2.8, are also used to create turbulence by creating good local
mixing especially at the membrane surface area[11]. This increases the mass trans-

fer coefficient which results in a reduced concentration polarisation and improved

o6



CHAPTER 2. LITERATURE REVIEW

membrane performance|[l1, 71, 72, 73, 74, 75, 76, 77].

Increases in mass transfer in a filtration module can also be achieved by modifica-
tion of flow patterns. Enhancement of the heat and mass transfer and modification
of the laminar-turbulent transition can be achieved with the use of pulsed flow or
pulsatile flow[11]. With pulsatile flow, the time averaged permeate flux is higher
than with continuous flow|11], this is shown in Figure 2.10b. This flux enhancement
method was used by several researchers|11, 78, 79]. Moreover, it can be used in con-
junction with a mechanically modified system such as the tube flat dimpled /furrowed
membrane or baffled tubular membranes|71] to further reduce concentration polar-
isation and fouling. The pulsatile flow also increases the distance of migrated solid
particles from the wall, while shifting ‘the maximum velocity under laminar flow
conditions towards the wall region’, i.e., resulting in a disruption of concentration
polarisation layer development|[11]. In summary, the enhanced flux is the result of
‘induced backflushing and shear-rate changes’[11]. It has been observed that there is
‘an optimum range of frequencies and pulse duration’ for the different systems|11].

Pulsed flow can be attained by several methods, such as changing the volumetric
flow rate and introducing various mean of vibrations, for example, ‘a porous plate
above the membrane surface, pump vibration, or ultrasound’. Several researchers
[11, 80, 72, 81, 82, 83] have observed the positive influence of the oscillatory feed
flow on filtration systems. It is believed that oscillatory feed flow reduces mem-
brane fouling and intermittently disrupts concentration polarisation|[11]; as a result,
filtration performance is enhanced.

Another recently developed technique involves the use of rotating or vibrating
membranes. Enhancement of Reynolds number without increasing the flow rate can
also be done by the use of dynamic filtration systems. These systems can be used
for several filtration types including ultrafiltration and microfiltration. The dynamic
filtration systems are capable of generating very high shear rate up to the order of

10°s7![84]. The shear can be generated at the membrane itself, or at the surface
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adjacent to the membrane surface. Dynamic filtration is known to benefit membrane
performance by reducing concentration polarization and fouling|84]. The complexity
of the modules, the small membrane area, and the costs and energy required are the
main limitation of dynmic filtration[84, 11]. The dynamic filtration systems can be
roughly divided into two types depending on the shear used, these are rotating and
vibrating systems.

The two main construction types of rotating filtration systems are rotating cyl-
indrical type and rotating disk systems, Schematic drawing of these are shown in
Figure 2.9. The former consists of rotating cylindrical membranes inside a concent-
ric cylindrical housing[84]. The Taylor vortices are created at the annular space
between the membrane and the housing which result in greater shear rate. This
type of membrane system has been used for blood purification|[84]. The rotating
disk systems consist of rotating disks with stationary membranes or stationary disks
with rotating membranes. Multi-disk systems have been employed in commercial
rotating disk systems with stationary membranes in order to increase capacity and
membrane area. These are mostly used for treating pulp and paper effluents or

pigment recovery|84].
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plasma collection from donors  (reproduced with permission [85])
(reproduced with permission
[84]).

Figure 2.9: Schematic drawing of a rotating cylindrical system (a) and a rotating
disk system (b)

The first generation vibrating membrane system uses flat sheet membranes and
is known as Vibratory Shear-Enhanced Processing or VSEP|84]. VSEP consists of
a stack of azimutual oscillating membranes that are separated by the gaskets and
permeate collectors[84]. The frequency used for the VSEP is approximately 60Hz
which is its resonant frequency[84]. The main advantages of VSEP include improved
membrane performance and its ability to withstand high operating pressure (40bar).
85% enhancement in flux during microfiltration of yeast has been achieved|86|. Per-
meate flux during ultrafiltration of humic subtances increased by 50% when VSEP
was employed|87]. Generally increases in vibration displacement of VSEP led to
improved membrane performance|88]. When displacement of VSEP increased from
1.25 to 2.5cm, it resulted in 50% enhancement in permeate flux for ultrafiltration of
paper plant effluent[89, 86].

Later vibrating membrane systems have involved hollow fibre membrane cart-
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ridges, however these operate more in laminar regimes and lower frequency has
been used[84]. The maximum of 325% improvement during yeast filtration was ob-
tained in vibrating hollow fibre system[90]. The enhancement of solute transmission
has been observed during filtration with a vibrating membrane. With vibration
high BSA transmission of 85% was retained even after 5 hours of filtration, while
without vibration the transmission decreased with time to approximatey 55% after
5 hours|91]. Vibration also led to enhancement of fractionation of proteins from
mixed suspension|91].

Gas sparging or bubbling has been used to enhance hydrodynamics in filtration
modules without increasing the feed flow rate. In the gas sparging system used in
ultrafiltration processes|11], e.g. [92, 93, 94, 95, 96, 97, 98], inert gas such as air and
nitrogen will be injected into the feed stream in the form of bubbles. These bubbles
induce secondary flow as shown in Figure 2.10a and increase the bulk flow. As a
result, hydrodynamics is improved as well as the mass transfer coefficient, which
in turn enhances the permeate flux|[11]. The effectiveness of this method varies
with the type of modules[11]; it is most effective for tubular membrane modules,
reasonably effective for flat sheet tangential flow devices, and less effective in hollow
fibre membranes|[11]. Among two-phase flow investigated, it was found that the most
effective one is the slug flow regime|[11]|. For flat sheet tangential flow devices, flux
performance is also affected by ratio between a bubble width and the gap between

the membranes[99.
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Figure 2.10: Bubble induced secondary flow and enhancement of permeate flux using
pulsatile flow
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Figure 2.11: Principle of back-flushing (modified after [11])
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Back flushing can be considered as a method for cleaning of membrane, but it can
be employed periodically during filtration process. Back flushing or pressure pulsing
method has been used|[11, 100, 101, 102, 103, 104], it involves the use of ‘timed
pressure pulses on the permeate side in order to periodically change the direction
of material flow within the pores’[11]|. Its aim is the reverse of the permeate flow
through the membrane in order to remove the foulants and obtain higher flux. Cake
layers on the feed side will be removed or reduced, hence a reduction of the influence
of fouling. It is necessary that the modules are capable of operating at high pressure
if the back flushing is to be used. Moreover, it needs to be carried out periodically
so as to maintain high flux. Use of backflushing in conjuction with air bubbling has
been found to be more effective than increasing crossflow velocity alone. Qaisrani
et al. reported 80% reduction in particle retention during microfiltration of yeast
suspension when air bubbling and back flushing were used together, while increases
in crossflow velocity only led to 45% reduction in particle retention[105].

In addition to the shear stress another main factor affecting separation is permeate
flux. Decent filtration performance can be achieved by operating below critical flux
[67]. There have been several findings relating the permeate flux and the shear
stress. For example, normalised hydraulic resistance and protein transmission during
crossflow microfiltration of skimed milk was found to correlate well with the ratio
between permeate flux and efficient wall shear stress. Efficient wall shear stress in
their study refers to the difference between wall shear stress and critical wall shear
stress for erosion. There exists critical flux-efficient wall shear stress ratio values

where sudden changes in normalised fouling resistance and transmission occur|67].
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2.6.3 Shear quantification in various systems

a) Dead-end cell b) Stirred cell c) Crossflow cell

=’

40y 144

Figure 2.12: Schematic pictures of typical membrane filtration modules.

Three common types of filtration modules are illustrated by Figure 2.12(a to c),
these are dead-end cell, stirred cell and crossflow cell respectively. The deadend
cell is not capable of generating shear stress, and the shear stress in a stirred cell
is generally non-uniform and difficult to accurately quantify. Crossflow cell allows
easy to quantify shear stress level, however, the patterns and the level of shear are
limited in these cells.

The shear stress in stirred cell depends upon the agitator speed, the agitator size
and its position, and the viscosity of the feed[106]. Shear stress in stirred cell is
therefore likely to vary from one module to another. The flow field at the base of
stirred cell is divided into two regions, these are the inner region with the radial
position being less than the critical radius (R..) and the outer region with the radial
position greater than R,... At R., the shear stress is at its maximum. The maximum
shear stress was generally found to be at 0.6-0.75 of the base radius[106].

For the inner region (r < R,,) shear stress can be expressed as

~ 0.825pwr
N 4]

T (2.25)

)0.5

where ¢ is the momentum boundary thickness or (u/pw

For the outer region (r > R,,) shear stress can be written as
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(2.26)

0.825wRer <RCT>U'6
T =
0 r

The most simple module for shear quantification is that of crossflow type. Flow
in rectangular channel can be approximate to slit-die or rectangular die. For slit-die
approximation, it is necessary that the channel width must be much greater than
the channel height. The apparent shear rate for flow in rectangular channel using

slit-die approximation is

6Q

v

where Q is the flow rate, W is the channel width, H is the channel height. The
apparent shear rate for flow in a rectangular channel using rectangular-die approx-
imation yields slightly different value from that of slit-die. Son et al.[107] approxim-

ated this as the apparent shear rate times the channel aspect ratio and a function

of geometric constants which is channel aspect ratio dependent

v = Vg—%ﬂ (1 + %) / (%) (2.28)

where f (%) is a function of geometic constants. Equation 2.28 approaches equa-
tion 2.27 when H:W ratio comes close to zero.

Dynamic membrane systems gained popularity due to their improved membrane
performance by reducing cake formation and concentration polarisation|108]. The
shear quantification of dynamic membrane modules is more complicated. It depends
upon the module type as well as the operating condition used. The shear rate for
the three types of rotating dynamic filtration systems are summarised in Table 2.7.

Other dynamic filtration systems of interest are those operating under vibrations
or oscillatory shear such as the VSEP and the vibrating hollow fibre modules. The

local shear rate in VSEP system[84] can be written as
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TdA
ROm

F(r,t) = ( Yda(mF) v~ %5 (coswit — sinwst) (2.35)

where d4 is the membrane displacement at radius r, Ro,, is the outer radius of

the membrane, and F' is the oscillation frequency (wy/27).

2.6.4 Transport of polymeric molecules through membranes

Filtration of macromolecules, especially polymers which exist in solution as flexible
coils, involves some distinct transport phenomena due to their polymeric nature such
as relatively large size and flexible molecular conformation. The random motion of
chain segments renders a polymer many configurations. Therefore, the measure of
its dimension is usually a statistical average such as the radius of gyration, r,.
Besides random variations in molecular shape, the flow may also induce molecular
deformations in polymers[110]. These conformational changes may lead to polymers
passing through pores considerably smaller than their average sizes in the bulk
solution. The ratio of the size of polymer to that of the pore it approaches is often

expressed as

A=10 (2.36)

Tp

where A is the ratio of radius of gyration to the radius of pore , r, is the radius of
gyration, and 7, is the membrane pore radius. Theoretical works on linear polymers
entering a narrow channel have proposed mechanistic models in detail for several
occaslions.

At XA < 1, a polymer generally starts by aligning its longest axis along the channel
axis without much extension along the channel. This is followed by parallel expan-
sion of the polymer along the channel. Afterwards, the chain conformation within
the channel changes to that of a random coil[111]

At A > 1, Hermsen et al.[112] studied the random walk of a linear chain entering
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a pore. Their results showed that the translation started with a small portion of the
chain was stretched first into the pore while the main part was still coiled outside,
at which the molecule appeared in a flower shape with the part inside the pore as a
stem and that outside as the crown. When the chain reaches a certain level into the
channel, an suction may occur to pull the crown fraction into the pore[113]. And
once the whole chain enters the channel, it coils up again, see Figure 2.13|112]. These
phenomena have also been observed under pressure gradient or flow by molecular

modelling and direct UF experiments.
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Figure 2.13: “Snapshots of various degrees of polymer penetration ¢: (A) bulk, (B)
o= 28%, (C) o= 42%, (D) ¢= 89%, (E) bulk pore”. (Reproduced with
permission [112])

The transport of polymers through a narrow channel is significantly affected by
the concentration of the polymer. At sufficiently low concentrations the polymer
chains have lower probability to enter the channel. The increases in concentra-
tion lead to decreases in the polymer characteristic length. And at sufficiently
high concentrations, where the polymers’ characteristic length becomes smaller than
the pore diameter, the polymer chains will readily enter into the channel. This is
known as weak-to-strong penetration transition[111]. At high polymer concentra-

tions, the hindrance effect of polymer mobility due to chain-chain interaction can
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be present|114], making the critical deformation rate lower, and the extensional
viscosity increases|115].

Extensional flow or elongational flow, referring to “a flow where the velocity
changes in the direction of the flow”[116|, can deform the polymeric molecules sub-
ject to the flow|117]. Such flow pattern may occur at the entrance of pores in MF
or UF due to the abrupt changes in area. The abrupt contraction-expansion in
the flow path can result in flow instabilities; examples include unstable streamlines
along the depth of the channel during flow of 0.1-0.5%PAA (Poly acrylic acid) in
water, a growth of vortices upstream, and a suppression of those downstream during
flow of polyehtylene oxide (PEO) solution at low concentration|114]. Furthermore,
it resulted in the deposition of PEO material on the surface near the contraction
throat, this deposited material was asymmetric and led to asymmetric flow [114].
It has also been observed that the abrupt contraction-expansion channel can also
lead to increases in pressure drop with Reynolds number upto the point where the
polymer chains reached their finite extensibility limit[114].

The transport of polymers through channels is affected by the strength of ex-
tensional flow because polymer conformation is hydrodynamically dependent|[118|.
There exists a critical flow rate below which the polymer can keep its coiled shape
and above which the hydrodynamic force starts to elongate a linear polymer chain
in a good solvent from coil to stretch[119]|. Recently, this first-order transition has
been observed in a UF experiment|120]. However, when the extensional flow is at
extremely high strength, polymer chains can be laterally compressed to a fold forma-
tion instead of being uncoiled. In the fold formation, the polymer has higher rigidity
and further chain extension proceeds slowly[121].

This fundamental knowledge on the effect of flow on variation of chain conforma-
tion by the flow has been used to explain the observations in filtration of flexible
biopolymers, such as Deoxyribonucleic acid (DNA). Greater transmission of DNA

was obtained at higher transmembrane pressure due to elongation or deformation of
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DNA due to shear[122, 123]. Moreover, transmission of supercoiled plasmid DNA
through ultrafiltration membranes was flux-dependent according to de Genne’s the-
ory, the transmission increased from zero to nearly one as flux increases|124].

Since the conformation and transmission of polymers are highly dependent on
the hydrodynamic forces|[118], there is a high possibility that fouling of membranes
can be minimised if suitable hydrodynamic conditions are used; these will depend
on the surface porosity of the membranes as well as pore size and flux. Fouling
mitigation can be crucial especially for microfiltration of live feed where fouling

generally dominated by polymeric substances such as extracellular polysaccharides.

2.7 Summary

The relevant literature on the membrane fouling and the influence of shear have
been reviewed. The introduction of shear into a filtration system not only alters
mass transfer coefficient and hence causes changes in concentration polarisation and
fouling behaviour, but also leads to alterations of the macromolecule conformation.
This results in changes in fouling behaviour and transmission profile. The current
understanding of influence of shear on fouling and transmission is limited, especially
for the mixed feed system. The optical observation on fouling of larger particulates
has been carried out, but the influence of the presence of small solutes on overall
fouling behavior and transmission has not been fully understood. There exists the
need to observe this mechanism thoroughly in order to understand the influence
of shear of fouling and transmission during mixed feed filtration. While optical
techniques for analysis of membrane fouling allows direct observation of the foulant
deposition, the shear within these modules cannot be precisedly controlled. The use
of dynamic membrane modules such as rotating and vibrating membrane modules
provides a more controllable steady shear and oscillatory shear. However, to the

author’s knowledge, the influence of these shear patterns on membrane performance
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were carried out separately, the effect was therefore not accurately compared. There
exists the need for tools which allow direct comparisons between the influence of
these shear patterns while capable of operating in various shear configurations.
The study of fouling by algae in microfiltration using DOTM (Chapter 3) and the
transmission of EPS and fouling in microfiltration (Chapter 4) fulfill further under-
standing of foulant behaviour in the mixed feed system under various conditions.
The first generation of Direct Shear Stress Test Cell (DSSTC) was fabricated to
allow for direct comparisons between influence of shear of various patterns on mem-
brane fouling during microfiltration. The influence of shear patterns on fouling and
transmission of macromolecules and the effect of shear patterns and EPS on fouling
in microfiltration have been extensively studied with DSSTC and are presented in

Chapter 5 and Chapter 6, respectively.
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3 Study of Fouling in
Microfiltration of Algae using

DOTM

This chapter is based on the work carried out during my research visit at Nanyang
Technological University (NTU), Singapore in Summer 2009. It will start with an
introduction to the nature of the feed and its characteristics as these are essential
to understanding the experimental results. This chapter is concerned with critical
and threshold flux measurements for diluted algal suspensions and in particular
with a comparison of its detection through Direct Observation Through Membrane
(DOTM) observations and TMP changes. Some of these results have been pub-
lished in the Journal of Membrane Science under the title “Microfiltration of algae
(Chlorella sorokiniana): Critical flux, fouling and transmission” and in the Desalin-
ation and Water Treatment as “Transmission of and fouling by long chain molecules
during crossflow microfiltration of algal suspensions: influence of shear”

This chapter will meet the following objectives

e Comparison between threshold flux obtained from transmembrane pressure

data and DOTM.

e Comparison between fouling of algal cells and latex particles of similar particle

size.
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e Exploration of the effect of crossflow velocities on particle deposition and foul-
ing rate in constant flux filtration when flux stepping started from sub-critical

and supercritical flux level.

e Exploration of the effect of feed characteristics such as feed concentration and
salt addition on particle deposition and fouling rate in constant flux filtration

when flux stepping started at sub-critical and supercritical flux level.
e The effect of air bubbling on membrane performance.

Chlorella Sorokiniana was chosen as the the main feed as it represents natural oc-
curring green algae, moreover it is relatively easy to cultivate in the laboratory.
Chlorella Sorokiniana broth was harvested after 14 days of cultivation. The experi-
mental filtration methods used were standard, but intensive testing of feed compos-
itions revealed changes in EPS-polysaccharide content of diluted algal suspension
with algae age. This resulted in differentiation of observed transmembrane pres-
sure if, results from 1 day old algae were compared with results from 2 week old
algae. Presenting the data by taking an average of results and its repeat will be
inappropriate in this case. It is more reasonable and accurate that only the results
from filtrations performed within days of one another are directly compared, and
this is the explanation for the absence of error bars in this chapter. With the large
amount of noise in the data, it is reasonable to focus on general trend and large
changes in dTMP /dt rather than minor changes. For filtration of diluted live feed,
it is important that one should focus on the trend rather than the exact numbers

obtained from calculations.

3.1 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
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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 oper-
ations, as it results in an increase in transmembrane pressure (TMP) or a decrease
in flux (J)[125]. In desalination processes, fouling of microfiltration and ultrafitra-
tion membranes during seawater pretreatment is more pronounced during algae
bloom[126]. In some cases, after an algae bloom, it is necessary for the membranes
to be taken off-line and cleaned|126]|. The deposition of algal cells on the membrane
surface results in an increase in operating costs|125]. Many studies of algal filtration
have been made, but their fouling mechanism has not been well understood. Un-
derstanding the nature and characteristics of the algae is crucial as this is the key
to the interpretation of the results.

The algae used throughout the chapter are a fresh water algae called Chlorella
Sorokiniana. This has been chosen as it is one of the genus that represents green
algae which are commonly found in natural water[127]. 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 produced in
order to aid symbiotic association as well as absorption of metal ions[128]. Gen-
erally, the sheath produced in microalgae leads to aggregation of cells in aquatic
systems[128]. It provides an intermediate role for communication of cells in symbiotic
association|129]{130] which promotes algal growth by creating a suitable habitat|128].
For Chlorella Sorokiniana TAM C212, a polysaccharide gel is produced as a sheath
under photoautotrophic conditions. Chlorella Sorokiniana was seen to have adher-
ence to its symbionts and were bound together through the sheath produced|[131].
The sheath of Chlorella Sorokiniana consisted of a metal and algal photosynthate|[128].
Although some information regarding the symbiotic association is available, sym-

bionts of Chlorella as well as relationships between microalgal sheath and symbiosis
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are not clearly identified[128].

Figure 3.1: Sheath matrix produced by Chlorella Sorokiniana IAM-212 (a) C. Sor-
okiniana (b) sheath. (Reproduced with permission [130])

The composition of the mucilage sheath or extracellular polymeric saccharide
around the algal cells has been found to consist of a variation of saccharides gen-
erated as photosynthetic metabolites, divalent cations contained in the culture me-
dium, as well as proteins, lipids and inorganic ash[128]. An image of the sheath
matrix produced by Chlorella Sorokiniana is shown in Figure 3.1. The EPS charac-
teristic and productivity are affected by metal cations|128]. Chlorella Sorokiniana
sheath can be increased by introduction of calcium chloride solution which results
in coflocculation of the algae and the associated symbiotic bacteria|128]. The pre-
cipitation /sedimentation of gelatinous saccharides was found to increase as the con-
centration of calcium and strontium chlorides increased. However with addition of
NaCl, KCl, or MgCls, no saccharide precipitation was observed even though Mg?* is
the major metal ion component in the sheath[130]. This may be “due to differences
in the affinity between the secreted saccharide and the metal ions.” [128]. Alginate
gelation was influenced differently by different types of metal ions. The amount of

sheath produced increased, and the cells were flocculated in the gelatinous sheath.
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The saccharide concentration in the broth decreased, but this decrease is equivalent
to the quantity of gelled saccharides adhering to the algal cells[128].

It has been hypothesised that amelioration of fouling 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
large a crossflow velocity and/or too high an aeration rate can lead to higher overall
resistances and a greater portion of irreversible fouling[132]. For algae filtration, it
is known that the EPS secreted is responsible for severe membrane fouling. The
specific cake resistance of membranes in Chlorella algae filtration has been found to
relate directly to the amount of extracellular organic matter within the feed|133].
Moreover, Babel et al[134] found that the developed cake resistance did not vary
with the membrane materials used. Chiou et al compared filtration of 3 algae spe-
cies, and the species which has the highest amount of EPS fouled the membranes
most severely|135]. There are a few studies on shear and algae filtration. Crossflow
filtration was believed to result in better performance than dead end filtration|136].
The effects of shear on the feed stock prior to algae microfiltration and ultrafiltra-
tion have also been observed|[126]. As expected, pre-shear samples with higher EPS
substances led to higher membrane fouling[126|. Several algae fouling mitigation
techniques have been used, these include coagulation and preozonation|[137|. Nev-
ertheless, 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[138].

Greater understanding of the foulant behaviour is required for fouling mitigation.
Analysis of macroscopic parameters such as transmembrane pressure and flux data as
well as real time in-situ observations can reveal information in greater detail leading
to better understanding of these phenomenal50]. The use of Direct Observation
Through Membrane(DOTM) system allows a non-invasive optical observation of
the foulant on the membrane surface. With DOTM, deposit-membrane interactions

during flux stepping can be observed. A main advantage of DOTM over other
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membrane observation tools, such as multiphoton microscopy|139], is that clear
images can be captured without the need to stop the fluid flow. Nevertheless, it is
necessary that the membranes must be transparent.

DOTM enables the first deposits to be observed and is more sensitive than an
analysis of transmembrane pressure-flux data in establishing the point of the critical
flux. This is because the changes in TMP are subject to sensitivity of pressure
transducer as well as permeability of the deposit layer. With low sensitivity pressure
transducers, the critical flux calculated from analysis of transmembrane pressure
flux data will be higher than the real critical flux. Moreover, foulant adhesion and
removal mechanisms can be visually observed continuously.

The optical images were used together with TMP to observe membrane fouling of
Chlorella Sorokiniana and Polystyrene latex of similar size to the algae. Understand-
ing the transmission of polysaccharides by the membranes is of importance in many
applications including desalination and MBR operations. A brief review of trans-
port of polymer through pore were included in Chapter 2 as they help explaining

the fouling phenomena.

3.2 Materials and methods

Direct Observation Through Membrane, or DOTM, equipment is available at SMTC
and was used throughout for Chapters 3 and 4. This section will outline the basic
principles of DOTM, and detail membrane modules and experimental procedures

used.

3.2.1 Direct Observation Through Membrane

DOTM consists of a transparent crossflow cell that is connected with a microscope so
that when used with a transparent membrane particle deposition on the membrane

can be observed. Particles of 1um in size and larger can be clearly seen|[140]. Suitable
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choices of membrane for this equipment include the Anopore anodised aluminium
membrane and the Millipore Teflon membrane[140]. DOTM was first used by Li et
al. in 1998 to observe deposition by yeast cells and latex particles|141]|. Information
from DOTM is usually more sensitive than TMP data; it is therefore a very useful
technique especially for determination of the critical flux or the threshold flux for
particle deposition.

Although the deposition on the membrane surface can be clearly seen and quan-
tified, the limitation of DOTM include difficulties in observation of concentration
profile[140]. Cake layer can be seen, but quantification of thickness may not be

possible.

3.2.1.1 Crossflow membrane filtration module

Datalogging

: Microscope |

Permeate pump

Feed pump I O
p—
pre— O L@.)- Membrane cell

Air pump

Feed

Permeate

Magnetic Stirrer Electronic balance

@ @ @ = Pressure transducers @ = Air-flow meter

Figure 3.2: Schematic drawing of DOTM
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Figure 3.3: Experimental set-up of DOTM
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Figure 3.4: Openview of DOTM filtration module

A schematic drawing of DOTM filtration process and the experimental set up is
shown in Figure 3.2 and 3.3 respectively. DOTM cross-flow filtration cell consists
of a conventional crossflow cell that is made of Perspex with glass viewing window
(see Figure 3.4). An optical microscope (Axiolab, Zeiss) was used to focus through
the back of the membrane, and images of the membrane skin on feed side were

periodically captured by colour video camera, JVC, TK-C921BEG. These images
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were captured using Image pro plus software, the same software was used for image
analysis. Magnification of 10x was found to produce clear images for image analysis.
The transparent membranes used for image analysis experiments were Anopore flat
sheet membrane from Whatman.

The orientation of the crossflow filtration cell is down so that settling of the feed
material on to the membrane due to gravity is avoided. The inlet, outlet, and
the permeate were connected with identical pressure transducers (Model 206, Cole
Palmer). Crossflow 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 flux. An electronic balance (Model PL4002, Mettler Toledo) was
used to measure the permeate. These data are fed to PC via datalogging system
using Labview software. The feed was continuously stirred at 500rpm by a mag-
netic stirrer bar with magnetic coupling generated by a Barnstead Cimarec Digital
Hot Plate Stirrer(Barnstead/Thermolyne). During air-bubbling experiments, an air
pump (Hiblow HP-80, Techno Takatsuki) was used together with an air-flow meter.

Deionised water was used throughout, this was prepared by MilliQ system with
0.22um Millipak express (Millipore). Prior to starting each experiment, the system
was flushed thoroughly with deionised water for at least half an hour.

For each experiment, a new membrane sheet was used and its water permeability
was measured. All experiments operated using 100% recirculation. For analysis of
organic content, a small sample was collected from the feed tank at the beginning and
the end of each flux stepping. The permeate was also collected separately for each
17.5 minutes period. Flux-Transmembrane pressure measurements were collected

every 10 seconds.

3.2.1.2 Development of membrane module

The original module used by Li et al.[142| had several leakages and therefore the new

module was fabricated. The modules were made principally of Perspex with their
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viewing windows being made of glass. A rubber gasket was used on each module
together with 8 screws to hold the top and bottom part of the module tightly
together. The top part of the old and new module is shown in Figure 3.5(left).
It is necessary that the module contains a stable porous material to support the
membrane. The membrane module therefore consists of the top part, the membrane
support, and the bottom part. Figure 3.5(right) shows the two types of membrane
support that were tested. The thin transparent plastic support (top right) is easy
to fabricate but is too flexible resulting in movements of membrane sheet during
a filtration run. This results in inaccuracy of experiments as well as breakage of

the fragile Anopore membrane. The metal support (Figure 3.5, bottom right) was

therefore used throughout. Unassembled DOTM module is shown in Figure 3.6.

Figure 3.5: Top part of old and new filtration module (left), and membrane supports
(right)
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Figure 3.6: Unassembled DOTM module

3.2.1.3 Experimental Procedure for flux stepping mode

The standard experimental procedure for flux stepping experiments is stated below.

1. The membrane sheet (Section 3.2.2.2) is mounted into the module and filled

with deionised water.

2. The module is then placed on the set up as shown in Figure 3.2. The filtration

loops are connected.

3. The system is filled with deionised water, crossflow velocity is set, and trans-
membrane pressure and DOTM of clean membrane are taken at the lowest

flux.
4. The feed is diluted to the desired concentration.

5. The water reservoir is replaced with the feed reservoir. The feed pump is
started, followed by the permeate pump. Crossflow velocity is carefully varied

by adjusting the feed pump (Gear pump drive, Cole Palmer) to a desired level.
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Care must be taken as any rapid changes will result in fracture of the delicate

Anopore membane.

6. The system is kept running while the images are being taken. In order to
obtain high quality images, the microscope focal length is adjusted prior to
each image capture. Maximum effort has been made to keep the membrane
module at the same position for all experiments. A series of images were taken

5 minutes and 15 minutes after a flux was imposed.

3.2.2 Materials
3.2.2.1 Membranes

Anopore (Anodisc) 0.2um hydrophilic membranes were mainly used in these experi-
ments unless otherwise stated. Anopore is a hydrophilic aluminium oxide membrane

with precise, non-deformable, highly controlled, uniform capillary honeycomb|143].

3.2.2.2 Membrane Sheet preparation

Each membrane is mounted between 150gsm paper in order to accommodate a
circular disk in a rectangular cell. This is also a technique used to provide the
membrane area with stable flow, and minimize entrance effects which give rise to
unstable flow. The arrangement is the common technique used for DOTM.

The mixture of GlobalCast 939 A&B glue was employed, it resulted in the sup-
porting sheets having low flexibility but with the desired non-permeability. The glue
has low viscosity; it could penetrate through the paper and form film-like layer on
the paper. Blank test membrane sheet (without membrane) was tested to confirm
that the surface was not permeable to water or damaged by the flow even at the
highest crossflow 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. An appropriate amount of glue must be applied as
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too much would result in glue leakage on to the edge of the membrane, and too
little would make the membrane sheet too flexible, resulting in the movement of
membrane during the filtration and eventually resulting in breakage of the brittle
Anopore membrane.

This system appears to work fine but for long term experiment and at high cross-
flow velocity, a dent of the membrane sheet in an area near the feed inlet was visible.
However, the distance between the Anopore membrane and this dent is large and
so the effect on membrane filtration is considered minimal. This indicates that an
improvement of the DOTM test cell design in terms of flow distribution near the

inlet could be made.

3.2.2.3 Feed suspension

Feed suspension consists of Chlorella Sorokiniana and Polystyrene latex particles
(3um). The main concentration used was 29mg/L of microalgae. Also 14.5mg/L and
58mg /L algal suspension were used to observe the effect of feed concentration. The
algae used here were grown in batch mode, and 2 batches were needed to complete
all experiments. For maximum accuracy, experimental results using different batch

of algae were not compared directly with each other.

Algae (Chlorella Sorokiniana)

Chlorella Sorokiniana, fresh water algae was used as feed. The cultures from Amer-
ican Type Culture Collection (ATCC) were cultivated in modified ATCC medium
616 (BG-11 medium) (see table 3.1) under photoautotrophic condition in a custom-
made 3L photoreactor at room temperature (25°C) by Thiengi Aung (PhD student,
NTU). The medium was prepared using analytical grade chemicals, and its pH was
adjusted to 7.1. The medium was autoclaved at 121°C prior to the cultivation. Dur-
ing the cultivation, 8 of 13-watt fluorescent lights were used to provide necessary

light source, and the COs-air volume ratio of 3:100 was also continuously provided.
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Harvesting of the algae was done at around 14 days where algal concentration is
at its maximum (approximately 2g/L). Dry weight together with calibration curves

relating Algae concentration to UV absorbance (UV1800, Shimaszu) were carried

out.
NaNO; 15 ¢
KoHPO,4 0.04 g
MgS0,4.7H,0 0.075 g
CaCl,.2H,0 0.036 g
Citric acid 0.006 g
Ferric ammonium citrate 0.006 g
EDTA (disodium salt) 0.001 g
NaCO3 0.02 g
'Trace metal mix A5:
H3BO; 286 g
MnCl,.4H,0 181 ¢
ZnS0,4.7H,0 0.222 g
NaMoO,.2H,0 039 g 10 mL
CuS0,4.5H,0 0.079 g
CO(NO3)2.6HQO 49.4 mg
Distilled water 10 L
Distilled water 1.0 L

Table 3.1: Modified ATCC medium 616 (BG-11)

UV spectrophotometer (UV-1800, Shimadzu UV Spectrophotometer) was set to
measure the absorbance at various wavelengths. It was found that the sensitiv-
ity of these measurements for the whole range of dilution data peaked at both
wavelength 440nm and 490nm. However sensitivity for dilution below 50mg/L
peaked at wavelength 490nm and 500nm. Measurements at 490nm were therefore

used throughout.

3.2.3 Analysis for algae suspension
3.2.3.1 Measurement of Algae concentration

A UV spectrophotometer (UV-1800, Shimadzu UV Spectrophotometer) was used to
relate algae concentration to UV absorbance. A linear relationship between these oc-
curred for the dilution range used for the experiments. Measurement at wavelength
490nm was used for data interpretation for the reason stated earlier. Algae concen-

tration of the feed tank was measured every 17.5 minutes via the above method. As
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the membrane pore size of 0.2 and 0.1ym is much smaller than the size of the algae

(around 3um), none of the algae cells were present on the permeate side.

3.2.3.2 Measurement of viscosity

Viscosity of algae feed solution was measured. At the dilutions used in the exper-
iments, the viscosity of the algae solution did not deviate noticeably from that of
water; the fraction of solutes present in the feed solution was very small in compar-

ison to the water.

3.2.3.3 Measurement of Particle size distribution

Particle Size Distribution
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Figure 3.7: Particle size distribution of Chlorella Sorokiniana measured using Mas-
tersizer 2000

Particle size distribution was measured using a Particle analyzer (Mastersizer 2000,
Malvern, UK). The flow rate was set to 2500 rpm. Figure 3.7 shows particle size
distribution of Chlorella Sorokiniana diluted with deionised water. The peak of
particle size (number %) was approximately 2.52 ym. This was expected as the size

of algal cells is approximately 3 ym.

3.2.4 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 one used in membrane filtration
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was employed. A signal processing technique, the Savitzky-Golay filter 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|[144]. The initial transmembrane pressure data
were shifted to the same starting point. From the TMP-J data average transmem-
brane pressure and average flux for each flux step were plotted. Rate of increase of
transmembrane pressure was then revealed. In this way, the overview of transmem-
brane pressure and the rise in transmembrane pressure at each flux step for various
systems can be easily compared.

In general for complete pore blocking, the rate of increase of transmembrane
pressure during each flux of the flux-stepping experiments is expected to increase
as flux increases until a plateau is reached (steady state). This is true especially
if the operating flux is above the critical flux. For feed solution of mixed species
(where the solutes include those which are deformable and have a smaller or a
comparable size to the membrane pore size) deviation of I TMP /dt from the expected
model could occur. Fouling mechanisms can be divided into External and Internal.
External fouling|[145] (known as the Cake filtration model) is assumed when the
rate of increase of transmembrane pressure decreases with time. Internal fouling
[145](known as the standard blocking or pore blocking model) is assumed to occur
when the rate of increase of transmembrane pressure increases with time.

dTMP/dt was calculated to illustrate fouling tendency for flux stepping during
the first few minutes after the initial flux step was induced and then throughout
the rest of the run. The appropriate length of time was chosen, and this was 5
minutes and 10 minutes respectively for the initial change and the rest of the run.
In summary, the averaged increase of transmembrane pressure during the first 5
minutes and the average rate of increase of transmembrane pressure for the next 10

minutes were used in membrane fouling analysis.
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3.2.5 Analysis of DOTM images®

With the use of DOTM, image analysis revealed the number of algal cells deposition
on the membrane surface. As mentioned earlier, the images were taken and analysed
using Image Pro plus software. Images were taken at the 5th and 15th minutes of
each flux step. This is shown as a trend of the fraction of membrane covered by
these cells plotted against time during each flux step (17.5 minutes). The deposition
and removal of the algal cells was dynamic and occurred simultaneously throughout

the filtration.

Tasks PP | FW | Others
Cultivation of algae X
Preparation of DOTM apparatus and membrane sheets X

Experiments: effect of crossflow velocity above Jc

Experiments: effect of crossflow velocity below Jc

Experiments: effect of crossflow velocity, set E

Experiments: effect of salt addition 1

Experiments: effect of salt addition 2

Experiments: effect of feed concentration above Jc

Experiments: effect of feed concentration below Jc

Experiments: captures of DOTM images

T T B T B T B T B T B T B T B o B Bl e

Adapting DOTM apparatus for air-bubbling effect b b
Experiments: effect of air-bubbling

Experiments: effect of air-bubbling intermittency

Suspension tests X
Analysis of data

Analysis of DOTM images (Image pro) X

PP: Pharima Pongpairoj, FW: Filicia Wicaksana
Table 3.2: Work distributions

3.2.6 Comparisons between shear rate for DOTM

Crossflow velocity (m/s) Awree(s™) | Awsie(s7h)
0.1 294 300
0.18 530 540
0.24 706 720

Table 3.3: Wall shear rate calculated using rectangular die (wge.) and slit die
(Awsut) approximation at different crossflow velocities for DOTM module
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Permeate flux 11 LMH | 200LMH
Pore wall shear rate (s=1) | Porosity 25% 489 8889
(Yuwp = 22) , 0.2um Anopore | Porosity 50% 244 4444
Pore wall shear rate (s7!) | Porosity 25% 978 17778
(Awp = i—j), 0.1pum Anopore | Porosity 50% 489 8889

Table 3.4: Shear rate (s!) within the pore for Anopore membrane calculated using
information provided at [146]

Wall shear rates at different crossflow velocities for DOTM module were calculated
using rectangular die and slit die approximation, and are shown in table 3.3. This
table demonstrates the difference in wall shear rate when slit die and rectangular
die approximation are used. Slit die approximation is less complicated and can be
employed instead of the rectangular die approximation when the channel width is
infinitely larger than the channel height height (W >> H)[107]. DOTM module has
channel height to width ratio of 0.0571. Son et al[107] relates height to width ratio

to wall shear rate using the following equations.

b* *
Yw = Ya (;) (F + ;ﬁ—%) (3.1)

- )

where v,, and 7, are the wall shear rate and the apparent shear rate for rectangular

where

die. H and W refer to the channel height and width respectively. a*, b*, and f are
the geometric constants which depend on H/W. Geometric constants a*, b*, and
f for DOTM module were obtained by 2nd order polynomial regression using the
values given in a table from Son’s paper|[107].

while the apparent shear rate for slit die approximation can be written as

_ 6Qcrv
Va WH?

(3.3)

The relation between shear rate by slit die approximation and regtangular die
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approximation for the current geometry is therefore

;YaRec = O-gglﬁ/aSlit (34)

Table 3.4 shows pore wall shear rate at different fluxes and membrane porosity

for Anopore membrane 0.1 and 0.2um. The pore wall shear rate can be written as

_ 46

3
7T7’p

Yup (3:5)

where (); is the average flow rate through membrane and r, is the membrane pore

radius. This is equivalent to

. 4
Fwp = — (3.6)

Tp

where u is the fluid velocity through membrane pore. Table 3.4 reveals signific-
antly larger values for pore wall shear rate at 200LMH than wall shear rate values for
any crossflow velocities illustrated in table 3.3. Increases in permeate flux resulted
in greater pore wall shear rate due to increased flow rate. A reduction in porosity
or an increase in membrane pore blocking affects pore wall shear rate directly by

increasing the average permeate flow rate in other pores.

3.3 Results and discussion

Crossflow filtration of Chlorella Sorokiniana was carried out in different conditions in
order to determine the effect of crossflow velocity, feed concentration, salt addition,
turbulence by air-bubbling, membrane pore size, and membrane type. Crossflow
velocities were set at three levels: CFV2, CFV3 and CFV4 correspond to 0.107,
0.175, and 0.237 m/s respectively. The step size and the starting flux were varied
in order to observe behaviour of the Chlorella Sorokiniana at different conditions,

and the duration of each flux step remained constant. All possible efforts were made
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to maintain fluxes level. Nevertheless, it was not possible to replicate exactly the
same flux values, and there existed a small distribution of flux for these experiments.
A summary of the experiments is shown in table 3.5. Fouling behaviour of Latex
particles of a comparable size to the algae cells was also studied in order to observe

fouling mechanism of particles in the absense of EPS.

SET-A SET-B SET-C SET-D SET-E
Stepping Y Y Y N Y
Average starting flux (LMH) 105 17 70 17
Average final flux (LMH) 200 120 330 180
Effect of crossflow velocity Y Y Y Y
Effect of feed concentration Y Y
Effect of salt addition Y Y
Effect of bubbling Y Y Y
Effect of membrane pore size Y
Effect of membrane type Y

Table 3.5: Summary of experiments

SET-A A set of flux stepping was carried out at three crossflow velocities to
determine the effect of shear on critical flux, six steps each of 17.5 minutes. Fluxes
were between 105 and 200LMH. Effect of concentration was also determined at both

0.107 and 0.237m/s.

SET-B A set of flux stepping experiment set to observe the effect of crossflow
velocity in subcritical flux range, the range of the fluxes here were between 17 and

120LMH. Both the effects of concentration and crossflow velocity was carried out.

SET-C The effect of bubbling was assessed at 0.107m/s using flux stepping in
the high flux range and with larger flux steps. The flux range was between 70 to
330LMH. The aim was to observe if the former cake that has been built slowly by
SET-A has any effect on the growth of fouling of the Chlorella Sorokiniana cake

layer. Effect of addition of salt KCI and CaCl, were observed.
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The effect of bubbling (1L /min) was also studied in order to investigate the effect

of bubbling on fouling mitigation above critical flux.

SET-D Crossflow filtration using clean membrane was carried out at various fluxes
at 0.107 and 0.237m/s. This was to observe whether the cake structure formed under
different starting flux had any effect on the rate of membrane fouling.

Effect of bubbling was further studied at constant fluxes. Intermittent bubbling
with 17.5 minute interval was then carried out to see the effect of bubbling when it

is used periodically. Results from this set are not included in this thesis.

SET-E A set of flux stepping experiment carried out between 17 to 180LMH to
observe the behaviour of smaller particles during the filtration process, as well as
to determine the effect of crossflow velocity. The composition of the feed and the
permeate was closely monitored periodically for the content of carbohydrate and
protein, as well as for organic carbon content (TOC and IC). The results from this

set are shown in Chapter 4.

3.3.1 Effect of crossflow velocities

Effect of crossflow velocities during crossflow filtration of microalgae (Chlorella Sor-
okiniana) at 29mg/L. was observed via the flux-stepping method. Three sets of
experiment were carried out to examine this by starting flux stepping at supercrit-
ical flux (SET A) and at subcritical flux (SET B). Polystyrene latex particles (3um)
was also used as feed to observe fouling behaviour of a model particle in absence of

EPS in comparison with the microalgae (with EPS).
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3.3.1.1 Fouling behaviour of model feed
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Figure 3.8: TMP against flux (a) and dTMP/dt against flux during microfiltration
of 3pm latex particles suspension (b)
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Figure 3.9: Fractional coverage of latex particles on membrane surface

Flux stepping crossflow microfiltration experiments of latex particles were carried
out at crossflow velocity of 0.107m/s. Figure 3.8 indicates 4 steps of approximately
38LMH. Figure 3.8a shows average TMP during each flux step, while dTMP/dt
during 0-5th minutes and during 5-15th minutes were shown on 3.8b. Figure 3.9a
and Figure 3.9b present fractional coverage of membrane against time and a close-up

image of the same diagram respectively.
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The starting flux was selected as 17LMH as this is below the critical flux of latex
particles previously determined experimentally (results not shown). As soon as flux
increased to 55LMH, latex deposition rate increased from negligible to 0.02%cov-
erage per minute. Critical flux obtained by DOTM images was therefore between
17 and 55LMH. Similarly, critical flux obtained from transmembrane pressure data
was also between 17 and 55LMH as initial rate of increase of TMP increased to
nearly 0.08kPa per minute after the flux was increased to 55LMH. Threshold flux
obtained from TMP happened as dTMP /dt during 0-5th minutes increased further
to nearly 0.1kPa/min, nevertheless it is also the same value as that obtained from
image analysis. Critcal flux and threshold flux obtained by different methods are

summarised in table 3.6.

Type By TMP By DOTM fractional coverage

Critical flux 17-55LMH(0.08kPa/min) 17-55LMH (0.0002 per minute)

Threshold flux | 93-131 LMH(nearly 0.1kPa/min) 93-131 LMH(0.002 per minute)

Table 3.6: Critical flux and threshold flux for latex suspension at crossflow velocity
0.1m/s

For all fluxes carried out, the rate of increase of transmembrane pressure was
high only for the first 5 minutes (initial) after the flux was increased. After which,
the rate of increase of transmembrane pressure remains relatively low (less than
0.006kPa per minute). The rate of increase of transmembrane during 5-15th minutes
remained low even after 70 minutes at 166LMH. It is likely that the rate of increase
of transmembrane pressure with the increasing flux steps here is due to external

pore blocking.
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3.3.1.2 Fouling behaviour of algae at different crossflow velocities during

flux stepping starting at supercritical flux
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Figure 3.10: TMP against flux and fraction of membrane coverage by the algae cells
at different crossflow velocities during microfiltration of algal suspen-
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Figure 3.11: Initial and 5-15th minute rate of increase of transmembrane pressure
against flux for 29mg/L algae solution at different crossflow velocities
when flux stepping started from above critical flux for the algae cells:
SET-A
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Experiments were carried out to observe behaviour of algae at supercritical flux,
the flux that is well above the critical flux of algae cells. The deviation of average
transmembrane pressure against flux from the clean water values was less significant
at high crossflow velocity (shown in Figure 3.10a. This result is supported by DOTM
images, that at higher crossflow velocity resulted in slower or lower deposition of
the algae cells on the membrane surface than at lower crossflow velocity (shown in

Figure 3.10b).

Crossflow velocities | Threshold flux 0-5th minute | Threshold flux 5-15th minute
0.1 m/s 175 LMH 162 LMH
0.18 m/s 180 LMH 188 LMH
0.24 m/s 184 LMH Above 205 LMH

Table 3.7: A table displaying threshold flux identified as the flux resulting in
dTMP /dt reaching 0.1kPa per minute: SET-A

Figure 3.11 illustrates rate of membrane fouling against flux. The initial rate of
dTMP/dt and the 5-15th minute dTMP/dt are shown in Figure 3.11a and 3.11b
respectively. At crossflow velocity of 0.1m/s, transmembrane pressure increased
as soon as the first flux started with initial dTMP /dt of 0.054kPa/min, while the
dTMP /dt for the first flux at crossflow velocity of 0.18m/s and 0.24m/s still remained
negligible for both 0-5th and 5-15th minute. It is therefore reasonable to assume
that at crossflow velocity of 0.18m/s and 0.24m/s these starting fluxes are below
critical flux for algal cells by TMP. The rate of increase of transmembrane pressure
during the 5-15th minutes shows a trend that is exerted to rise above 0.1kPa per
minute at a flux of around 162, 188, and above 205LMH at crossflow velocity of
0.1, 0.18 and 0.24m/s respectively. Nevertheless, at crossflow velocities of 0.1m/s
the flux below 130LMH was low enough to maintain a negligible rate of increase
of transmembrane pressure during 5-15 minutes. After this flux, the shear was no
longer efficient, and the increase in transmembrane pressure occurred throughout,
not just at the beginning. As the flux was raised from 130 to 170LMH, a drop

in the rate of increase of transmembrane pressure at 170LMH occurred during the
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first 5 minutes, this showed that a portion of the cake resistance has been removed.
Since this phenomena was followed by a higher rate of increase of transmembrane
pressure during the rest of the run (dTMP/dt jump), it could be concluded that,
some of the deposition was removed from the membrane surface by being pushed
through the pores, resulting in an initial reduction in resistance but (due to some
retention) some pore narrowing. The latter effect caused a much steeper rate of
increase of transmembrane pressure thereafter. Threshold flux 0-5th and 5-15th
minute at different crossflow velocities are summarised in table 3.7. A comparison
of critical fluxes by analysis of TMP and by DOTM are summarised in table 3.8.
It is clear that the critical flux observation using the DOTM method was generally
more sensitive than that using the TMP method. Note that in order to find the

exact value of the critical flux using the flux stepping method, further experiments

with fine-tuned flux steps are necessary.

CFV Critical flux by TMP | Critical flux by DOTM | Sensitivity of methods
0.1 m/s below 114LMH below 114LMH Equal
0.18 m/s | between 109 and 136LMH below 109 LMH DOTM is more sensitive
0.24 m/s | between 102 and 125LMH below 102 LMH DOTM is more sensitive

Table 3.8: Comparison of critical flux for 29mg/L Chlorella Sorokiniana by trans-

membrane pressure and by DOTM
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Figure 3.12: TMP against flux and fraction of membrane coverage by the algae cells
at different crossflow velocities during microfiltration of 14.5mg/L algal
suspension

Figure 3.12a illustrates that the higher crossflow velocity of 0.24m /s did also result
in lower average transmembrane pressure for 14.5mg/L algal suspension. Again,
DOTM image analysis revealed that higher crossflow velocity of 0.24m/s led to
lower deposition of algal cells on the membrane surface (Figure 3.12b). The rate
of increase of fractional coverage started to increase severely as flux increased to
141 LMH and 174LMH for CFV 0.1m/s and 0.24m/s respectively. The greater
membrane coverage by algal cells at all fluxes for CFV 0.1m/s could contribute to
the elevated transmembrane pressure seen in Figure 3.12a.

Figure 3.12b reveals algal depositions on the membrane during the run. It can
be clearly seen that even at the lowest fluxes in Figure 3.12a used for all crossflow
velocities, algal deposition occurred within 5 minutes of starting. This means that
these fluxes are well above critical flux for algal cells. With DOTM image analysis,
critical flux for algal cells can be clearly and easily determined. Details on lower

fluxes are given later in section 3.3.1.3.
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3.3.1.3 Fouling behaviour of algae at different crossflow velocities during

flux stepping starting at subcritical flux

Average TMP (kPa)

Flux (LMH)
—20.1m/s —4-0.24 m/s

Figure 3.13: TMP against flux for 29mg/L algal solution at different crossflow velo-
cities when flux stepping started from below critical flux for the algae
cells: SET-B.

Behaviour of algae at subcritical flux was studied, and a small-step flux stepping
was used. The starting flux of the flux stepping was below the critical flux for algal
cells. The algae have already started to age, and could result in higher extracellular
polysaccharide content. Figure 3.13 shows average transmembrane against average
flux, while membrane fractional coverage is shown on Figure 3.15.

The adverse effect of crossflow velocities was found here. Figure 3.13 clearly shows
that the high crossflow velocities of 0.24m /s no longer resulted in lower average trans-
membrane pressure than the low crossflow velocities (0.1m/s). In fact, the average
transmembrane pressure during each flux were higher for higher crossflow veloc-
ity. For crossflow, it is generally believed that the effect of shear induced diffusion
normally reduces deposition of the solutes as shear increases. Thus higher cross-
flow velocity would normally results in less deposition of particles on the membrane
surface and hence a lower rate of increase of transmembrane pressure is normally

expected. Reasons for an adverse effect are discussed in section 4.3.3.
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Figure 3.14: Initial (0-5th) and 5-15th minute rate of increase of transmembrane
pressure against flux for 29mg/L algae solution at different crossflow
velocities when flux stepping started from below critical flux for the
algae cells: SET-B.

The dTMP/dt (Figure 3.14) 0-5th minute were higher than dTMP/dt 5-15th
minute for the first flux for both crossflow velocities. This implies that initially
external fouling was the dominant mechanism. As flux was raised, the trend showed
that dTMP /dt 5-15th generally were higher than dTMP /dt 0-5th, this implied that
internal fouling dominated during those fluxes. Moreover, as flux increased, neg-
ative values of dTMP/dt 0-5th minute were found. It could be possible that the
cake or fouling layer was susceptable to flux as well as shear. Further information
such as critical flux and threshold flux can not be clearly deduced from analysis of
transmembrane pressure alone, although one could conclude that the threshold flux
(resulting in dTMP/dt 5-15th reaching 0.1kPa/min) was around 100LMH for both

crossflow velocities.
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Figure 3.15: Fractional membrane coverage by the algae cells against time for
29mg/L algae solution at different crossflow velocities when flux step-
ping started from below crtical flux for the algae cells: SET-B.
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Figure 3.16: Rate of increase of membrane fractional coverage (per minute)

With the use of DOTM, the deposition of the solutes on the membrane surface

was investigated. As expected, higher crossflow velocity led to higher removal of

algae cells and resulted in less deposition of algae cells on the membrane. This is

shown in Figure 3.15. Measurement of critical flux for the algae by image analysis

is rather tricky because the algal cells do attach to the membrane surface even at

zero flux. The attachment is due to extracellular polysaccharide around the cells,

ie. sheath. In this case, critical flux by DOTM was identified as the flux at which

deposition of algal cell deviated from the general minimal values and rate of in-

crease of membrane coverage can be used. This critical flux can be taken to be

a critical flux of the weak form rather than the strong form[41]. The critical flux
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for algal cells at CFV 0.1m/s and 0.24m/s were between 29 and 48LMH and 93
and 113LMH respectively (summarised in table 3.9). For CFV 0.24m/s, increases
in transmembrane pressure occurred with minimal deposition of algal cells up un-
til 93LMH. With image analysis of membrane surface, it could be concluded that
the deviation of transmembrane pressure from clean water values was due to other
substances within the feed solution, not just the algae. Further experiments were

carried out and this will be reported in section 4.2.1.

CFV Critical flux by TMP

Critical flux by DOTM

Sensitivity of methods

0.1 m/s N/A

between 29 and 48 LMH

DOTM is more sensitive

0.24 m/s N/A

between 93 and 113 LMH

DOTM is more sensitive

Table 3.9: Comparison of critical flux for 29mg/L Chlorella Sorokiniana by trans-
membrane pressure and by DOTM

3.3.2 Effect of feed concentration

Effect of feed concentration was carried out in flux stepping experiments starting at
supercritical flux level as well as starting at subcritical flux level. The lowest CFV
(0.1m/s) and the highest CFV (0.24m/s) will be used here to compare the effect of

feed concentration on membrane performance under low and high shear.
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3.3.2.1 Effect of feed concentration during flux stepping experiments
starting at supercritical flux and starting at subcritical flux under

low crossflow velocities (0.1m/s)
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Figure 3.17: TMP against flux, and fraction of membrane coverage by the algae cells
against time for algae solution at different dilutions at CFV 0.1m/s
when flux stepping started from above critical flux for the algae cells:
SET-A.

Figure 3.17a illustrates transmembrane pressure against average flux, and Figure
3.17b shows fractional membrane coverage during flux stepping at crossflow velocity
of 0.1m/s. The trend here was as expected, higher algal concentration led to higher
transmembrane pressure. DOTM fractional coverage revealed that algal deposition
on membrane surface was higher for 29mg/L of algae suspension than 14.5mg/L
algal suspension but not doubled. The fluxes used here were at supercritical level,

algal depositions occurred as soon as the fluxes started.
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Figure 3.18: TMP against flux and fraction of membrane coverage by the algae cells
against time flux for algal solution at different dilutions at CEFV of
0.1m/s when flux stepping started from below critical flux for the algae

cells: SET-B.
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Figure 3.19: Rate of increase of fractional membrane coverage against flux for dif-
ferent algal concentration: SET-B

For experiments starting at subcritical fluxes, effect of algal concentration on
average transmembrane pressure, fractional membrane coverage, and rate of increase
of fractional coverage at low crossflow velocity of 0.1 m/s are present in Figure 3.18a,
3.18b and 3.19 respectively. Interestingly, even though higher concentration did
result in greater average transmembrane pressure, the membrane fractional coverage
was lower for 58mg/L algal suspension than 29mg/L algal suspension. One can
speculate that the nature of the high concentration feed was different; may be the
effective particle size was greater. It is well known that larger particles have a higher

critical flux[43].
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3.3.2.2 Effect of feed concentration during flux stepping experiments
starting at supercritical flux and starting at subcritical flux under

high crossflow velocities
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Figure 3.20: Transmembrane Pressure against flux and fraction of membrane cover-
age by the algae cells against time for algae solution at different dilu-
tions at CFV 0.24m/s when flux stepping started from above critical
flux for the algae cells: SET-A.

Figure 3.20a illustrates effect of concentration on transmembrane pressure during
flux stepping experiment starting at supercritical fluxes at high crossflow velocity of
0.24m/s. Higher algal concentration resulted in higher average transmembrane pres-
sure. At the same flux, the rate of increase of transmembrane pressure were indeed
greater for 58mg/L, than 29mg/L and 14.5mg/L algal suspension. Nevertheless,
the membrane fractional coverage (Figure 3.20b) shows that this increase was not
purely due to deposition of algal cells on the membrane surface, since 29mg/L algal
suspension led to higher algal deposition than 14.5mg/L algal suspension, while the

58mg /L suspension resulted in similar deposition to 14.5mg/L at early fluxes.
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Figure 3.21: TMP against flux and fraction of membrane coverage by the algae cells
against time for algae solution at different dilutions at CFV 0.24m/s

when flux stepping started from below critical flux for the algae cells:
SET-B.

Figure 3.21a shows effect of concentration on transmembrane pressure during
flux stepping experiment starting at subcritical fluxes at high crossflow velocity of
0.24m/s. At low fluxes, the average TMP for filtration for 14.5mg/L algal suspension
was unexpectedly higher than for 29mg/L algal suspension. Nevertheless, Figure
3.21b reveals that the algal deposition on the membrane surface was indeed lower
for lower algal concencentration at all fluxes. This implied that the increase in
average transmembrane pressure was influenced by other substances, not the algal

cells alone, which is further evidence of the influence of EPS.
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3.3.3 Effect of air bubbling
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Figure 3.22: TMP against flux and dTMP/dt against flux for algae solution at 29
mg /L with and without bubbling at CFV 0.1m/s when flux stepping
started from above critical flux for the algae cells.

Figure 3.22 illustrates average transmembrane pressure against flux for 29mg/L algal
suspension with and without air bubbling at crossflow velocity of 0.1m/s. Each flux
stepping step height was increased so that the effect of air-bubbling can be seen
more clearly. Feed crossflow velocity were set at 0.1m/s, and the air-flow rate was
approximately 1L/min. This is equivalent to Liquid:air ratio of 0.4. As seen in
Figure 3.22, with air-bubbling the average transmembrane pressure were much lower
than without bubbling. Without air-bubbling, breakage of membrane occurred as
flux increased to approximately 250LMH (transmembrane pressure reached 11kPa),

while with air-bubbling, it was possible to operate at 320LMH.
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Figure 3.23: Fractional coverage by the algae cells against time for algae solution at
29 mg /L with and without bubbling at CFV 0.1m/s when flux stepping
started from above critical flux for the algae cells.

Bubbling | Threshold flux by TMP | Threshold flux by DOTM | Sensitivity of methods
Without 220 LMH below 100 LMH DOTM is more sensitive
With 310 LMH below 220LMH DOTM is more sensitive

Table 3.10: Threshold flux by TMP (for dTMP/dt reaching 0.1kPa/min) versus by
DOTM

Figure 3.23 reveals fractional coverage of the membrane by algal cells with time. It
can be seen that without air-bubbling the membrane was rapidly fouled by the algal
cells as soon as the flux started as this flux is well above the critical flux. For the
same flux with air-bubbling, the membrane surface remained relatively free of algal
cell deposition, and the rate of increase of membrane coverage was negligible. As flux
increased further, the algal deposition continued to increase for the non-bubbling
case, whilst for bubbling, the fractional coverage remained relatively low despite the
high flux imposed. The critical flux for bubbling was between 120 and 220LMH.
Threshold flux obtained by TMP and by DOTM image analysis are summarised in
table 3.10.

The rate of increase in TMP for with-bubbling increased significantly at high
fluxes, even though DOTM images revealed a low algal deposition on the membrane

surface. It is therefore reasonable to conclude that again the membrane fouling in
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this case was the result of other substances within the feed, not the algal cells alone.

Type Apparent shear rate ( s~ 1) % increase
Slit die from CFV0.1m/s
CFV 0.1m/s 300 0
CFV 0.18m/s 540 80%
CFV 0.24m/s 720 140%
Air-bubbling 1014 238%

Table 3.11: Apparent shear rate during crossflow microfiltration without and with
air bubbling.

Table 3.11 illustrates the apparent shear rate (s7!) at different crossflow velocities
and with air-bubbling. With air-bubbling, the shear rate increased by 238% without
addition of algal cells passing the membrane surface, ie. shear rate per mg of algal

cells per second increased from approximately 8 * 103 to 28 x 103.

3.3.4 Effect of salt addition
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Figure 3.24: TMP against flux, and fractional membrane coverage by the algae cells
against time at CFV 0.1m/s when flux stepping started from above
critical flux for the algae cells.

Experiments were carried out to investigate the effect of salt type on fouling and
deposition of microalgae. 5mM of CaCly and KCl were added to the feed suspen-

sion prior to filtration. Figure 3.24a illustrates the effect of salt addition on average
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transmembrane pressure. For algal concentration of 29mg/L, the addition of 5mM
CaCl; resulted in higher average transmembrane pressure than without salt at all
fluxes. Aqueous bmM KCI did not result in any noticeable variation in transmem-
brane pressure (graph not shown). Figure 3.24b reveals the deposition of algal cells
on the membrane surface. With KCI, the fractional coverage was slightly lower at
the initial flux, however, there was no significant change in overall fouling behaviour
observed. These results were expected as literature suggested that noticable changes
in algal mucilage sheath are mainly due to CaCl, (see section 3.1). The increase in
transmembrane pressure resulted from either external pore blocking by the the algal
cells and their sheath or internal pore blocking by the EPS. As the supplies of both
the membranes and the algal broth were limited, further experiments were carried

out to observe the effect of CaCly, rather than other salts.

3.4 Summary

Crossflow velocities largely affect both fouling and transmission. At algal concen-
tration of 29mg/L, the effect of crossflow velocities was observed at 0.1, 0.18 and
0.24m/s. At higher crossflow velocities, the fractional coverage of membrane sur-
face was lower. Shear from crossflow velocities was efficient for algal cell removal
from the membrane surface, this trend was illustrated by Figure 3.10 and Figure
3.13. Lower algal deposition on the membrane surface indicates lower external foul-
ing, and therefore lower average transmembrane pressure should be observed. This
was the case for section 3.3.1.2 when flux stepping started at a supercritical flux.
When the starting flux was below critical flux, it was found (Figure 3.13) that the
average transmembrane pressure was greater at high crossflow velocity (Case A).
This is an unusual case and will be further discussed in Section 4.3.1. Analysis of
dTMP/dt (see Figure 3.14) revealed that for low crossflow velocity, the initial rate

of dTMP /dt was negative at many fluxes, this was then followed by positive 5-15th
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minute dTMP /dt, while for high CFV, negative dTMP /dt started to occur at the
4th flux (75LMH). In both situations, the fractional coverage for both was still at
a minimal level. This implies that fouling was dominated by substances other than
algal cells, and the fouling tendency of this substance was also influenced by cross-
flow velocity. It was confirmed that DOTM can offer a more sensitive method for
detecting membrane fouling than traditional TMP but Section 3.3.1.3 revealed that
analysis of DOTM images alone could lead to misleading conclusions, due to fouling
by other substance (EPS). Further observation relating to transmission of EPS and

fouling in algae microfiltration will be reported in Chapter 4.
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4 Transmission of EPS and

Fouling in Microfiltration

This chapter is based on the work carried out during my research visit at Nanyang
Technological University (NTU), Singapore in Early 2010. This chapter relates to
some interesting observations on fouling and transmissions. This was published in
part in Desalination and Water Treatment as “ITransmission of and fouling by long
chain molecules during crossflow microfiltration of algal suspensions: influence of
shear” and in the Journal of Membrane Science under the title “Microfiltration of
algae (Chlorella sorokiniana): Critical flux, fouling and transmission”.

This chapter has the following objectives

e Exploration of the influence of crossflow velocities on transmission of EPS
e Exploration of the effect of salt addition on transmission of EPS
e Exploration of the effect of membrane type on transmission of EPS

e Exploration of the effect of membrane pore size on transmission of EPS

4.1 Materials and methods

The set up of microscope, filtration module, and filtration circuit were as described
in chapter 3. Experiments were carried out using mainly 0.2um Anopore mem-

branes. Additionally, 0.1um Anopore membranes and 0.2um PVDF membranes
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were also used to observe the effect of membrane pore size and membrane type.
Each membrane was prepared into a membrane sheet before mounting onto the
DOTM filtration module (see Chaper 3 for details). A fresh membrane was used for
each experiment.

To observe the influence of various effects on EPS transmission, the permeate
was periodically analysed for protein content, polysaccharide content, and total
organic carbon content every 17.5 minutes throughout all experiments. Membrane
performance was assessed by the following factors: average transmembrane pressure;
rate of increase of TMP; in-situ observation on membrane surface; and transmission

of EPS through the membranes.

4.1.1 Measurement of Extracellular Polysaccharide and

Organic content

A feed sample was collected at the start of the filtration run. Both feed sample and
the permeate sample were then collected at 17.5 minute time intervals for up to 105
minutes. Then the final samples of both the feed and permeate were collected at
the end of the experiment.

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

as pellet extraction.
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Supernatant, extraction of pellets, as well as the permeate sample of each flux
step were then analysed using the following methods to be examined for its protein,

polysaccharide, Total Organic Carbon, and Inorganic Carbon contents.

collected every 17.5 minutes

Feed solution ]

collected every 17.5 minutes

[ Permeate solution ]

Pellets  [( Centrifugation _{  supernatant

J L JF S JT S ‘Prefilter‘ Protein | [Polysaccharide
Protein | |Polysaccharide Prefilter || Protein | |Polysaccharide extraction extraction
extraction extraction ‘ extraction extraction TOC

Figure 4.1: Diagram showing processes of suspension analysis of EPS and organic
content

Colorimetric determination of polysaccharide concentration (EPS-Polysaccharide)
Measurements of Polysaccharides of the collected samples were analysed using the

Sulphuric-Phenol method proposed by Dubois et al. (1956). This was done by ad-

dition of 1ml 5wt% phenol solution and 5ml of concentrated sulphuric acid (HySOy)

to 2ml of analyte and mixed well. After 10 minutes of reaction time, UV absorb-

ance of the analyte was carried out at 492nm. The UV absorbance was found to be

proportional to the total carbohydrate concentration within the solution (Glucose

equivalent).

Colorimetric determination of protein concentration (EPS-Protein) BCA
Protein assay kit for protein assay using Bicinchoninic acid (Product number 23225,
Thermo Scientific) was used. BCA Protein assay Reagent A was used together with
BCA Protein assay Reagent B, at an A:B ratio of 50:1. The solution was added
into the supernatant, the extraction of pellets as well as the permeate sample at
a ratio of 20 to 1 (2ml of BCA working solution per 0.1ml of analyte). These
solutions were incubated at room temperature for exactly 120 minutes, then UV

absorbance was measured at 562nm by UV spectrophotometer (UV-1800, Shimadzu
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UV Spectrophotometer). The UV absorbance relates to the concentration of proteins

within the solution.

4.1.2 Measurement of Total Organic Carbon

Measurement of Total Organic Carbon (TOC) of supernatant solution and the per-
meate samples from each flux stepping were carried out using a Total organic car-
bon analyser (TOC-V CSH, Shimadzhu). Prior to the measurement, each sample
was filtered through a 0.45um syringe filter (Acrodisc syringe filter, Pall) to assure
that the size of any particles within the solution was below the machine’s highest

threshold limit.

4.1.3 Extracellular polysaccharide classification and definition

Since the microalgae suspension used in these experiments contains a substantial
amount of extracellular polysaccharide (EPS), classification and definition of EPS
are clarified here in order to avoid confusion, since there is no standard for clas-
sification of EPS[147]. EPS can roughly be classified into 3 types: soluble EPS
(supernatant EPS or SMP); loosely bound EPS; and tightly bound EPS. Membrane
Bioreactor (or MBR) researchers refer to soluble EPS as SMP or EPS within the
supernatant. Loosely bound EPS is that for EPS of the pellets extractable via
chemical or physical (eg. sonication) methods. Tightly bound EPS requires further
extraction of the pellets where heating is involved. It can be concluded that in
MBRs, classification of EPS is due to the strength of polymer linkages.

In this report, soluble EPS refers to small molecules that remain in supernatant
after 10 minutes of centrifugation at 4000rpm. They can enter the pores more
easily; however, a fraction can be retained on the membrane due to its stickiness.
Bound EPS refers to EPS that is chemically extracted from the pellets collected from
centrifugation at 4000rpm for 10 minutes. Loosely bound EPS (LB-EPS) surrounds

the algal cells helping the EPS molecules to attach to one another, but the algae are

114



CHAPTER 4. TRANSMISSION OF EPS AND FOULING

mostly free within the network. LB-EPS is deformable and its linkage can be broken
more easily by the shear range used in the experiments. LB-EPS is also affected
by the presence of CaCl,. Definition of deformable in this report is a reference to

deformation when subject to shear within the system.

4.2 Results and discussion

In this section, transmembrane pressure information and DOTM image analysis
will be reported, together with analysis of feed and permeate. Both the feed and
permeate were collected every 17.5 minutes throughout the run, and analysed for
extracellular polysaccharide content (EPS), concentration, protein content, and total
organic carbon content (TOC). EPS-polysaccharide within the feed supernatant, and
of the pellet extracts had values between 1-2ppm and 6-8ppm respectively. TOC
of the feed supernatant remained around 0.2 mg per mg of algae. Analysis of the
protein content for the feed supernatant, the feed pellets, and the permeate every
17.5 minutes were all negligible. This indicated that under the condition used, no

damage of the algal cells were detected.
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4.2.1 Effect of crossflow velocities

17 LMH 62 LMH 104 LMH 147 LMH 189 LMH

0.1 mis

0.18 m/s

0.24 m/s

Figure 4.2: Comparison of microalgae deposition at various fluxes and crossflow ve-
locities

Figure 4.2 shows a comparison of microalgae deposition at various fluxes and cross-
flow velocities. The algae used for experiments in section 4.2.1 was from a different
batch from those in section 3.3.1, but was grown at the same conditions. The pattern
of behaviour of average transmembrane pressure iterated by flux stepping was very
similar for each crossflow velocity. Similar trends were shown throughout for all the
crossflow velocity values. At higher fluxes, the rate of increase of transmembrane
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 chapter.

4.2.1.1 Analysis of Organic Content

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

Figure 4.3 shows permeate EPS vs flux at different crossflows. As crossflow veloc-
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ity increased, the peak of polysaccharide content in the permeate shifts towards the
left, from a flux of around 180 Imh to 116 Imh at a crossflow velocity of 0.175m/s
and 0.237m/s respectively. The peak value has also become more noticeable at a
crossflow velocity of 0.175m/s and 0.237m/s than at 0.107m/s. This indicates that
during the flux stepping, as flux increases, greater amounts of EPS-polysaccharide
were caused to penetrate through the membrane. There exists a flux at which
the penetration of EPS is a maximum. After this flux, the concentration of EPS-
polysaccharide in the permeate reduces. This could be due to fouling within the

membrane pores by EPS.

[ ®01m/s | ®0.18m/s " A 024m/s

IS
IS
!

\

Polysaccharide content (ppm)

1

Average flux (LMH) Average flux (LMH) Average flux (LMH)

Figure 4.3: EPS-polysaccharide of the permeate at different crossflow velocities.

EPS-polysaccharide concentration of the collected permeate eventually became
higher than the concentration of EPS-Polysaccharide in the feed supernatant, but it
is still lower than EPS-Polysaccharide concentration extracted from the pellets. The
concentration polarisation equation yields C,, = (C’b—Cp)*emp(%)JrC’p, which implies
lower concentration at the membrane surface as mass transfer coefficient increases as
a result of higher crossflow velocity. In principle, the sources of this extra amount of
EPS-Polysaccharide in the permeate 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.
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1.4 00— 0.1 m/s Supernatant TOC
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\!\ 0—0.24 m/s Supernatant TOC
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Figure 4.4: TOC (per mg of algae) of the permeate and the feed supernatant at
different crossflow velocities

TOC and IC Figure 4.4 shows total organic carbon (TOC) content (mg per mg
of algae) within the feed supernatant (open symbols), and in the permeate(closed
symbols) at a crossflow velocity of 0.1m/s. 0.18m/s, and 0.24m/s at different fluxes.
Most feed concentrations had an inorganic carbon concentration of 0.15+/-0.05 mg
per mg of algae. For all conditions, the TOC content of the permeate was much
higher than that of the feed solution. Higher crossflow velocities generally resulted in
greater TOC in the permeate especially at high fluxes. Information from TOC con-
tent indicates that there is a possibility of retained carbon content on the membrane
surface during the second flux stepping at all crossflow velocities. This retained car-
bon 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
flux increases, local fluxes became high enough to disturb the retained solutes, re-
sulting in more small solutes passing through the membrane pores; hence increased
values would be detected in the permeate. As flux increased further, the resulting
EPS-Polysaccharide and TOC content reduced which might be explained by intend
fouling of membrane leading to pore narrowing. It is also possible that, at this point,
the flux is above the critical flux of the algal cells, and the fouling mechanism due

to external pore blocking by the algal cells has started to dominate.

118



CHAPTER 4. TRANSMISSION OF EPS AND FOULING

4.2.2 Effect of salt addition
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(b) dTMP/dt against flux

Figure 4.5: TMP against flux and initial and 5-15th minute rate of increase of trans-
membrane pressure against flux for algal solution at 29 mg/L with and
without addition of CaCly at CFV 0.1m/s when flux stepping started
from below critical flux for the algae cells.

Figure 4.5 illustrates the effect of a higher concentration of CaCl, on fouling be-

haviour of microalgae. 0.5M CaCl, was used. The addition of a large amount of

CaCly resulted in lower average transmembrane pressure during flux stepping ex-

periments than without salt addition. The flocculation of algae could be visually

observed. The algal sheath seemed to be stickier, and attach more to surfaces. Nev-

ertheless, the 0-5th minute dTMP/dt for algae with CaCly was less severe at high

fluxes than for the algae without CaCl, addition. 0-5th minute dTMP /dt increased

from approximately 0.09 kPa/min at the lowest flux to 0.15kPa/min at the highest

flux. The 5-15th dTMP /dt for algae with and without were both very small at most

fluxes (see Figure 4.5b).
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Figure 4.6: Total Organic Carbon (mg per mg of algae) of the permeate and the feed
supernatant for algae solution at 29 mg/L with and without addition of
CaCly at CFV 0.1m/s when flux stepping started from below critical
flux for the algae cells.

Figure 4.6 revealed total organic carbon content (TOC) of the feed supernatant
and the permeate during the run. With the addition of CaCl,, the feed supernatant’s
TOC reduced by approximately a half. TOC of the permeate was significantly
higher than TOC of the feed supernatant at all conditions. Possible reasons include
consideration of Cy and loosely bound EPS. It is possible that the accumulated EPS
on the membrane surface led to Cy that was much higher than Cj and a large portion
of this was transmitted through the membranes, or that the increase in TOC in the

permeate was due to bound EPS around algal cells.
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4.2.3 Effect of membrane type
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Figure 4.7: Transmembrane Pressure against flux for 29mg/L algal suspensiom for
Anopore and PVDF membranes at CFV 0.1m/s.

PVDF membranes of the same pore size as Anopore membrane (0.2um) were use to
compare fouling bahaviour of algal suspension. Figure 4.7 shows average transmem-
brane pressure against flux for flux stepping of algal suspension using different kinds
of membranes. Based on transmembrane pressure data, PVDF resulted in very sim-
ilar behaviour to that of the Anopore membrane at early fluxes. At approximately

150LMH and above, fouling of PVDF membranes was slightly higher.
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(b) Total Organic Carbon (mg per mg of algae) in the permeate and
the feed supernatant

Figure 4.8: Extracellular Polysaccharide in the permeate and Total Organic Carbon
(mg per mg of algae) in the permeate (closed symbols) and in the feed
supernatant (open symbols) for Anopore and PVDF 0.2pm membranes
at CFV of 0.1m/s with algal concentration of 29 mg/L.

Analysis of permeate and feed content revealed that PVDF membranes, with
its broader pore size distribution and interconnected pores, resulted in considerably

more EPS and TOC transmission than Anopore membranes. EPS in the feed super-
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natant and the feed pellets were between 1-2ppm and 6-8ppm respectively. Figure
4.8a shows that EPS in the permeate for PVDF membranes was about 3 times
greater than the permeate for Anopore membranes. The EPS in the permeate for
PVDF membranes was high even at low fluxes, and these values were much higher
than the EPS content of the feed. The trend of the EPS concentration was simi-
lar to the TOC content trend (see Figure 4.8b). TOC of the permeate for PVDF
membranes was approximately twice as much as TOC of the permeate for Anopore
membranes, and TOC of the permeate were always much higher than the TOC of
feed supernatant. Decreasing values of EPS and TOC concentration of the permeate
at later fluxes could result from the dynamic cake layer. The membrane pores were

obstructed, therefore less of the organic molecules could pass through.
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4.2.4 Effect of Membrane pore size
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(a) Extracellular polysaccharide (ppm) in the permeate from Anopore
membranes with pore size 0.1pm and 0.2 pm for 29mg/L algal sus-
pension at CFV of 0.1 m/s.
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(b) TOC (mg per mg of algae) in the permeate and in the feed supernatant with Anopore
membranes of pore size 0.1pm and 0.2 pm. Operation at CFV of 0.1m/s with 29mg/L algal
suspension.

Figure 4.9: Extracellular polysaccharide in the permeate and TOC (mg per mg of
algae) in the permeate (closed symbols) and in the feed supernatant
(open symbols) for Anopore 0.1 and 0.2pm membranes at CFV of 0.1m/s
with algal concentration of 29 mg/L.
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The trend of average transmembrane pressure against flux of filtration of algae
at CFV of 0.1m/s using 0.1pm and 0.2pm Anopore membranes were very similar.
However analysis of organic content revealed interesting differences as shown in
Figures 4.9a and 4.9b. With 0.1pm, EPS concentration of the permeate at different
fluxes was found to remain low compared with pellet EPS, however it was slightly
higher than the EPS concentration of the feed supernatant. The peak values of TOC
remained at a flux of 100LMH for both 0.1pm and 0.2pm. It can be seen clearly in
Figures 4.9a and 4.9b 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 fluxes for the 0.1pm membrane, the smaller pore size membrane, than for the
0.2pm membrane. It is possible that higher shear rate in the 0.1pm membrane was

responsible for higher transmission of EPS.

4.3 Discussion and conclusion

The main aim of this section is to propose a fouling mechanism of algal cells under
the influence of shear. It will start with a summary of findings, followed by a ration-
alisation of the observations, after which, a brief discussion and a final conclusion

will be made.

4.3.1 Summary of findings

Information on the amount of EPS in the feed, and the permeate would greatly
help explaining fouling behaviour reported in Chapter 3. Effect of crossflow velocity
was again repeated with feed and the permeate being monitored for EPS, protein
content, concentration, and TOC every 17.5 minutes throughout the run. The result
for EPS is summarized in table 4.1. Feed concentration of 29mg/L and similar flux

stepping range as Chapter 3 were used. While at low CFV, the permeate contained
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similar EPS-polysacchride as the feed supernatant, at medium and high CFV, the
amount of EPS was significantly higher in the permeate than in the feed supernatant
but lower than in EPS extracted from the pellets. Figure 4.3 shows that flux did
not result in much variation in EPS in the permeate at low crossflow velocities,
while at medium and high CFV the EPS-transmission was induced by higher fluxes.
Similarly, Figure 4.4 illustrates that higher CFV generally led to higher TOC content
in the permeate at higher fluxes. Again, permeate TOC was significantly higher than
feed supernatant TOC at all fluxes. Subsequent decreases in EPS and TOC in the

permeate at higher fluxes was thought to be due to fouling.

It is of interest to seek an explanation for these observations 1) The greater amount
of EPS-polysaccharide and TOC detected in the permeate than in the feed super-
natant 2) Greater amount of EPS-polysaccharide detected in the permeate at high
crossflow velocity and 3) Greater amount of EPS in the permeate when smaller
pore size membrane is used. For 1), it is possible that the source of extra EPS-
polysaccharide/ TOC came from (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. One could assume that the
lack of algal cells at high crossflow velocity that could otherwise act as filter-aid|18],
preventing EPS from approaching the membrane surface, was responsible for 2).
Nevertheless, this assumption can not explain the earlier result mentioned as Case
A (where average transmembrane pressure was higher for higher crossflow velocity
while fractional coverage of membrane of both were still at minimal level). It is
therefore reasonable to conclude that 2) was due to a relation between EPS and
crossflow velocity, whether (i) higher crossflow velocity induces higher EPS content

in feed supernatant, or (ii) higher crossflow velocity induces higher deposited EPS
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on the membrane surface (loosely bound deposition and/or released EPS by depos-
ited cells), or (iii) higher crossflow velocity directly led to higher EPS transmission
need to be further observed. There is a low possibility that (i) was the case, as sig-
nificant changes in EPS/TOC in feed supernatant was not detected. With DOTM
observation, (ii) can be concluded as one of the reasons. To further explore if (iii)
(influence of crossflow velocity on transmission of feed supernatant EPS in absence of
cells) made a contribution, microfiltration of algal supernatant alone (without cells)
was planned. Unfortunately, this could not be carried out due to lack of Anopore
membrane availability at the time.

In conclusion, it is noticable that shear due to crossflow velocity, although several
magnitudes smaller than the shear due to permeate flux, plays an important part in
membrane performance in particular dislodging the algal cells from its sheath during
their contact with the membrane surface. Whether the shear on the feed side has a
direct effect on fouling and transmission of EPS should be explored. The effect of
shear on fouling and transmission of a model EPS is covered in the next Chapter.

Filtration performance did not seem altered with addition of KCI, while addition
of a small amount of CaCly worsens membrane performance (see Chapter 3). Ad-
dition of a large amount of CaCly on the other hand led to improved membrane
performance. TOC content in the permeate with CaCly addition was higher than
without CaCl, even though the feed supernatant for algal suspension with CaCl,
contained less amount of TOC than algal suspension without CaCl,. This indicates
that the bound EPS may be responsible for the increased TOC in the permeate
rather than the supernatant EPS. Lower TOC content in the permeate at higher
fluxes was assumed to be due to the better filter-aid performance by the algal cells
and its CaCly -sticky sheath. The layer of algal cells with sticky but high water
permeability sheath prevents further feed supernatant EPS entering the membrane

pore directly.
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Observation of membrane surface under microscope revealed that high CaCl,
addition led to the algal cells behaving very similar to algal cells from aged broth.
Both resulted in thicker or larger EPS. These EPS formed a web-like structure that
trapped the algal cells, and seem more difficult to be removed by crossflow velocity.
The water permeability of the web-like cake was high, and resulted in a very low
rate of increase of transmembrane pressure. Under these conditions it was possible
to run experiments at high flux for a long period of time without breakage of the
membrane.

PVDF membranes of the same pore size as Anopore membrane (0.2um) were
use to compare fouling bahaviour of algal suspension. PVDF membranes allow
higher transmission of EPS through the membrane than Anopore membranes. It
is reasonable to assume that the significantly greater transmission of EPS through
PVDF membranes at all fluxes was due to interconnectivity of PVDF membrane
structure.

The influence of membrane pore size of 0.lum and 0.2um Anopore membrane
was observed. It is interesting to find that smaller membrane pores allowed greater
transmission of EPS through membranes. For a membrane with straight through
pore with the same membrane porosity, smaller pore size will result in higher shear
rate within the membrane pore at the same flux. Even though when flux for 0.2um
membrane was 4 times higher than the initial flux for 0.1lym membrane, hence
greater in-pore shear rate, EPS content in the permeate of 0.2um membrane was
significant lower than that of 0.1ym membrane. Three possible explanations arised;
1) The membrane porosity was lower for 0.lym membranes, 2) Transport of EPS
through membranes at higher fluxes was inhibited by deposited algal cells and EPS
during earlier flux steps, and 3) Transport of EPS through membrane is due to other

mechanisms, eg. transport of polymer.
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4.3.2 Rationalisation of visual observation of algae deposition

and removal on membrane surface.

Attachment mechanism

a) a - b)

EPS

° Cell

[l Membrane

Figure 4.10: Algal interactions with membrane surface: Attachment mechanism

Detachment mechanism

Figure 4.11: Algal interactions with membrane surface: Detachment mechanism
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Multilayer deposition

I] . W
N ¥

Figure 4.12: Algal interactions with membrane surface: Multilayer deposition

With the use of DOTM, deposition and removal mechanism of algal cells can be
visually observed. A schematic picture describing this is shown in Figure 4.10 to
4.12. When the algal cells, surrounded by its EPS sheath, come into contact with
the membrane surface (a), the algae may attach to the membrane surface (b), or
be seen to roll along the membrane surface (c). If the tangential shear exceeds the
adhesion force (EPS-membrane adhesion force), then the algae will be lifted away
from the membrane surface (d) or roll to the surrounding area prior to taking off
(e). If the tangential shear is less than the adhesion force, the algae will stick to and
rotate about itself at that specific point on the membrane until the tearing of the
sheath occurs. When the shear force experienced is greater than the EPS molecule-
molecule linkage force, the algae will be released from the sheath and rolled out
leaving the sheath behind (f). The attachment of the sheath and the membrane
is very strong, and removal of this sheath from the membrane surface was rarely
observed. The tearing of the sheath also occurred at higher fluxes. If the local flux,

especially the local flux near to the deposited algae is higher than critical shear of
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the EPS, then the EPS may 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 surrounding algal cells. If the algal cell is still
surrounded by an sufficient amount of remaining sheath, the algae removal process
will repeat until the tangential shear exceeds the adhesion force or lead to the release
of the cell from its sheath.

In the case where the algae have aged, and when salt concentration of the feed
was altered, especially with CaCl, 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 surface.

Multilayer deposition of algal cells occurred especially above the critical flux.
The newly arrived algal cells tend to attach to the area adjacent to the previously
attached cells (g); the surrounding sheath provides extra force for adhesion. The
formation of cake layer can occur in patches and it is not necessary that the first
layer must be formed all over the membrane before second layer deposition occurs
(h). Detachment of algal cell from its sheath (f) which resulted in a sheath remaining

on the membrane attracts further algal deposits.

4.3.3 Discussion

There are three significant findings from this experimental study. Firstly, the in-
fluence of crossflow velocity and flux on fouling and transmission. Secondly, the
effect of microalgae environment and aging on deposition and fouling of membrane.
Thirdly, the attachment, detachment and multilayer deposition of the algal suspen-
sion during filtration.

While DOTM image analysis always revealed the lower amount of algal deposition
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on the membrane surface at higher crossflow velocity, the adverse effect of crossflow
velocity on transmembrane pressure was also observed under certain filtration con-
dition. The changes in EPS transmission at the same flux with increases in crossflow
velocity suggests that transport of EPS through the membrane varied with shear on
the feed side and the permeate flux used. The adverse effect of shear on membrane
performance has been previously observed; examples include the increase in cake
resistance when the systems operated at increasing crossflow velocities and at an
aeration rate [132, 148, 149, 150, 151] that are above a certain level.

Attachment of the particles on the membrane surface under the influence of flux
has previously been visuallised. Mackley et al. observed that when flux domin-
ates, particles are found to direct towards the filter surface[152|. At the initial
stage, particles took a parabolic motion to deposit and remain at the membrane
surface under the circumstance where crossflow velocity and filtrate velocity were
similar[152]. Later on, crossflow velocity dominated, and the particle flow direction
was almost parallel to the surface. Attachment of particles occurred after particles
arrived to the surface; they rolled until they met an edge[152]. This resulted in
a “highly selective” packing, which led to greater cake specific resistance|[152, 153].
The back diffusion of particles were not found|152].

The introduction of air-sparging or bubbling increases shear on the feed side, even
though this results in removal of larger particles from the membrane surface and se-
lective packing of smaller particles, it may also lead to elongation of the polymeric
molecules which may enter the pores’ mouth. Polymeric molecule transport through
membranes is known to be sensitive to changes in operating conditions, such as the
permeate flux and pressure[122, 123, 124]. The importance of biopolymer molecular
flexibility on membrane performance has been observed|[154]. It does not seem sur-
prising if the polymeric molecule transport through narrow channels or membranes
is also shear dependent, since these molecules often have shear thinning properties.

At low flux, where the local flux within the pore is subcritical of the critical shear
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for polymer elongation, the effect of bubbling will only increase the internal fouling
within the membrane pores. Moreover, the extra shear on the feed side can disturb
microorganisms, and lead to the production of foulant, e.g. when algae are subject
to stress, more EPS are released.

Adhesion between the EPS and membrane surface has been found to be depend-
ent on ionic strength (NaCl) of the solution|[155]. High ionic strength compresses
Debye length, i.e., nullified the charge between EPS and membrane surface. This
allows van der Waals attraction force to dominate which causes higher fouling tend-
ency. The ionic strength also affects conformation of polymers|155]. Increases in the
ionic strength led to the collapse of the adsorbed EPS layer|[155]. The influence of
salt addition on EPS modification varied, depending on the type of salt. Divalent
salts, in particular, are known to form ionic bridging between two Carboxyl groups,
or between Carboxyl and Hydroxyl groups which resulted in crosslinking between
polymers|[156]. For example, the algal EPS has been found to be more susceptible
to change by CaCly addition than NaCl, KCI, or MgCl, addition[130, 128]. From
DOTM observation, the influence of CaCly resulted in thicker and sticker sheaths
which were easier to deposit and were rarely removed by crossflow velocity. From
the experiments, it was concluded that addition of sufficient amount of CaCl, res-
ulted in not only agglomeration of the EPS arounding the algae but also that the
deformability of overall EPS was reduced.

Many MBRs have been studied, one of the interesting findings is that fouling res-
istance is caused by mostly loosely bound EPS rather than tightly bound EPS[132].
Ramesh et al. observed that even though TB-EPS is responsible for high filtration
resistance, in mixed suspension the filtration resistance was controlled by LB-EPS
fraction[147]. This fits well with DOTM observation.

After the initial deposition, further deposition of algal cells is similar to that
observed by Bustness et al[51]. The trapped biomass grows in size by capturing

further biomass that passes. Bustness reported that this behaves in a similar way

134



CHAPTER 4. TRANSMISSION OF EPS AND FOULING

to the “ripening” effect in deep-bed filtration studies|51]. Ripening effect in sand
filtration is achieved by allowing a slow flow through the sand filtration to provide
Schmutzdecke (a gelatinious layer of microbial)[157|. The Schmutzdecke layer can be
liable for more than 50% of pollutant removal for wastewater treatment using sand
filtration|158]. This helps explain lower TOC transmission at the higher fluxes for
filtration of microalgae with CaCl, addition than for that without CaCl,. However,
at lower fluxes, the TOC transmission was greater for filtration of microalgae with
CaCl, addition.

The rationalisation of DOTM observation on microalgae filtration can contrib-
ute towards a future model for microbial fouling. For example, Maniero et al. has
considered several mechanisms for particle detachment in his model[159]|. These
are the commonly considered three detachment mechanisms, lifting, sliding and
rolling[159, 160]. It has also been suggested that the rolling mechanism was ac-
countable for glass particle detachment from a glass surface, and this was the only
mechanism used that Maniero chose to include in his model[159, 161]. In this model
it is assumed that rolling occurred when the torque of adhesion is equal to or greater
than the sum of the hydrodynamic torque induced by surface stresses which consists
of the drag force parallel to the wall times distance between particle and the wall,
and lift force times the radius of contact. The lift force contribution was found to
be negligible. Overall the critical wall shear stress is related to the work of adhesion
force, particle size, and the reduced elastic modulus|159].

In my work it was observed that with regard to microalgae detachment, sliding
occurred only at low flux, and only when the algae was relatively fresh, i.e., less
sticky. At higher fluxes and when the algal broth used was slightly aged, the sliding
was rarely observed because the sheath became much stickier. Moreover, it was
also observed that a certain amount of shear could result in tearing of the sheath
of deposited algae and hence the release of algal cells from the membrane surface;

however, this substantial reduction in the number of deposited algal cells does not
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necessarily always lead to improved overall membrane performance. A future model
for microbial fouling especially when fouling by supernatant is negligible may classify
the detachment mechanisms, depending on the level of shear stress experienced by
the cell. In other words, re-entrainment of the cell together with its attached sheath
and removal of the cell from its torn-apart sheath. As mentioned earlier, the latter
will lead to changes in surface adhesion property because the remaining sheath

attracts further cell adhesion.

4.3.4 Conclusion

Microfiltration of microalgae was carried out at various condition using DOTM.
The algal deposition on the membrane was compared with transmembrane pressure
data, and in most cases, DOTM was shown to be a more sensitive method for fouling
monitoring and obtaining the threshold flux. The algal environment had a strong
effect on algal deposition and transmembrane pressure. It is important that further
studies should seek an understanding of the nature of microbes prior to using them
in membrane processes. Microalgae contains both the cells and soluble component,
and the optical observation alone can result in misleading information. The analysis
of permeate results also showed that the transport of EPS through microfiltration
membranes was affected by both the permeate flux and the crossflow velocity. The
increased crossflow velocity resulted in higher transmission of EPS at the same flux,
as well as a higher rate of increase of transmembrane pressure. Several mechanisms

have been considered and a rationalisation of observations has been made.
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5 Effect of Shear Patterns on
Transmission and Fouling of
Dextran Blue through

Microfiltration Membranes

In this chapter, the work focuses on transmission, membrane fouling rate, and mem-
brane irreversible fouling during microfiltration of Dextran Blue under the influence
of shear in various shear patterns. The readily available filtration modules are in-
capable of generating a wide-range of precisely controlled shear patterns. A novel
filtration module, Direct Shear Stress Test Cell (DSSTC), was therefore fabricated
and used throughout for experiments in this chapter. The purpose of this chapter is
to investigate the effect of steady shear, oscillatory shear, and intermittent shear on
fouling and transmission of a model EPS in the absence of large particles or cells.
The performance of steady shear and oscillatory shear on filtration of the same feed,
at the same initial feed concentration and total permeate volume, were directly com-
pared using the same filtration module. The influence of shear of various patterns

on membrane irreversible fouling is also reported.
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5.1 Introduction

The introduction of shear stress has been widely and commonly used in filtration
processes to reduce concentration polarisation and membrane fouling. The conven-
tional systems such as dead-end test cells are commonly equipped with a magnetic
stirrer bar to create shear stress on the feed side of the membrane. In a cross flow
filtration system, shear stress is directly controlled by fluid velocity which is gen-
erated by a pumping system. Introduction of unsteady shear stress can be easily
done by adding an air pump to a crossflow system, this creates a flow of air bubbles
on the feed side of the membrane. This method is known as air-bubbling or air-
sparging. It reduces fluid pumping costs as well as creating unsteady secondary flow
which consequently lowers concentration polarisation|162].

More innovative systems for fouling mitigation include the use of unsteady move-
ment of feed fluid or the membrane. This is known as Dynamic filtration. Dynamic
filtration refers to a system where high shear rate was produced near to the mem-
brane by the movement or rotation of the membrane itself or the movement or
rotation of a disk near to the membrane|84]. Dynamic filtration affects the perme-
ate flux or transmembrane pressure and has an impact on membrane selectivity|84].
A well established dynamic filtration includes the Vibratory Shear Enhanced Pro-
cessing or VSEP[163]. VSEP is composed of a stack of membranes that is designed
to vibrate at its resonant frequency of 60.75Hz.

Other interesting dynamic filtration modules include Cone-Plate Test Cell (CPTC)
and Microfiltration Cone and Plate Test Cell (MFCP) [10, 18]. These cells were de-
signed and fabricated previously in Oxford in an attempt to overcome non-uniformity
of shear in a typical filtration module. Uniform surface shear on the feed side was
achieved by equipping a shallow cylinder-shape feed-side channel with a rotating
inverted wide angle cone. The cone was positioned so that its apex was very close to
the membrane surface, and theoretically as the cone rotates, the shear stress across

the membrane radius is constant. The motion of both CPTC and MFCP cone was
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driven by an electric motor and the combination resulted in a very limited ability to
achieve oscillatory movement, due to inertia|18]. Despite their capability in creating
uniform shear throughout, the limited shear configurations in CPTC and MFCP
are the main obstacle in assessing the benefit of shear on filtration performance, in
particular, the benefit of intermittent shear stress.

Investigation on effectiveness of fouling mitigation between different shear re-
gimes is generally limited. In a crossflow module, in order to increase shear rate
near to the membrane surface, alteration of module dimension and/or increasing
the feed velocity is necessary. These not only require high pumping energy but
the large velocity and pressure gradient results in decreasing TMP along the feed
channel[84]. Moreover, the effectiveness of shear can not be accurately compared
with non-shear systems such as dead-end. Stirred-cell module allows for the use of
shear, however it is not capable of providing stable and easily characterised shear
distribution. The stress pattern is non-uniform and significantly affected by the
agitator geometry[106]. Dynamic membrane modules which are capable of generat-
ing vibratory shear are usually not able to operate in rotating mode and vice versa.
Alterations between shear patterns during filtration are difficult to perform, and the
generation of abrupt changes in shear profile is generally impossible.

The understanding of the effect of various shear configurations on membrane per-
formance during microfiltration of macromolecules is essential, but it can be chal-
lenging. One of the reasons is because there is a lack of accuracy and equipment
availability for comparisons to be made between various shear regimes. Moreover,
general filtration modules are not capable of generating sharp changes in the dir-
ection of shear. DSSTC was therefore fabricated and was used for these purposes.
Information obtained from this module will aid understanding of the influence of
various shear regimes and its intermittency on membrane filtration performance.
This is beneficial for the design of future filtration modules, as well as determina-

tion of the shear regimes used especially for mixed feed suspension and expensive
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valuable feeds such as those in the pharmaceutical industry.

5.2 Direct Shear Stress Test Cell (DSSTC)

To address the above challenge, the DSSTC was designed and fabricated to be com-
patible with an Anton-Paar rheometer plate. Using a rheometer as a driving force
generator eliminates the need of an electric motor, moreover this also means that
DSSTC is possible to operate at precisely controlled shear configurations. Steady
shear, or rotation of the rheometer plate at a constant speed, oscillatory shear both
in smooth motion (sinusoidal wave) and in abrupt changes of motion (square wave)
can all be carried out in the DSSTC. As the movement of rheometer plate can be
programmed to start and finish precisely, membrane operations under intermittent
shear are very accurate and highly reproduceable.

In this part, the basic principles of DSSTC are reported with the details of the
design and development of the DSSTC apparatus. DSSTC is a tool to provide highly
customisable patterns of shear stress on the feed side of the membrane. It is capable
of providing a wide range of shear configurations, with an extremely fast response
time compared with traditional methods. The shear rate produced is not only very
reliable but can also be precisely reproduced. The effect of shear configurations on

membrane filtration performance can be compared in the same filtration module.
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5.2.1 Direct Shear Stress Test cells

Rheometer

Syringe pump

Pressure transducers

Figure 5.1: Schematic of filtration system

DSSTC is a semi-dead end, constant flux filtration device. The filtration circuit for
DSSTC is illustrated by Figure 5.1. DSSTC consists of a new membrane filtration
cell that was designed to fit an Anton Paar rheometer (Anton Paar, MCR 301). The
rheometer was used to create shear on the feed side while the flux was generated
by a syringe pump (PHD2000 Infusion/Withdraw, Harvard apparatus). Another
identical syringe pump is connected to the filtration cell to replenish the fluid loss on
the feed side. Since pressure transducers were connected to each permeate channel,
TMP information for each channel can be seperately observed. The shear on the
feed side is precisely controlled by the rheometer. It has been programmed to give
a very wide variety of shear regimes and the effect of shear and transient shear
on filtration of a model feed were investigated. The rheometer flat disc of 50mm

diameter was used for all experiments.
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5.2.1.1 Apparatus development

As mentioned earlier, Vasan et al.[10] as well as Hughes|18] have investigated the
effect of uniform shear on filtration using a novel Uniform Shear Test Cell (USTC).
USTC consists of a flat membrane surface with an inverted wide angle cone that is
controlled by an electric motor. The module was designed so that theoretically the
shear generated is uniform throughout; nevertheless, velocity and Reynolds number
are not[164|. The original USTC had so much inertia that rapid changes in the shear
were not possible. A new special membrane filtration cell was therefore fabricated
to fit a rheometer whose movement can be precisely controlled using the rheometer
software. As it is possible to create a very wide variety of shear regimes that is also
highly reproducible, both the effect of shear and transient shear can be thoroughly
investigated. As with the Hughes cell[18], transmembrane pressure is limited to less
than 1 bar.

DSSTC can be equipped with either a flat or cone rheometer plate. A flat disc was
chosen mainly because there is a distribution of shear along the radius. The permeate
channels of the cell are designed to have 4 regions of equal effective membrane areas.
An Isopore membrane (Millipore) was used throughout. This membrane has straight
through pores. The surface shear in DSSTC is proportional to radius, angular
velocity, and channel height. Each of the permeate channels are connected separately
to a syringe pump which provides a very stable flow rate. This will be beneficial
for investigating the effect of shear on filration, especially for filtration of live feed
where the feed properties alter with time. As feed properties are one of the crucial
factors affecting membrane fouling, having the same feed going simultaneously to
three channels will eliminate some errors. Moreover, the cone-and-plate system
should create uniform shear throughout; however when the size of the solute is
comparable to that of the gap between the cone’s tip and the membrane, it could

lead to inaccurate results.
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5.2.1.2 Geometry

The open view of the filtration module is illustrated by Figure 5.2. The inner dia-
meter of the feed channel is 51mm. The membrane is tightly sealed between a rubber
seal and an O-ring. The feed channel is held to the base of the rig using 6 screws. The
permeate side is divided into 4 channels of equal effective membrane area of 4.91 cm?
(see Figure 5.3). Four pressure transducers (PXM219-VAC000G10V, Omegadyne,
Inc) are connected to a computer via a USB data acquisition system (Omega-DAQ-
54, Omega). Personal Daqview Plus software was used for datalogging. The data
was collected every 5 seconds.

The gap between the membrane and the rheometer plate was set to 3.6 mm,
which gives a working volume of 7.35ml with a 50mm diameter plate in a 51mm
feed channel. The channel height was chosen so that it is comparable to that of
VSEP (3.5mm)[86] as well as having channel height-radius ratio that is within the
validity of several correlation equations. Estimation of membrane surface position
was measured by varying gap height using a 50mm rheometer plate. This process
was repeated several times for each type of membrane to obtain an average value
that was then used in subsequent experiments. Afterwards, these membranes were
discarded and not used for experiments as it is likely that they had been damaged

by contact with the rheometer plate.

143



CHAPTER 5. SHEAR PATTERNS, TRANSMISSION AND FOULING

51mm

7 __ channel

Permeate channels

Figure 5.2: Open view of the DSSTC filtration module.

Zone | Ri(cm) | R (cm) | R (cm)

1 0 1.25 0.88
2 1.25 1.77 1.53
3 1.77 2.17 1.98
4 2.17 2.50 2.34

R; = Inner radius of the channel

R, = Outer radius of the channel
R. = Centre of the channel

Figure 5.3: Radial dimensions of permeate channels of the DSSTC filtration module.
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5.2.2 Theoretical design

The feed flow through the model was between 60 to 193ml/hr, which corresponds to
fluid radial velocity at the rim of 2.97 to 9.48 %10 "m/s. This value is negligible (ie.
less than 1%) when compared with the plate velocity in either steady shear (range
from 0.013 to 2.199 m/s), or oscillatory mode. Therefore, the effect due to radial

velocity will be neglected here.

5.2.3 Characterisation of mass transfer and shear in DSSTC

Empirical and theoretical correlations for mass transfer at the enclosed fixed disc and
rotating disc under steady shear are illustrated in Figure 5.1 and 5.2 respectively.
The Reynolds number reported by Cavalcanti et al.[165] are substituted with DSSTC

equivalent plate rotational speed (PRS).

5.2.3.1 Mass transfer co-efficient during steady shear operation

The theoretical estimation for mass transfer co-efficient (k) can be calculated using

the equation developed by Cavalcanti|165].

2 1 1 T
k =0.761%x D3 xv 6 %xw?2 *« | ——— 5.1
a(r) v w <(R;}—T3)é> (5.1)

where kg4(r) is the local mass transfer coefficient at the fixed surface, D is the
molecular diffusion coefficient (m?/s), v is the fluid kinematic viscosity (m?/s), w is
the angular velocity (s71), r is the radial position (m), and Ry is the radius of the
rheometer plate (m).

Diffusion coefficient of Dextran in the liquid (D,,) was used. According to Kommedal

et al.[173] The diffusion coefficient of Dextran in the liquid can be estimated using:

Doy = 2.8 % 1079 M, 041 (5.2)

where M, is the molecular weight in Da. However, one may also use a diffusion
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coeflicient for Dextran in biofilm which is equivalent to[173]:

Dy = 0.3 % D,, (5.3)

From Equation 5.2 and 5.3, together with A, of 2000kDa yields a Dy value of
approximately 0.25*107!* m? /s; this is similar to the diffusion coefficient of 0.5*10~!
m?/s used by Mc Donogh et al.[174]. Example results are shown in Figure 5.4 for
a dilute aqueous system with water kinematic viscosity at 20°C (v= 1.004*1076

m?/s), and diffusion coefficient for Dextran in liquid (D = 8.33%¥107'2m?/s).

Channel 1 Channel 2 Channel 3 Channel 4
>€ >€ Pe—>

N

0 0.005 0.01 0.015 0.02 0.025
Distance from centre (m)
60rpm —— 120rpm 480 rpm -'-- 840 rpm

Figure 5.4: Mass transfer co-efficient (k;) at different plate rotational speed (rpm)
for different DSSTC channels.

5.2.3.2 Pressure increase due to plate rotational speed during steady shear

operation

Pressure (Pa) increases due to the rotating plate at the centre of each channel
was calculated for plate rotational speed between 0 to 1000rpm using Bernoulli’s
equation. This method has also been used by Jaffrin in 2004[175]. Pressure is

proportional to the square of plate rotational speed and can be written as[175]
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P, =0.5%p* (ky *w*71)? (5.4)

where p is the fluid density, k,. is the velocity coefficient, w is the angular velocity
(rad/s) and r is the radius. Example results are shown in Figure 5.5 for a dilute
aqueous system with velocity coefficient for a smooth disk of 0.42. This value was

used in a similar system|[84].
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Centre of channel2 == == Centre of channel3 — = Centre of channel4

Figure 5.5: Pressure (Pa) due to plate rotational speed (rpm) at the centre of each
channel

Under the range of plate rotational speed used, the pressure was below 0.4Pa.
This is considered to be negligible when compared with the increases in transmem-
brane pressure due to fouling of the membrane, which were typically several kPa in

magnitude.

5.2.3.3 Local shear rate during steady shear operation

Fluid mechanics of a plate spinning near a stationary membrane with speed below
2000rpm has been investigated by Bouzerar|109]. For laminar flow, local shear rate

for this system varies with plate rotational speed as well as kinematic viscosity of
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the fluid, where r in the original equation|84| was substituted with R, (radius at

centre of channel). The equation for the local shear rate becomes

Nlw

Yot = 077 % 172 x (k)2 % R, (5.5)

where v is the fluid kinematic viscosity, k,. is the velocity coefficient, w is the
angular velocity and R, is the radius at the centre of the membrane channel.

For turbulent flow (Reynolds number > 2.5*10%), the local shear rate becomes

8
Yt = 0.0296 * U710 % (kzvcw)% * RS (5.6)

The velocity coefficient (k,.) does not change with flow regime or radial position|109].
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Figure 5.6: Local shear rate for laminar flow range calculated at the centre of each
channel
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5.3 Experimental set-up and operational issues.

Figure 5.7: Experimental set-up (left). Mounted membrane after a Dextran exper-
iment (Top right). Non-mounted membrane after a yeast experiment
(Bottom right).

5 j Feed inlet l

{ { ]] Net tangential flow direction

Ty i e Y

Permeate‘ l, ‘

(a) Proposed flow patterns near base of a stirred(b) Expected net tangential flow direction during
tank (modified after [167]) filtration using DSSTC

Figure 5.8: Proposed flow patterns near base of a stirred tank and expected net
tangential flow direction during filtration using DSSTC

Figure 5.7 shows the experimental set-up (left), a mounted membrane after a

Dextran Blue experiment (top right) and a non-mounted membrane after a yeast
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experiment (bottom right). The proposed flow patterns within the rig when steady
shear is applied is shown in Figure 5.8a. The net tangential flow direction of the
feed during filtration is towards the centre of the membrane (Figure 5.8b). Both the
net tangential flow during filtration and the effect of shear are therefore greater in
the channel closer to the rim than that near the centre.

Two operational issues for the DSSTC were discovered. Firstly, there was some
leakage from the membrane cell. This necessitated a placement of an additional
piece of rubber seal between the membrane and the permeate side. This created
a better seal, and for the operating conditions used, no further leakage was then
found.

Secondly there was suction loss as the membrane becomes more fouled or when
the feed concentration was too high. This limits the range of feed concentration
that can be used for experiments. For current usage, the experiments are carried
out using low concentration of solutes or for relatively short periods of time to avoid

this problem. Design improvements are mentioned in Chapter 7.

5.4 Materials and methods

5.4.1 Experimental procedure

TMP ; Experiment

R,f

Membrane
cleaning

>

Time

Figure 5.9: Schematic of transmembrane pressure measurement
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The experimental procedure is illustrated by Figure 5.9. The procedure consists
of 3 stages, pretreatment, experiment, and membrane cleaning.

For pretreatment, the permeate channels were first filled with deionised water. A
membrane and feed channel were then inserted into place. The feed channel was
filled with deionised water to a marked level, and a syringe pump was operated at a
required flux for 10 minutes to allow membrane compaction to take place. The pump
was then switched off for approximately 2 minute, and a reference transmembrane
pressure (TMPy) was measured. Afterwards, the pump was switched back on for
a further 5 minutes before transmembrane pressure for a clean membrane (R’,,) is
taken while the deionised water level is at the marked level. In the case where buffer
was used, this step was repeated again using buffer solution. Permeate channel
syringes were then emptied prior to starting an experiment.

For the experiment, a 10ml of feed suspension (Dextran Blue) was used to rinse
the feed channel prior to refilling with fresh feed solution. This was to minimise the
amount of deionised water left in the feed channel. For the case of yeast suspension,
this step was omitted to avoid accumulation of excess cells. Immediately afterwards
the rheometer plate was lowered into position and the syringe pumps were turned
on to start an experiment.

For membrane cleaning, membrane cleaning was carried out using deionised water
without removing the membrane from the rig to minimise error. Cleaning agents
such as NaOH were not used, as it is preferable to preserve the characteristic of
foulants. After each experiment, the retentate was drawn using a syringe. The
feed channel was rinsed once using 50ml of deionised water, before being filled with
another 50ml of deionised water and left to soak for 10 minutes. After 10 minutes,
the solute was drawn out, and the feed channel was rinsed again using 50ml deionised
water. The feed channel was then filled to the marked level, and the fouled membrane

resistance was measured once a stable transmembrane pressure had been reached.
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5.4.2 Membranes

Experiments were carried out using commercial microfiltration membranes: Isopore
(Millipore) membranes with pore size of 0.2um. Unless stated otherwise, a fresh
membrane was used. Isopore is a track-etch polycarbonate membrane with a straight

honeycomb-like pore structure.

5.4.3 Feed suspensions
Dextran Blue

Dextran Blue 2000, GE Healthcare, with a mean molecular weight of 2000 kDa was
used as model feed. Dextran blue was diluted in deionised water, generated using
Elix3, Millipore, to the concentration of 0.5kg/m3. A magnetic stirrer (Jenway1000)
and a magnetic stirrer bar were used to prepare the solution. The Dextran Blue
solution was stirred until all powder completely dissolved prior to use. Concentra-
tion of Dextran Blue was measured by a UV spectrophotometer (UV4, Unicam) at

623nm.

5.4.4 Analysis of fouling

Determination of membrane fouling was carried out by TMP observation obtained
from three pressure transducers. Retentate and permeate were measured for con-
centration at the end of each experiment. After the filtration, the membrane was
cleaned as described in Chapter 3, and the irreversible portion of membrane fouling

was determined.
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Type Normalised with
Normalised dTMP /dt No shear (Orpm)
Normalised permeate concentration No shear (Orpm)
Normalised observed transmission No shear (Orpm)
Normalised irreversible fouling resistance, R;-n | Clean membrane
Irreversible fouling resistance ratio, IFRR No shear (Orpm)

Table 5.3: Summary of terms used in determination of fouling resistance and trans-
mission

The determination of membrane fouling and transmission are reported in terms
of normalised dTMP /dt, normalised permeate concentration, normalised observed
transmission, normalised irreversible fouling resistance, and Irreversible fouling res-
istance ratio. These terms are summaried in table 5.3. Measurements were made

for each channel.
Normalised dTMP/dt is the ratio between rate of increase of TMP under the
influence of shear in that particular channel to the rate of increase of TMP that

would occur in the absence of shear in the same channel. Normalised dT'M P/dt =

dTMP/dt,
dTMP/dt-

Normalised permeate concentration refers to the ratio between permeate con-
centration under the influence of shear in a particular channel to the permeate

concentration in the absence of shear in the same channel. Normalised permeate

. C
concentration= F-

py0 '
Normalised observed transmission refers to the ratio between observed transmis-
sion under the influence of shear in a particular channel to the observed transmission

in the absence of shear in the same channel. Observed transmission refers to the

ratio between the permeate concentration and the feed concentration.
Normalised irreversible fouling resistance, R;.y, refers to the ratio between used

membrane irreversible fouling resistance in a particular channel to the clean mem-
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brane resistance for the same channel, R; y= R—””

Irreversible Fouling Resistance Ratio (IFRR) relates normalised irreversible foul-
ing resistance under the influence of shear to that under zero rotational shear (Orpm)
for the same channel. An IFRR value between zero and 1 indicates that the shear in-

troduced led to less irreversible fouling, while an IFRR of higher than 1 demonstrates

that the presence of shear resulted in greater irreversible fouling of the membrane.

RNy

Irreversible Fouling Resistance Ratio can be written as IFRR= & o
ir N~y

2nd state of fouling
206 d_\—N\P',dt

1st state of fouling

TMP (kPa)

X
&

&
\;5"

T
I
1
I
1
[
I
1
[}
1
I
1
1
I
1
[
I
1

Time (minutes)

Figure 5.10: Diagram showing the first and second state of fouling during micro-
filtration

As shown by Figure 5.10, membrane fouling was generally observed to have an
initially more rapid rate of fouling preceding the main state of a more gentle rise in
transmembrane pressure. Segmented or piecewise linear regression for two segments
was performed on transmembrane pressure data to obtain the breakpoint, initial
gradient, and latter gradient. 1st dTMP/dt, and 2nd dTMP /dt will be reported in
terms of normalised dTMP /dt values. The correlation coefficient for obtaining the
gradients was maximised, and with the exception of filtration in shear intermittency

mode the values were above 0.98.
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5.5 Results

Firstly, the preliminary observations on Dextran Blue transmission at medium to
high flux during zero rotational shear (Orpm) are made. The analysis of the permeate
enables a better understanding of the transmission profile of Dextran Blue. Then
the influence of various shear patterns on membrane fouling and transmission will be
reported. A wide range of steady shear in both laminar and turbulent flow regimes
was carried out at two permeate fluxes.

For the influence of time-varying shear on membrane filtration performance, the
effect of amplitude and frequency of sinusoidal operation were examined. Comparis-
ons between fouling mitigation efficiency by “sharp change in direction” and “general
change in direction” were explored using Square wave and Sinusoidal wave motion
of the plate at various displacement amplitudes. Several aspects of shear intermit-
ency were investigated. Also the influence of ionic strength on Dextran Blue fouling
and transmission at two extreme levels was tested. These experiments were at zero
rotational shear and at a high steady shear of 840rpm. The chapter outline is shown

in Figure 5.11.
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Preliminary work
at zero rotational shear

I

Influence of shear on

fouling and transmission

I

Influence of shear on

membrane irreversible fouling

Shear intermittency

Influence of NaCl

Discussion

Concluding remarks

Section 5.5.1

Section 5.5.2: Steady shear
Section 5.5.3: Time varying shear

Section 5.5.4.1: Steady shear
Section 5.5.4.2: Time varying shear

Section 5.5.5

Section 5.5.6.1: Fouling and transmission

Section 5.5.6.2: Normalised irreversible fouling

Section 5.6.1: Amplitude vs Frequency
Section 5.6.2: Sinusoidal vs Square wave

Section 5.7

Figure 5.11: Chapter outline
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5.5.1 Effect of permeate flux and accumulated permeate

volume on Dextran Blue fouling and permeation
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Figure 5.12: Effect of accumulated permeate volume on transmembrane pressure
(TMP) at different permeate channels for microfiltration of Dextran
Blue solution using 0.2 pm Isopore membrane at constant permeate
flux of 71 and 101 LMH. Channel 4 is the outermost channel.

Figure 5.12 shows some preliminary work on the variation of transmembrane pressure

(TMP) with accumulated permeate volume with zero rotational shear (Orpm) for

permeate fluxes of 71 LMH and 101 LMH respectively. For both permeate fluxes,

the lowest TMP was found at channel 4 (the outermost channel) and the highest

TMP was found at channel 2. Variation in TMP along these channels was due

to increased feed concentration as well as decreased fluid velocity. At 71 LMH,

dTMP /dt for all channels was found to be quite stable with respect to accumulated

permeate volume. However, for 101 LMH, dTMP/dt increased more rapidly after

an accumulated permeate volume of 20mL for channels 2 and 3.
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Figure 5.13: Channel by channel comparisons of influence of permeate flux of 71
LMH and 101 LMH on TMP at various accumulated permeate volumes

A channel by channel comparison of the influence of permeate flux on TMP is
given in Figure 5.13. For all channels, TMP was lower for the higher flux (101
LMH) than for the lower flux (71 LMH). This was clear especially at channel 4,
for which the reduction in TMP was around 15% for accumulated permeate volume
over 2bmL. The reason for a lower TMP at higher flux was probably due to greater

fluid tangential velocity which results in lower concentration polarisation. Increasing
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permeate flux from 71 LMH to 101 LMH results in a 42% increase in fluid velocity
and under laminar conditions the mass transfer coefficient is proportional to fluid

velocity raised to the power 1/3[48].

5.5.1.1 Effect of permeate flux on permeate concentration
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Figure 5.14: Average permeate concentration and variance of permeate concentra-
tion during Dextran Blue filtration at constant permeate flux of 71 and
101 LMH

The influence of permeate flux on permeate concentration of 0.5g/L Dextran Blue
is illustrated in Figure 5.14. Figure 5.14a shows a variation in permeate concentra-
tion at 71 and 101 LMH as accumulated volume increased. Permeate concentra-

tion was not dependent on flux at low accumulated volume. But as the filtration
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progressed, accumulation of rejected solute resulted in an enhanced Dextran Blue
permeation through the membranes. This occurred during an accumulated volume
of 20-35mL and 35-50mL for 101 LMH and 71 LMH respectively. Higher solute
concentration at the membrane surface and/or changes in membrane properties due
to a deposited layer could be responsible for this change in permeate concentration.
Figure 5.14b demonstrates the spread of data; it reveals how permeate concentration
varies between channels. For zero rotational shear, the variation in permeation was

very low (below 0.001), being greater at 71 LMH than 101 LMH.

5.5.2 Effect of plate rotational speed on membrane fouling

and transmission

5.5.2.1 Effect of radial position on dTMP/dt under zero rotational shear
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Figure 5.15: Effect of radial position on overall - TMP /dt for one hour microfiltration
of Dextran Blue solution at zero rotational shear at 71 LMH (solid
symbols) and 101 LMH (open symbols).

At 71 LMH the outermost channel (Ch4) had the least dTMP/dt of 0.3 kPa/min,
while the innermost channel (Ch2) had an average dTMP/dt of 0.55 kPa/min (See
Figure 5.15). This can be explained by 2 mechanisms, firstly it is due to increases

in feed concentration along the membrane radius as the feed becomes more concen-
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trated towards the middle of the membrane. Secondly, it is because tangential flow
velocity is higher nearer to the membrane edge. For a filtration flux of 101 LMH,
dTMP/dt were higher than that of 71 LMH at all channels. Similarly, the rate of
increase of transmembrane pressure was lower further away from the centre of the
membrane; the rate of transmembrane pressure at channel 4 and channel 2 was 0.34

and 0.66 kPa/min respectively.

5.5.2.2 Effect of plate rotational speed on membrane fouling rate at 71

LMH
71 LMH, 0.5g/L Dextran Blue 2000 5rpm | 60 rpm | 120 rpm | 183.3 rpm
% Decrease in transmission per rpm 0.93 0.91 0.45 0.37
% Decrease in membrane average dTMP /dt per rpm 5.13 0.52 0.26 0.20

Table 5.4: % Decrease in membrane average dTMP/dt and transmission as plate
velocity increases from stationary during flux of 71 LMH

The introduction of steady shear led to a lowered rate of dTMP /dt for both 1st
and 2nd state of fouling. As expected, the introduction of plate rotation resulted
in lower rate of transmembrane pressure increase at all channels, hence lower rate
of overall transmembrane pressure. At 71 LMH, a sharp decrease in membrane
average dTMP /dt of 25% occurred as the plate went from stationary to 5 rpm, this
is equivalent to 5% decrease in dTMP/dt per rpm, while further increase in plate
rotational speed from 5 to 60rpm and from 60 to 120 rpm resulted in less dramatic

changes.
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Figure 5.16: Effect of plate rotational speed on normalised dTMP /dt during first
and second state of fouling at constant flux of 71 LMH

Figure 5.16 clearly illustrates influence of plate rotational speeed on rate of fouling.
Normalised dTMP /dt for the 1st and 2nd state are shown in Figure 5.16a and 5.16b
respectively.

Increases in plate rotational speed led to lower dATMP /dt (ie. NdTMP/dt < 1) for
both 1st and 2nd state of fouling. Greater reduction of NdTMP /dt was generally
found for the channel closer to the rim. As expected for the 2nd state, increases
in plate rotational speed led to lower normalised dTMP /dt both for channel 3 and
4, while for channel 2, normalised dTMP /dt slightly increased as plate rotational
speed increased from 5rpm to 183.3rpm, however these values were less than 1. This
is probably a result of higher feed concentration for channel 2 since the membrane

rejection for channel 3 and 4 was greater at higher plate rotational speed.
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Figure 5.17: Effect of plate rotational speed on normalised dTMP/dt during 60
minute filtration period of microfiltration of Dextran Blue at constant
flux of 71 LMH

Figure 5.17 shows the overall effect of plate rotational speed on the rate of mem-
brane fouling. A sharp decrease in overall reduction in dTMP/dt occurred as plate
rotational speed increased from stationary to 5 rpm. At this speed, the efficiency
was similar at all channels. This implies that the plate rotational speed of 5 rpm
managed to reduce dTMP/dt at all channels by a similar proportion. Further in-
crease in plate rotational speed led to variation in efficiency at different membrane
channels. The increase in plate rotational speed resulted in better overall membrane

performance.

5.5.2.3 Effect of plate rotational speed on membrane fouling rate at 101

LMH

% Decrease (per rpm) 5 rpm | 120 rpm | 242.5 rpm | 422.5 rpm | 480 rpm | 840 rpm

Transmission 0.10 0.54 0.27 0.42 0.15 0.09
dTMP/dt 4.94 0.81 0.41 0.24 0.09 0.07

Table 5.5: % Decrease in transmission and dTMP /dt for microfiltration of 0.5 g/L
Dextran Blue 2000 at 101 LMH as plate rotational speed increases from
stationary

The average rate of increase of transmembrane pressure (ATMP/dt) decreased as

rheometer plate rotational speed increased for 101 LMH. The plate rotational speed

165



CHAPTER 5. SHEAR PATTERNS, TRANSMISSION AND FOULING

also affects the distribution of dTMP/dt along the channels; generally, it lowered
the rate of increase of transmembrane pressure at channel 4 more than at channel
2. dTMP/dt at both channel 3 and 4 decreased as plate rotational speed increased.
This resulted in lower rate of overall transmembrane pressure increase as plate rota-
tional speed increased. Introduction of plate rotation of 5 rpm led to approximately
5% decrease in dTMP /dt per rpm. Further increase in plate rotational speed res-
ulted in small changes in dTMP/dt per rpm. % decrease in dTMP/dt per rpm

decreased as plate velocity increased, this can be seen in table 5.5.
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Figure 5.18: Effect of plate rotational speed on normalised dTMP /dt during the first
and second state of fouling at constant flux of 101 LMH

Normalised dTMP/dt for the 1st and 2nd state are shown in Figure 5.18a and

5.18b respectively. These are the ratio of dTMP/dt under influence of shear to
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dTMP/dt under zero rotational shear (Orpm). At most plate rotational speeds, 1st
normalised dTMP /dt was generally lower at channel 4 than at channel 3 and 2.
Ist normalised dTMP/dt of value higher than 1 occurred at channel 2 and 3 at
plate rotational speed of 5 rpm. This implies that the increase in feed concentration
at channel 2 and 3 due to rejected solutes by channel 4, offset the benefit of plate
rotational speed at 5 rpm at that particulate channel. During the 1st state of fouling,
the maximum dTMP /dt reduction was found at plate rotational speed of 422.5rpm,
further increase in plate rotational speed led to higher 1st normalised dTMP /dt at
all channels.

Figure 5.18b demonstrates 2nd normalised dTMP/dt as plate rotational speed
increased from 0 to 840 rpm. Higher plate rotational speed generally resulted in lower
2nd normalised dTMP /dt for channel 3 and 4. However, for channel 2, increases
in the plate rotational speed up to 242.5rpm led to reduction in 2nd normalised
dTMP/dt, further increase in plate rotational speed did not result in any further
reduction. The reason for this is probably because the benefit from greater plate
rotational speed for channel 2 was offset by the increased feed concentration due to
rejected species from channel 3 and 4. A sudden change in the trend of normalised
2nd dTMP/dt occurred at 422.5rpm for all three channels. It is likely that the
transition from laminar to turbulent flow took place around this plate rotational
speed. An equation by Colton and Smith[167| suggests that for H/Ry of 0.112 and
Rr /R of 0.9, the expected equivalent plate rotational speed for laminar-turbulent

transition would be 460rpm (Reg, =3 *10%)[165].
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Figure 5.19: Normalised rate of increase of transmembrane pressure at various plate
rotational speeds for 0.5g/L Dextran Blue 2000 at 101 LMH for during
60 minute filtration period

Figure 5.19 shows the effect of plate rotational speed on overall normalised dTMP /dt.
An apparent decrease in membrane average normalised dTMP /dt to 0.79 and 0.55
occurred when plate rotational speed increased to 5 and 120 rpm from stationary.
Further increase in plate rotational speed did not result in further dramatic decrease

in membrane average dTMP /dt.

5.5.2.4 Effect of plate rotational speed on normalised observed

transmission at 71 and 101 LMH

Normalised observed transmission

O 1 1 1 1 1 1 1 1 1
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—#—Channel2 => -Channel3 -®-Channel 4 Membrane average

Figure 5.20: Effect of plate rotational speed on normalised observed transmission of
Dextran Blue microfiltration at constant flux of 71 LMH
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Figure 5.20 demonstrates the influence of plate rotational speed upon normalised
observed transmission during sixty minute microfiltration of Dextran Blue solution
at constant flux of 71 LMH. Introduction of steady shear of all magnitudes during
microfiltration resulted in lower observed transmission than microfiltration under
zero plate rotational speed. In most cases, normalised observed transmission was
greater at channel 2 than channel 3 and 4. Normalised observed transmission for
steady shear of Srpm was comparable to that at zero rotational shear at channel
4, while slight decrease in N'Tr was observed at channel 2 and 3. Further increases
in plate rotational speed led to a sharp reduction in NTr, especially for channel
4 where the maximum decrease in observed transmission of 84% was observed at
120rpm and at 183.3rpm. Similar trend was found at channel 3, the maximum
decrease in observed transmission was 81% at 183.3rpm. For channel 2, the lowest
observed transmission was found at 120rpm, this was equivalent to 63% reduction

compared with that under zero rotational shear.

o
(R

o N ®

w »

Normalised observed transmission
o o o o o o o
[

N

o
&

o
<)

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

Plate rotational speed (rpm)
—&—Channel 2 =X -Channel 3 - Channel 4 Membrane average

Figure 5.21: Effect of plate rotational speed on normalised observed transmission of
Dextran Blue microfiltration at constant flux of 101 LMH

At 101 LMH, as the plate rotational speed increased from stationary to 120rpm,
membrane average transmission was lowered to 0.58 compared with that of 0.21 at
71 LMH. Increases in plate rotational speed led to lower membrane average trans-
mission. However it can be seen from Figure 5.21 that as plate rotational speed
increased to 422.5rpm, the permeate concentration of channel 3 and 4 slightly in-

creased as plate rotational speed increased.
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To compare the effect of rotational speed on transmission at two fluxes, as ex-
pected the increase in plate rotational speed led to lower transmission at the lower
flux (71 LMH) than at higher flux (101 LMH). In order to reduce transmission to
approximately 0.2, the plate rotational speed must be as high as 242.5 rpm, while

at 71 LMH only 120rpm was necessary.

5.5.3 Effect of time varying shear on fouling and transmission

For a sinusoidal wave motion experiments were carried out to explore the effect of
amplitude and frequency. For effect of frequency, the amplitude was kept constant
at 0.209rad while rotational frequency was increased from 2 to 14.32Hz. For effect

of amplitude, frequency remained at 2 Hz, while the amplitude was varied.

5.5.3.1 Effect of frequency on membrane fouling and transmission

The membrane average dTMP /dt for sinusoidal motion at 0.209 rad, 2Hz was essen-
tially the same as for a stationary plate; the values being 0.42 and 0.43 kPa/min. The
rate of increase of transmembrane pressure decreases to 0.33 kPa/min as frequency
increases to 14.32Hz. The trend for the first and second normalised dTMP/dt is

shown in Figure 5.22.
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Figure 5.22: Effect of frequency of shear in Sinusoidal wave motion on normalised
dTMP /dt during the first and second state of fouling
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Figure 5.23: Effect of frequency of shear in Sinusoidal wave motion on normalised
dTMP/dt of Dextran Blue microfiltration at constant flux of 71 LMH

With introduction of sinusoidal wave motion, initial or 1st state of normalised

dTMP /dt was generally lower than 1, indicating better membrane performance soon
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after filtration has started. Figure 5.22b shows normalised dTMP /dt for 2nd state
of fouling against frequency. Higher frequency did not always result in better mem-
brane performance during 2nd state of fouling, this is illustrated by normalised 2nd
dTMP/dt of value greater than 1. The values for membrane average show a small
benefit overall. Figure 5.23 reveals combined effect of 1st and 2nd state of fouling

as normalised dTMP /dt over a sixty minute filtration period.
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Figure 5.24: Effect of frequency of shear in Sinusoidal wave motion on normalised
observed transmission of Dextran Blue microfiltration at constant flux
of 71 LMH

Figure 5.24 shows variation in normalised observed transmission at different si-
nusoidal frequency. Membrane average observed transmission reduced from 0.8 to
0.4 as frequency increased from 2 to 9.55Hz. Further increases in frequency however
led to greater transmission. An analysis based upon a fixed intrinsic transmission
constant (i.e., g—: = constant) cannot explain the minimum in the curve. It is there-
fore concluded that the transmission of the Dextran Blue depends upon the shear

stress at the surface; this varies with frequency.

5.5.3.2 Effect of displacement amplitude on membrane fouling and

transmission

Effect of amplitude on dTMP/dt and transmission was explored with sixty minute

filtration experiments of 0.5g/L. Dextran Blue at 71 LMH. The frequency was kept

172



CHAPTER 5. SHEAR PATTERNS, TRANSMISSION AND FOULING

constant at 2Hz while amplitude was increased from 0.209 rad to 1rad, which is

equivalent to a minimum amplitude at the centre of channel 2 of 0.32cm, and a

maximum amplitude at the centre of channel 4 of 2.34cm.
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Figure 5.25: Effect of displacement amplitude of shear in Sinusoidal wave motion
on normalised dTMP /dt during the first and second state of fouling of
Dextran Blue microfiltration at constant flux of 71 LMH

Figure 5.25 illustrates the effect of sinusoidal amplitude on first and second state
of fouling when compared with filtration under zero rotational shear. Increases in
displacement amplitude generally led to lower normalised dTMP /dt both for the
first and second state of fouling.
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Figure 5.26: Effect of displacement amplitude of shear in Sinusoidal wave motion on
normalised dTMP /dt during Dextran Blue microfiltration at constant
flux of 71 LMH

The effect of displacement amplitude on membrane average normalised dTMP /dt

is shown in Figure 5.26. Increases in displacement amplitude from 0.209 to 0.5 rad
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led to approximately 30% reduction in dTMP /dt. The benefit of further increase in

displacement amplitude from 0.5 rad to 1 rad was not found.
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Figure 5.27: Effect of displacement amplitude of shear in Sinusoidal wave motion on
normalised observed transmission during Dextran Blue microfiltration
at constant flux of 71 LMH

Figure 5.27 shows the effect of Sinusoidal amplitude on normalised observed trans-
mission when frequency was kept constant at 2Hz. For channel 3 and 4, increases in
amplitude always have a positive effect on reduction of observed transmission. Mem-
brane average normalised observed transmission reduced by approximately 40% as
sinusoidal amplitude increased from 0.209 to 1 rad. Increase in sinusoidal amplitude

resulted in consistent reduction of membrane average observed transmission.

5.5.3.3 Effect of displacement amplitude of square wave on fouling and

transmission

The effect of displacement amplitude of shear in square wave motion on transmem-
brane pressure during Dextran Blue microfiltration was carried out at a constant
flux of 71 LMH. The frequency of square wave was kept constant at 2Hz, while
the amplitude was varied. Membrane average dTMP/dt was 0.1, 0.15, and 0.09

kPa/min at 0.209, 0.5, and 1 rad respectively.
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Figure 5.28: Effect of displacement amplitude of shear in square wave motion on
normalised dTMP/dt during the first and second state of fouling of
Dextran Blue microfiltration at constant flux of 71 LMH

The rate of increase of membrane fouling under influence of square wave during
Ist and 2nd state of fouling is illustrated in terms of normalised dTMP/dt in Figure
5.28. Figure 5.28b shows that the normalised 2nd dTMP /dt was roughly constant
at 0.2. The influence of the square wave on the first stage was complex and in overall

terms (as shown by the trend for the average) modest.

12

=
o
=

o
o

Normalised dTMP/dt
o o
S o
1

o

N

HESY
-

-
E

o
o

n
0 0.2 0.4 0.6 0.8 1 1.2
Amplitude (rad)
B Channel 2 X Channel 3 ¢ Channel 4 Membrane average

Figure 5.29: Effect of displacement amplitude of shear in square wave motion on
normalised dTMP/dt during Dextran Blue microfiltration at constant
flux of 71 LMH

The influence of square wave top-plate motion on membrane filtration performance
is summarised in Figure 5.29. On average, membrane fouling rate under influence
of square wave decreased to approximately a third of membrane fouling rate under

zero rotational shear.
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Figure 5.30: Effect of displacement amplitude of shear in square wave motion on
normalised observed transmission during Dextran Blue microfiltration
at constant flux of 71 LMH

Figure 5.30 reveals the influence of displacement amplitude of shear in square
wave motion on normalised observed transmission. The benefit of SQ wave on
overall reduction of transmission was observed only at 1 rad. But for the amplitude
below this, the benefit is unclear since the slight increase in transmission occurred

at both 0.209 and 0.5 rad.

5.5.4 Effect of shear on membrane irreversible fouling

With the current DSSTC module, membrane cleaning by backwashing is inappro-
priate because it would involve removal of membranes from the module. Removal
of membrane and re-depositing the membrane back on to the module may result in
inaccuracy due to misalignment of membrane and membrane channels. Irreversible
fouling in this case is therefore defined as fouling resistance of the membrane after

the membrane cleaning procedure.
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5.5.4.1 Effect of steady shear on irreversible fouling resistance of membrane
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Figure 5.31: Effect of plate rotational speed during microfiltration on membrane
irreversible fouling ratio (IFRR) at 71 LMH and 101 LMH for different
membrane channels

Membrane irreversible fouling resistances are represented using Irreversible Fouling
Resistance Ratio(IFRR). This is the ratio between normalised irreversible fouling
resistance under influence of shear and that under zero rotational shear. For steady
shear at permeate flux of 71 LMH and 101 LMH, this is shown by Figure 5.31.
The influence of plate rotational speed on irreversible fouling was different for
71LMH and 101LMH. For 71LMH there was no benefit for channel 2 but on average
there was minor benefit. However the adverse effect of steady shear on irreversible

membrane fouling under flux of 101LMH is clearly illustrated by Figure 5.31b. There
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was some benefit for channel 4 at 242.5rpm and above but overall there was no

benefit.

5.5.4.2 Effect of time-varying shear on irreversible fouling resistance of

membrane
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Figure 5.32: Effect of displacement amplitude and frequency of plate rotation in
Sinusoidal operation on IFRR during microfiltration on membrane ir-
reversible fouling resistance ratio (IFRR) at constant flux of 71 LMH

Figure 5.32a reveals the effect of frequency of the Sinusoidal wave on irreversible
membrane fouling for different membrane channels when displacement amplitude
was kept constant at 0.209rad. For channel 4, the benefit of the increase in frequency
was not found since the IFRR was approximately 1 at all frequencies, while the
adverse effect of the increase in frequency occurred for other channels, especially at
a frequency above 9.55Hz.

Figure 5.32b shows the effect of increases in Sinusoidal wave amplitude on irre-
versible membrane fouling for different membrane channels when the frequency was
kept constant at 2Hz. While the benefit of the increase in sinusoidal wave amplitude
is clear for channel 4, the adverse effect was found in other channels. The significant
overall benefit of displacement amplitude on IFRR occurred only for displacement
amplitude of 1rad.

In general increased surface shear (and it would increase with either increased
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frequency or increased amplitude) leads to lower fouling. This is especially true of
fouling on the surface. However increased shear can encourage material to enter
the pores causing plugging and it is this material which is the main component
of irreversible fouling. It thus concluded that increased frequency and increased
amplitude led to more pore plugging.

It is important to note that the IFRR compares the irreversible fouling for each
channel under shear to that under zero rotational shear. The membrane average
value of IFRR compares the average membrane irreversible fouling under shear to
that under zero rotational shear. The membrane average IFRR (the green) is there-

fore not the average of all other IFRRs.
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Figure 5.33: Effect of displacement amplitude of plate rotation in Square wave oper-
ation on IFRR during microfiltration on membrane irreversible fouling
ratio (IFRR) at constant flux of 71 LMH

The effect of displacement amplitude of Square wave operation on IFRR during
microfiltration on membrane irreversible fouling ratio (IFRR) at constant flux of 71
LMH is illustrated by Figure 5.33. For channel 4, it is interesting to observe that the
greatest reduction in IFRR occurred at square wave amplitude of 0.209rad rather
than at higher amplitude. For channel 4 approximately 90% reduction in membrane
irreversible fouling was found at 0.209rad. Increases in square wave amplitude to
0.5 and 1rad led to lower reduction in IFRR. Overall the benefit of square wave on

IFRR was significant at all conditions for all membrane channels.
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5.5.5 Effect of intermittency of shear on fouling and

transmission of membrane.

Introduction of shear into a microfiltration system is known to reduce concentration
polarisation and fouling, which effectively result in lower frequency of membrane
cleaning and/or the need of new membranes|14]. Continuous use of high shear can
be expensive. To reduce operating cost, intermittency of high shear is sometimes
utilized to remove deposits or reduce concentration polarisation accumulated during
low shear /no shear period|162, 176|. Generation of reproducable intermittent steady
shear can be challenging in typical crossflow modules. This is because the level of
shear relates directly to fluid flow rate or feed flow rate.

Several aspects of the effect of intermittent shear on membrane fouling rate and
transmission have been carried out using the DSSTC. First objective was to ob-
serve the influence of the level of shear during the high-shear period on fouling and
transmission. Second objective involved comparisons between the effect of a sharp
change of direction of steady shear at a medium level, with the effect of continuous
steady shear at the same average shear. The third objective was observation of the

influence of time interval. The conditions used are summarised in table 5.6.

Section Shear; Shear; Intermittent interval (s)
Section 5.5.5.1 Steady: 5rpm Steady: 480 and 840rpm 300s
Section 5.5.5.2 | Steady: 422.5 rpm clockwise | Steady: 422.5 rpm anti-clockwise 300s
Section 5.5.5.3 Steady: 5rpm Steady: 840rpm 120s, 300s, 600s

Table 5.6: Summary of experiments: effect of shear intermittency
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5.5.5.1 Effect of high plate rotational speed on fouling and transmission

during intermittency

—— Channel 2
—— Channel 3
—— Channel 4

25 4

————— 17—
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Figure 5.34: TMP profile during filtration with intermittent steady shear of 5 and
840 rpm with intermittent interval of 300s

Microfiltration of 0.5g/L Dextran Blue at a constant flux of 101 LMH was observed.
Experiments were started with low-shear period at 5rpm to allow development of
depositions and fouling layers. Afterwards, alternations between high plate rota-
tional speed and low plate rotational speed at brpm were then carried out at time
intervals of 300s. Two levels of high plate rotational speed were selected to observe
its efficiency on fouling removal and transmission of Dextran Blue. These were 480
and 840rpm. The average normalised dTMP /dt were 0.54 and 0.33 respectively over
60 minute filtration. Figure 5.34 illustrates the variation between channels. The de-
crease in TMP during high steady shear was more significant at channels closer to

the rim, this was due to higher shear rate as well as lower concentration.
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Figure 5.35: Effect of high plate rotational speed during intermittent low-high steady
shear on normalised average dTMP /dt at different membrane channels

Normalised dTMP/dt is represented in Figure 5.35. Membrane average norm-
alised dTMP/dt were 0.58 and 0.65 respectively for 5-480rpm and 5-840rpm ie.
when medium plate rotational speed of 480rpm was used during high shear period,
improvement in dTMP/dt was greater than when high plate rotational speed of
840rpm was used. Table 5.7 summarises the normalised observed transmission at
different membrane channels and membrane average value for both normalised ob-
served transmission and normalised dTMP/dt. It is interesting to observe that
5-480rpm resulted in normalised dTMP/dt (0.58) that is similar in values to norm-
alised dTMP /dt for steady shear at 242.5rpm (0.58) but is lower than an average of
normalised dTMP/dt for steady shear at 5rpm and 480rpm(0.67). For intermittent

steady shear 5-840rpm the improvement in normalised dTMP /dt was not observed.

Normalised observed transmission (NTr) Normalised dTMP /dt
System Ch2 | Ch3 | Ch4 | Membrane average Membrane average

Steady: 5rpm 1 1 0.97 0.99 0.79
Steady: 242.5rpm 0.58 0.21 0.16 0.32 0.58
Steady 422.5rpm 0.33 0.19 0.17 0.23 0.54
Steady: 480 rpm 0.43 0.23 0.19 0.28 0.54
Steady: 840 rpm 0.23 0.21 0.27 0.24 0.33
Intermittency: 5-480 rpm 0.68 0.35 0.28 0.44 0.58
Intermittency: 5-840 rpm 0.44 0.32 0.30 0.35 0.65
Average of steady: 5 & 480rpm 0.72 0.62 0.58 0.64 0.67
Average of steady: 5 & 840rpm 0.62 0.61 0.62 0.62 0.56

Table 5.7: Summary of normalised observed transmission and normalised dTMP /dt
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Normalised observed transmission
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Figure 5.36: Effect of high plate rotational speed during intermittent low-high steady
shear on normalised observed transmission at different membrane chan-
nels

Effect of intermittent steady shear on normalised observed transmission is illus-
trated in Figure 5.36. Intermittent steady shear of 5-480rpm and 5-840rpm resulted
in membrane average normalised observed transmission of 0.44 and 0.35 respect-
ively. The normalised observed transmission was lower at channel closer to the rim,
ie. NTrepo > NTreps > NTrey . This was expected because the feed concentration
at the channel closer to the rim (i.e., channel 4) was lower than that at the channel
closer to the centre (i.e., channel 2). Membrane average NTr for intermittent steady
shear of 5-840rpm was greater than NTr for continuous steady shear at 422.5rpm,
but lower than average N'Tr for continuous steady shear of 5 & 840rpm by almost a
half. Other results are given in Table 5.7. In general the use of intermittent shear

did not lower normalised dTMP /dt. However the transmissions were improved.
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Figure 5.37: Effect of high plate rotational speed during intermittent low-high steady
shear on irreversible fouling resistance ratio (IFRR) at different mem-
brane channels
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Figure 5.37 shows influence of high plate rotational speed during intermittent
low-high steady shear on irreversible fouling resistance ratio (IFRR) at different
membrane channels. It is clear that while the introduction of high plate rotational
speed of 480rpm reduced membrane irreversible fouling drastically, further increase
in high plate rotational speed resulted in a great variation in IFRR at different

membrane channels.

5.5.5.2 Effect of periodic sharp change in rotational direction of steady

shear on fouling and transmission

Observation of filtration performance under the effect of sharp change of direction
of steady shear at a medium level, the effect of continuous steady shear, and inter-
mittency of shear at the same average shear were compared under constant flux of
101 LMH. The effect of sharp change in direction of a medium steady shear was
carried out by alternations between clockwise and anti-clockwise steady shear at
422.5rpm at time interval of 300s. The additional effect of sharp change in direction
can be compared with steady shear of 422.5rpm as well as intermittent steady shear

of 5-840rpm at the same intermittent interval.
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Figure 5.38: Normalised second dTMP /dt at different membrane channels.

The first dTMP/dt were within experimental error unaffected by the flow re-

versals. With periodic sharp change of direction, normalised second dTMP /dt at
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channels 3 and 4 were reduced to 0.64 and 0.69 respectively. For channel 2, reduced
from 0.85 to approximately half. Results are shown in Figure 5.38.

The normalised observed transmission under steady shear without and with peri-
odic sharp change of direction at different channels were very similar. It can therefore
be concluded that the introduction of periodic sharp change of direction to filtration

under medium steady shear did not result in significant variation in transmission.
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B Steady at 422.5rpm 300s interval of clockwise and anticlockwise at 422.5rpm

Figure 5.39: Effect of steady shear without and with periodic sharp change in dir-
ection on irreversible fouling resistance ratio (IFRR) at different mem-
brane channels

Figure 5.39 shows the influence of steady shear without and with periodic sharp
change in direction on irreversible fouling resistance ratio (IFRR) at different mem-
brane channels. For both shear patterns, membrane irreversible fouling ratio was
lower at channels closer to the rim. Introduction of periodic sharp change in direc-
tion reduced membrane average IFRR by nearly a half from IFRR of 1.35 without

sharp change in direction to IFRR of 0.73 with sharp change in direction.

185



CHAPTER 5. SHEAR PATTERNS, TRANSMISSION AND FOULING

5.5.5.3 Effect of intermittent time interval length on fouling and

transmission
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Figure 5.40: Plate rotational speed against operating time at different intermittent
interval (s)
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Figure 5.41: Effect of intermittent low-and-high steady shear at intermittent interval
of 120s on transmembrane pressure at different membrane channels

Steady shear of 5rpm and 840rpm which resulted in 33% and 79% reduction in
fouling rate compared with the system under zero rotational shear were chosen
for low shear and high shear periods. The plate rotational speed profiles against
operating time are illustrated by Figure 5.40. Figure 5.41 shows change of TMP

with time.
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Figure 5.42: Effect of intermittent interval (s) during intermittent low-and-high
steady shear on normalised dTMP/dt at different membrane channels.

The effect of intermittent interval is illustrated by Figure 5.42. An increase in the
intermittent time interval from 120s to 600s resulted in a drop in membrane average
NATMP/dt from 0.89 to 0.49 respectively. Greater variation in NATMP /dt between
channels occurred at shorter time intervals. The variance for 120s, 300s, and 600s
was 0.047, 0.002, and 0.001 respectively. This indicates that longer intermittent
time intervals not only resulted in lower membrane average NdTMP /dt but also

consistently led to lower NATMP /dt at all three channels.

Normalised observed transmission

. . .
0 100 200 300 400 500 600 700
Intermittent interval (s)

—#—Channel2 => -Channel3  -®Channel 4 Membrane average

Figure 5.43: Effect of intermittent interval (s) during intermittent low-and-high
steady shear on normalised observed transmission at different mem-
brane channels.

The trend for normalised observed transmission is shown by Figure 5.43. Again

there is greater variation between channels at the shortest time interval.
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Figure 5.44: Effect of intermittent interval (s) during intermittent low-and-high
steady shear on irreversible fouling resistance ratio (IFRR) at differ-
ent membrane channels

Figure 5.44 shows the effect of intermittent interval(s) during intermittent low-
and-high steady shear on irreversible fouling resistance ratio (IFRR) at different
membrane channels. It is important to notice that IFRR for all intermittent inter-
vals was greater than 1. This demonstrates that the use of intermittency of low-and-
high steady shear resulted in greater membrane irreversible fouling than filtration
under zero rotational shear. Membrane average IFRR for continuous steady shear at
Srpm and 840rpm was approximately 3 and 1.43 respectively. This is equivalent to
a calculated average IFRR of 2.25, which was slightly greater than IFRR for inter-
mittent interval at 600s, but was lower than IFRR for shorter intermittent intervals.
Membrane average IFRR for continuous steady shear at 422.5rpm was 1.35, this
was lower than IFRR for intermittent steady shear at all intervals. Intermittency of
low-and-high steady shear resulted in greater membrane irreversible fouling than if
a medium steady shear were used continously. % increase was approximately 300%,

100% and 60% for intermittent interval of 120, 300s and 600s respectively.

5.5.6 Effect of NaCl on Dextran Blue microfiltration

The primary aim of this section was to observe the effect of NaCl on transmission
and fouling of membrane during Dextran Blue microfiltration at zero rotational
shear and under the influence of high steady shear. The second objective focuses

on the effect of high steady shear on the normalised irreversible fouling resistance
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when the feed contains NaCl.

Firstly, filtration of Dextran Blue solution with NaCl addition (S1) was performed
using the identical procedure as for filtration of Dextran Blue solution without NaCl
addition at no rotational shear and at high steady shear of 840rpm. Secondly, a
modified procedure was used for filtration, this includes filtration of 0.2M NaCl
for 10 minutes prior and after filtration of Dextran Blue in NaCl solution (S2).
Afterwards used membrane water resistance was measured. The fouling resistance
during filtration of 0.2M NaCl after the filtration is refered to as “S3(S)”, and the
used membrane water resistance is refered to as “S3(W)”. Table 5.8 is included for

easy interpretation.

Test | Pre-filtration | Filtration | Cleaning | Post-filtration
S1 W W+D AW W
S2 W S+D A W
S3 W \ S S+D S S \ W

Table 5.8: Comparisons of filtration procedures in different test conditions (W =
deionised water, D = Dextran Blue, S = NaCl solution)

5.5.6.1 The effect of NaCl on fouling and transmission of Dextran Blue

microfiltration

With NaCl addition, the observed transmission increased to nearly 1 for all channels
and procedures tested, this is much greater than the observed transmission of Dex-
tran Blue filtration without NaCl. Under zero rotational shear the rate of increase
of transmembrane pressure during filtration of Dextran Blue with NaCl addition
was less than 6% of that during filtration without NaCl addition.

The reason for substantial decrease in dTMP/dt for Dextran Blue filtration with
NaCl addition is due to the presence of NaCl, which increases the ionic strength.
Now according to the classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
of colloidal stability, high electrolyte concentration can compress the Debye layer of

a double layer of counter-ions so reducing the energy barrier between the foulants.
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Originally they repulsed each other due to the electrostatic repulsion forces but
this is now nullified so allowing van der Waals attraction forces to dominate. It
destabilises the colloids and they tend to aggregate together to form large flocs in
the solution that may deposit more easily onto the surface of a membrane[177].

At 840rpm the filtration was affected by steady shear. The rate of increase of
transmembrane pressure was significantly lower at channel 3 and 4 than at channel
2. The values were between 0.03-0.05kPa/min and 0.15-0.16kPa/min for channel 3
and 4 and for channel 2 respectively. Membrane average transmembrane pressure
during filtration of Dextran solution with 0.2M NaCl was 0.08kPa/min. Unlike the
filtration of Dextran Blue without NaCl addition where NdATMP /dt at 840rpm was
approximately 0.33, the NATMP /dt during filtration of Dextran Blue with NaCl
addition at 840rpm was 2.7. While steady shear helped mitigate fouling during
filtration of Dextran Blue-deionised water solution, it resulted in increases in the
rate of transmembrane pressure to nearly three fold during the filtration of Dextran
Blue-0.2M NaCl solution. This result occurred when there had been no prefiltering
of 0.2M NaCl through the membrane. However in the case where the membrane has
been pre-filtered using 0.2M NaCl for 10 minutes prior to use, the influence of steady
shear on fouling rate was no longer held. Fouling was invariant with membrane radial
position, and the average rate of increase of transmembrane pressure of 0.04kPa/min

under both zero rotational shear and 840rpm.
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5.5.6.2 The effect of NaCl on normalised irreversible fouling resistance
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Figure 5.45: Comparison between normalised irreversible fouling of membrane for
filtration under zero rotational shear when different feed and procedure
were used

Figure 5.45 compares the normalised irreversible fouling resistance of the membrane
at the different permeate channels for filtration under zero rotational shear for op-
eration with and without salt . These consist of (1) normalised irreversible fouling
resistance measured using deionised water for Dextran Blue in deionised water using
the original procedure (S1), (2) normalised irreversible fouling resistance measured
using deionised water for Dextran Blue with 0.2M NaCl addition using the ori-
ginal procedure (S2), (3) normalised irreversible fouling resistance measured using
0.2M NaCl for Dextran Blue with 0.2M NaCl addition using the modified procedure
(S3(S)), and (4) normalised irreversible fouling resistance measured using deionised
water for Dextran Blue with 0.2M NaCl addition at the final stage of the modified
procedure (S3(W)).

Although the filtration of Dextran Blue with NaCl (Orpm S2) led to a lower mem-
brane fouling rate, it resulted in a greater normalised irreversible fouling resistance
compared with that obtained for filtration of Dextran Blue without NaCl. This was
so for all channels. The normalised irreversible fouling resistance (Orpm S3(S)) was
more than two fold greater than that for “Orpm S2”. And “Orpm S3(W)” resulted

in a dramatically lower normalised irreversible fouling resistance than that for other
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cases with /without NaCl at all channels.
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Figure 5.46: Comparison between normalised irreversible fouling of membrane for
filtration under steady shear of 840rpm when different feed and proced-
ure were used

Figure 5.46 shows normalised irreversible fouling resistance for various conditions
under steady shear of 840rpm. The trend for the normalised irreversible fouling
resistance under high steady shear was very similar to that under zero rotational
shear (Figure 5.45). Both “840rpm S2” and “840rpm with S3(S)” resulted in much
higher normalised irreversible fouling resistance than “840rpm S1” for all channels.
Similar to the case for “Orpm S3(W)”, the normalised irreversible fouling for “840rpm
S3(W)” was dramatically lower than “840rpm S3(S)” where 0.2M NaCl was used to

measure the used membrane resistance.
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Figure 5.47: Comparison between irreversible fouling resistance ratio (IFRR) at
840rpm when different feed and procedure were used.

192



CHAPTER 5. SHEAR PATTERNS, TRANSMISSION AND FOULING

Emphasis summary of this section is reported in Figure 5.47 which shows the irre-
versible fouling resistance ratio (IFRR) obtained at 840rpm for various conditions.
The benefit of high steady shear for Dextran Blue microfiltration at 101LMH was
observed only at channel 4. The effect of high steady shear on microfiltration of
Dextran Blue with NaCl varied significantly with the procedures used. High steady
shear resulted in an adverse effect especially when the pretreatment of membrane

with NaCl solution was not used.

5.6 Discussion

5.6.1 Comparison between the influence of displacement

amplitude and frequency during Sinusoidal operation

dTMP/dt (kPa/min)
o
N

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
AFR
—&—Ch4_0.209rad varying frequency —#—Ch3_0.209rad varying frequency

=& -Ch4_2Hz varying amplitude =/ -Ch3_2 Hz varying amplitude

Figure 5.48: Effect of AFR on rate of increase of transmembrane pressure at channel
3 and 4

The effect of displacement amplitude and frequency on dTMP /dt is illustrated by
Figure 5.48. The rate of increase of transmembrane pressure was plotted against
AFR which is the product of displacement amplitude in radians, oscillation frequency

in Hz, and the distance from the centre of the permeate channel to the centre of
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membrane (the radius). The product of the oscillation amplitude and the radius
gives the arc length (in metres). The AFR is a measure of the maximum velocity of
the oscillation.

The comparison between dTMP /dt at channel 3 and 4 for the same AFR values
is shown in Figure 5.48. At the same AFR, the increase in AFR due to increases in
displacement amplitude was more effective at lowering dTMP /dt than that due to

frequency. This is clear especially for channel 4 at AFR of 0.47.
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Figure 5.49: The influence of AFR on observed transmission at different radial pos-
ition. Lines shown are trendlines.

Figure 5.49 shows the observed transmission for various AFR at different mem-
brane channels and the membrane average values. Figure 5.49a to 5.49¢ show that
the observed transmission varied between the membrane channels, but it is interest-
ing to observe that the membrane average observed transmission values were similar

at the same AFR values as shown in Figure 5.49d. It can be concluded that the
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membrane average observed transmission reduced as AFR increased up to about
0.04, and that the increase in AFR due to displacement amplitude was as effective
for lowering membrane average observed transmission as the increase in AFR due
to oscillation frequency.

It is important to notice the variation in transmembrane pressure and observed
transmission at different membrane channels (radial positions) at the same AFR

values, because this can be useful for future designs of membrane filtration modules.

5.6.2 Comparisons between the influence of square wave and

sinusoidal wave.

5.6.2.1 Effect of sharp-change and sinusoidal variation on membrane fouling
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Figure 5.50: Effect of sinusoidal and square wave mode of operation on membrane
normalised dTMP /dt at various amplitudes. Lines added for illustrat-
ive purposes only.

This section compares fouling mitigation efficiency achieved by “sharp change in
direction” with that of a sinusoidal variation, which are represented by SQ and SIN
respectively. Figure 5.50 allows comparisons between the influence of SQ and SIN
operation at different amplitude (m) on membrane fouling. Amplitude (m) is calcu-

lated in metres, taking into account angular amptitude and the radius at the centre
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of each membrane channel. Figure 5.50 shows that normalised dTMP /dt for SQ op-
eration was much lower than that for SIN operation at all amplitudes. I.e., the sharp
change in oscillation in SQ, even at comparatively low displacement amplitude, was
much more effective at maintaining low rate of increase of transmembrane pressure
in Dextran Blue microfiltration than the smooth change in SIN. It can be concluded
that the sharp change in oscillation in SQ operation was more effective at fouling
control than the smooth change in SIN operation for Dextran Blue microfiltration.
This is because SQ was able to maintain uniform superior filtration performance

across all membrane channels.
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Figure 5.51: Variance of dTMP /dt across channels for Sinusoidal and square wave
operation. (Variance for SQ at 0.209 and 1 rad were negligible.)

The variation in dTMP /dt or variance for dTMP /dt for both sinusoidal and square
wave operation are shown in figure 5.51. The variance of dTMP /dt was small for
SIN operation, especially at amplitude of 0.5rad. For SQ operation, the variance was
nearly negligible. This indicates that fouling of membranes was very well distributed

between all channels under SQ operation.
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5.6.2.2 Effect of sharp-change and sinusoidal variation on normalised

irreversible fouling resistance
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Figure 5.52: Effect of displacement amplitude of shear in Sinusoidal and square wave
mode of operation on irreversible portion of membrane fouling

Figure 5.52 compares influence of sharp-change and sinusoidal-change in direc-

tion for the different channels. Normalised irreversible fouling resistance refers to
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the ratio between used membrane irreversible resistance in a particular channel to
the clean membrane resistance for the same channel. Figure 5.52a to ¢ show the
normalised irreversible fouling resistance for different membrane channels for the
membranes used for Dextran Blue microfiltration under SIN and SQ operation at
0.209, 0.5 and 1rad 2Hz respectively. SQ operation generally resulted in lower nor-
malised irreversible fouling resistance than SIN operation at the same displacement
amplitude (rad) used. It can be concluded that Dextran Blue microfiltration un-
der SQ operation led to lower membrane irreversible fouling than that under SIN

operation.

5.7 Concluding remarks

5.7.1 Summary

DSSTC was fabricated to enable observation of the effect of various shear patterns
on fouling and transmission for microfiltration under constant flux mode. DSSTC
is capable of generating a wide range of shear patterns which are precisely repro-
ducable, and the effect of sharp change in shear can also be investigated. A model
polysaccharide, Dextran Blue 2000 was used as test fluid and straight through-pore

membranes (Isopore) were used throughout.
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5.7.2 Numerical summary of optimal conditions for each

shear pattern

Average NdTMP /dt Normalised observed transmission
Shear patterns
Minimum value Condition Minimum value Condition
1 Steady shear
0.33 840rpm 0.23 422.5rpm
101 LMH
2 Steady shear
0.57 120rpm 0.25 120rpm
71 LMH
3 Sinusoidal shear
0.69 0.5rad 0.54 1rad
(amplitude effect at 2Hz)
4 Sinusoidal shear
0.75 14.32Hz 0.50 9.55Hz
(frequency effect at 0.209rad)
5 Square wave shear
0.22 1rad 0.80 1rad
(amplitude effect at 2Hz)
6 Intermittency
0.49 600s 0.35 300s
(time interval)
7 Intermittency
0.58 480rpm 0.35 840rpm
(high plate rotational speed)
8 Intermittency .
0.51 With sharp change 0.23 Both
(with/without sharp change)

Table 5.9: Comparisons of optimum values of NdTMP /dt and normalised observed
transmission obtained with various shear patterns
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Figure 5.53: Normalised observed transmission against NATMP /dt of optimum val-
ues obtained with various shear patterns as shown in Table 5.9.

1. As shown in Figure 5.53, under the range of conditions tested, the three most
effective shear patterns for minimising normalised observed transmission of
Dextran Blue are 1, 8, and 2 which correspond to the steady shear at 101,
shear intermittency with sharp change of direction, and steady shear at 71LMH
respectively. The three most effective shear patterns for minimising normalised
dTMP/dt are 5, 1, and 6, which correspond to Square wave shear, steady shear

at 101LMH, and shear intermittency with long time intervals respectively.
2. The introduction of steady shear generally led to lower dTMP /dt.

3. The influence of square wave oscillatory shear on fouling control was signific-
antly more effective than that of sinusoidal wave. Increases in square wave of
displacement amplitude up until 0.5rad did not significantly alter membrane
average observed transmission from that in zero rotational shear, but further
increases in amplitude did. Unlike that for sinusoidal oscillatory shear, the
IFRR for square wave oscillatory shear was extremely low at all displacement

amplitudes.
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4. For intermittent steady shear, the level of shear during the high shear period
had no direct effect on membrane performance. High plate rotational speed
for high shear period of 840rpm resulted in membrane performance similar to
when low steady shear of 5rpm was used continously. It can be concluded that
for the range of value tested, intermittent steady shear with 300s time interval
was not capable of improving membrane performance during microfiltration

of Dextran Blue in the same way as when continuous steady shear was used.

5. In the presence of NaCl, the influence of steady shear on the fouling and trans-
mission of Dextran Blue solution was different from that of Dextran Blue in
deionised water. Under zero rotational shear, the rate of increase of trans-
membrane pressure during filtration of Dextran Blue with NaCl addition was
less than 6% of that during filtration without NaCl addition. For all condi-
tions tested, the observed transmission for Dextran Blue with NaCl had the
values of approximately 0.95. It is clear that there exists a high possibility
that a greater colloid trapping or higher irreversible membrane fouling can be
induced when the high steady shear was used during filtration. This was sig-
nificant for both Dextran Blue filtration without and with NaCl addition (i.e.,
the case S1 (with exception of channel 4) and S2). However, the effect of shear
induced colloid trapping during the filtration ceased when the membrane has

been pretreated with ionic (NaCl solution) prior to use.
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6 Effect of Shear Patterns and

EPS on Yeast Microfiltration

It is of interest to explore the effect of shear on a feed suspension containing both
cells and EPS. Although it would be ideal if the feed were an algal suspension,
the availability of fresh culture, the short life-cycle of the algae, as well as the
complications involved during EPS monitoring made this impracticable. The use of
freshly made yeast suspension was considered to be more appropriate. The main
focus of this chapter is therefore on the influence of different shear patterns for the

EPS alone, and the cells alone, and for a mixture of cells and EPS.

6.1 Introduction

Membrane filtration is used widely for separation between solid and liquid. During
filtration, the accumulation of solutes occurs on the membrane surface or within the
membrane pores causing increases in resistance, hence higher operating cost. The
common solution to this problem is to apply a form of shear to the filtration system
in order to reduce concentration polarisation and deposition of solutes. These can
be a tangential velocity in crossflow modules or sinusoidal shear (or other cyclic)
in dynamic membrane modules. Crossflow velocity is known to lower hydraulic
resistance, due to decreased amounts of deposits on the membrane|[67, 68]. When the

feed contains solutes of various size, crossflow velocity is more effective at removal of
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larger particles while leaving the smaller particles behind. This can cause increased
membrane resistance due to a less porous cake[67, 68, 69].

Many literature studies reported the enhancement of flux and transmission when
oscillation was introduced|178, 84|. Schluep et al. concluded that alternating the
fluid flow direction during crossflow cannot enhance yeast filtration performance[179].
The influence of different shear patterns on fouling of multicomponent feed has not
been well understood.

Unwashed yeast suspension is a multi-component feed; it contains yeast cells
and high molecular weight substances. These substances are commonly found in
microbial suspension or its supernatant, and are known as extracellular polymeric
substances or extracellular polysaccharides (EPS)[180]. EPS has been identified
as the most crucial factor accountable for fouling during microbial filtration[180].
Nevertheless, the positive influence of EPS on filtration characteristic has also been
observed[181, 180]. The presence of EPS may assist filtration under a shear pattern
but cause severe fouling in another.

The primary aim of this chapter is to observe and compare the influence of various
shear patterns on membrane fouling resistance during microfiltration of microbial
suspensions containing different amount of cells and soluble components. Unwashed
yeast, washed yeast and yeast EPS will be used as representives for the mixed sus-
pension, the suspension containing mainly cells, and the suspension consisting of
soluble components. The flux stepping method used here aimed to cause further
increase in membrane resistance so that the effectiveness of each shear pattern can
be observed. The drawback of DSSTC using the current configuration includes
increases in bulk feed concentration during filtration which is the common disad-
vantage of typical modules in dead-end operation. The observations on critical flux
using the flux stepping method in DSSTC are therefore not ideal, due to the change
in feed concentration. The term threshold flux used in this chapter refers to the

threshold flux for that particular shear pattern and feed concentration which as
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mentioned earlier increased with operating time. The four shear patterns that will
be studied in this chapter are zero rotational shear, steady shear, sinusoidal oscil-
latory shear, and square wave oscillatory shear. The latter three patterns have high
absolute shear rate so that the effect of tangential velocity due to the feed flow rate
is negligible. The results yield the influence of each shear pattern on membrane

performance, rather than the influence of superposition between two types of shear.

6.2 Materials and methods

The set up of of DSSTC was as described in chapter 5 using mainly 3g/L yeast
suspension. Experiments were carried out using 0.1um Isopore membranes because
these provided the best variation in membrane fouling between different feed chan-
nels and significant effects of shear could be observed. New membranes were used
for each experiment. Clean membrane resistance was measured for both deionised
water, and phosphate buffer prior to use. Unwashed yeast suspension, washed yeast
suspension, and yeast EPS suspension were used in these experiments. 3g/L yeast
suspension was freshly prepared with Phosphate buffer prior to filtration. The su-
pernatant of initial yeast suspension was labelled as yeast EPS, and this was used
for filtration within two and a half hours of obtaining it. For washed yeast, the
filtration started as soon as the washed yeast cells were resuspended back into a
fresh phosphate buffer.

The experimental procedure is as detailed in chapter 5. Flux stepping micro-
filtration of 4 flux steps (41, 71, 101, and 131 LMH) was carried out using DSSTC.
DSSTC was operated under various shear patterns to compare the performance of
each shear configuration for the different feeds used. DSSTC’s upper plate move-
ment was either kept stationary or set to rotate at (i) 50rpm, (ii) a square wave
at 1rad 2Hz, or (iii) a sinusoidal wave at 1 rad 2Hz. Rotational speed of 50rpm

was chosen, as it was the maximum rotational speed possible that did not result in
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accumulation of yeast cells at the centre of the membrane channel as checked by
visual observation. The interpolated membrane average normalised transmission for
Dextran Blue experiments at this rotational speed had similar values to that un-
der sinusoidal shear of 1rad 2Hz. Moreover, both square wave and sinusoidal wave
operated at this amplitude-frequency gave the best performance for Dextran Blue
experiments.

The determination of membrane fouling by unwashed yeast suspension, washed
yeast suspension, and yeast EPS suspension is reported in terms of normalised mem-
brane resistance, fouling resistance ratio (FRR), and variance. Methods for obtain-

ing these are reported in section 6.2.2.

6.2.1 Feed suspension
Yeast

Yeast suspension was prepared by mixing dried yeast (YSC2, Sigma-Aldrich) with
0.01M Phosphate buffer at pH 7.5. The suspension of 3g of dried yeast per litre of
phosphate buffer was made fresh prior to each experiment. For washed yeast cell
suspension, the yeast cells were washed 3 times using the same phosphate buffer
solution. The yeast suspension was concentrated by refrigerated centrifuge (ALC
PK 130R) at 4000rpm at 4°C for 10 minutes. The 43mL of fluid from each 50mL
centrifuge tube was removed and labelled as supernatant or yeast EPS suspension.
The pellet remaining was resuspended with 43mL fresh phosphate buffer, shaken for
1 minute at 2500Hz (MS1 Minishaker, IKA), then the centrifugation was repeated.
This process was repeated once more, and another 43mL of fluid was removed prior
to adding 43mL of fresh phosphate buffer. This was labelled as washed yeast sus-
pension. The reason for withdrawing the exact same amount of fluid after each
centrifugation is to minimised experimental errors.

As the yeast cells were washed three times, the expected concentration of EPS

within the feed was calculated to be 0.27% of initial feed EPS suspension. However,
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the result yield EPS concentration in washed yeast suspension to be 15-20% of initial
EPS in unwashed yeast suspension. This indicates that there exists additional EPS
generated by the cells in the washed yeast suspension. Nevertheless, concentration
of EPS in washed yeast suspension was much lower than that in unwashed yeast

suspension, and washed yeast suspension may be claimed as containing mainly cells.

6.2.2 Analysis of fouling

Normalised membrane fouling resistance was used as, unlike transmembrane pres-
sure, this takes into account permeate flux. This enables comparison of fouling res-
istance at different fluxes. As a variation in clean membrane resistance was found
for 0.1um Isopore membranes, it is of interest to report fouling of membranes in
terms of normalised resistance rather than just membrane resistance to minimise
errors due to intrinsic membrane properties.

Normalised membrane fouling resistance (Ry) is the ratio of increased membrane

resistance due to fouling to clean membrane buffer resistance. It can be written as:

Ry — R
Ry = T Tt (6.1)
or
R
Ry = R_/f (62)

where R; is the increased membrane resistance due to fouling, and R], is the
membrane buffer resistance. The membrane resistance was calculated by Darcy’s

law:

_ TMP

R
e

(6.3)

where TMP is the transmembrane pressure, p is the viscosity, and J is the per-
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meate flux.

The influence of shear is of importance. Fouling resistance ratio (FRR) relates
normalised membrane resistance under influence of shear to that under zero rota-
tional shear (Orpm). An FRR value between zero and 1 indicates that the shear
introduced led to a positive effect on fouling mitigation, while an FRR of value
higher than 1 demonstrates that an adverse effect was found. When shear did not
result in a significant change in membrane fouling resistance, FRR value will be
approximately 1.

Fouling resistance ratio, FRR, was defined as

Ry

FRR =
Rno

(6.4)

where Ry, is the normalised membrane resistance with influence of shear, and
Ry is the normalised membrane resistance with stationary plates.

Another measure presented here is variance of Ry along the membrane radius.
Variance is a measure of spread. A high value of variance illustrates that changes in
amount of shear and/or feed concentration along membrane channels led to a high
variation in fouling resistance. Variance was calculated based on standard deviation

which assumes the entire population was presented.

6.3 Results

Results obtained under influence of zero rotational shear (Orpm), steady shear
(50rpm), sharp change in shear (square wave shear, or SQ), and sinusoidal shear
(SIN) against flux will be presented for yeast EPS, washed yeast, and unwashed
yeast suspension. Then a comparison will be made before ending with a set of

conclusions.
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6.3.1 The influence of different shear patterns on
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Figure 6.1: Effect of different shear patterns on normalised fouling resistance of
membranes with flux during microfiltration of yeast EPS.

Figure 6.1 shows the variation of normalised membrane fouling resistance of mi-

crofiltration of yeast EPS with flux for various shear patterns. Figure 6.1a to 6.1c

are for Ry at channel 2 which is the innermost channel, channel 3, and channel 4

respectively, while membrane average Ry is illustrated in Figure 6.1d. Here it is

seen that the averaged value of Ry increased approximately linearly with flux for

Orpm but increased in a roughly exponential manner for 50rpm and SIN operation.

At Orpm, Ry increased as flux increased for all channels. Figure 6.1c shows that

it is noticable that fouling at low fluxes was slightly greater at channel 4 than at

channel 3. This was unexpected as feed concentration is higher at channel 3 than

at channel 4. The increase in fouling resistance was more pronounce at channel 2
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as seen in Figure 6.1a. Even at the lowest flux of 41 LMH, Ry was already twice
the intrinsic membrane resistance. It can be concluded that at Orpm, the variation
in Ry at different channels at the same flux was mainly due to the increase in feed
concentration.

At channel 4, where the entering feed concentration was similar for all shear
patterns, normalised resistance for filtration with imposed shear of any patterns was
lower than that without or at zero rotational shear for all fluxes apart from the
highest flux. For zero rotational shear, a much greater normalised resistance was
observed when permeate flux increased from 71 LMH to 101 LMH; permeate flux
of 101 LMH can therefore be regarded as being above the threshold flux for yeast
EPS fouling. Steady shear of 50rpm resulted in the best filtration performance,
however the threshold flux still remained at 101 LMH. Further increase in flux did
not result in further sharp change in normalised resistance. Sinusoidal and Square
wave oscillation resulted in similar normalised resistance at low fluxes of 41 LMH
and 71 LMH; this indicates that the influence of a general change in direction and
sharp change in direction was not significantly different for yeast EPS filtration at
relatively low feed concentration and at permeate flux below the threshold level.
When the flux increased to 101 LMH and above, normalised fouling resistance for
both sinusoidal and square wave wave oscillation continued to increase. However,
square wave oscillation outperformed sinusoidal oscillation. In other words, at above
the threshold flux for yeast EPS a sharp change in direction was more effective than
smooth change of direction. The slope of normalised resistance against flux between
flux of 101 and 131 LMH was similar for zero rotational shear, steady shear, square
wave oscillatory shear. This slope for sinusodal oscillatory shear was greater than the
rest. This indicates that sinusoidal oscillation at well above threshold flux resulted
in worse membrane performance especially if the flux was increased further.

At channel 3, normalised resistance at all fluxes was lowest under steady shear.

While the performance for sinusoidal shear and zero rotational shear was identical
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at 41 LMH, at higher fluxes similar trend between these two shear patterns was
found with normalised resistance for sinusoidal mode being greater. The unexpected
results were found for square wave oscillation at channel 3; with exception of 131
LMH normalised resistance was much greater than other shear patterns at all other
fluxes. The slope of normalised resistance against flux divided into two parts, a
more gentle slope prior to threshold flux and a steeper one after the threshold flux
has been reached.

At channel 2, normalised resistance under zero rotational shear was greatest at
all fluxes indicating highest fouling of membrane. At the lowest flux of 41 LMH,
all shear patterns resulted in very similar normalised resistance. At 71 LMH, the
performance of sinusoidal and square wave oscillation was identical and was lower
that that of steady shear. This implies that a steady shear of 50rpm is less effective
than oscillation in this case. It is likely that this is due to greater feed concentration
in this channel and that the low steady shear along this channel is inefficient for
reducing concentration polarisation. Feed concentration in this channel is expected
to be higher than that at other channels due to rejected solutes by the membrane.
It is reasonable to assume that the feed concentration especially for this channel is

higher for steady shear than for square wave oscillation.
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Figure 6.2: Fouling resistance ratio (FRR) of yeast EPS suspension during flux step-
ping experiment under various shear conditions (¢ 50rpm, A Square
wave, [J Sinusoidal wave).

The influence of 3 shear patterns on membrane fouling were compared with zero
rotational shear (Orpm). Figure 6.2 compares the effectiveness of each shear config-
uration. Starting with channel 4 where the feed suspension enters at the membrane
rim, Figure 6.2c reveals that the introduction of any shear during filtration gener-
ally resulted in lower normalised membrane fouling resistance, with steady shear
(50rpm) being the most effective method, it reduced membrane average Ry by 57%
at 41 LMH. Effciency of this steady shear on membrane average Ry dropped as flux
increased further to only approximately 20% improvement at 101 and 131 LMH.
Similarly, the introduction of both sinusoidal and square wave oscillation led to re-
duced FRR at channel 4 (Figure 6.2¢), these effects were more pronounced at lower

fluxes than at higher fluxes. For square wave, the FRR for channel 2 and 4 were both
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invariant with flux, with average FRRs of 0.55 at channel 2 and 0.83 at channel 4.
For sinusoidal wave, improvement of FRR decreased as flux increased in all channels
as seen in Figure 6.2a to 6.2c. The reason for FRR being higher than 1 at channel
3 for sinusoidal and square wave cannot be clearly explained. It is possible that this
is due to more accumulation of solutes on this area with these flow patterns. Figure
6.2d reveals membrane average performance; steady shear and sinusoidal oscillation
are superior to the square wave oscillation owing to the worse performance of square

wave oscillation at channel 3.

8
g20 A
515 -7 Ttex
: e T
1.0 L .
X
______ e SN
00 & e
0 20 40 60 80 100 120 140

Flux (LMH)
= > -EPS_0rpm +++@-+ EPS_S0 rpm — A—EPS_SQ EPS_SIN

Figure 6.3: Variance Ry for microfiltration of yeast EPS suspension

Figure 6.3 demonstrates the spread of data, it reveals how the membrane foul-
ing resistance varies between channels. For yeast EPS suspension, fouling in each
channel differs most at zero rotational shear (Orpm) due to increase in feed concen-
tration from channel 4 to channel 2. The variation in membrane fouling resistance
at different channels was minimal under sinusoidal shear and very low for SQ oper-
ation. Low value of variance indicates consistency in fouling mitigation in the case

of sinusoidal and square wave oscillation to effective radial mixing.
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6.3.2 The influence of different shear patterns on

microfiltration of washed yeast
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Figure 6.4: Normalised resistance (Ry) during flux stepping microfiltration of
washed yeast cells as feed.

Figure 6.4 shows the variation of normalised membrane fouling resistance of micro-
filtration of washed yeast suspension with flux for various shear patterns. Figure
6.4a to 6.4c shows Ry for channel 2 to channel 4 respectively, while membrane av-
erage Ry is illustrated by Figure 6.4d. There exists a flux above which significant
increase in Ry occurs, this will be refered to as threshold flux. Threshold flux for
washed yeast suspension resulted in much more difference in normalised resistance
than the threshold flux for yeast EPS, this was between 71 and 101 LMH regardless
of level of shear introduced and probably closer to the lower value.

At channel 4, it is obvious that increases in flux from 71 LMH to 101 LMH
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resulted in elevated normalised resistance. The influence of zero rotational shear,
steady shear, and square wave oscillatory shear on normalised fouling resistance
were similar. Sinusoidal oscillatory shear resulted in worse membrane performance.
Washed yeast suspension contains mainly cells which are completely rejected by
the 0.1 pm membrane. In the case where suspension consists of particles much
larger than the membrane pore size, fouling mechanisms are usually assumed as
intermediate pore-blocking and /or cake filtration. Assuming 100% cell rejection and
well mixed suspension, the average feed concentration at this flux step is expected
to be 21.3g/L, when unwashed yeast contains 75% cells by weight|[18]. At this
concentration, the increase in Ry is likely to be dominated by the cake. Cake
compressibility and resistance are dependent on the structure. Sinusoidal oscillatory
shear caused rearrangement of this yeast cake structure leading to a more compact
cake hence greater membrane resistance that is similar in values for all channels.
Similar membrane performance for zero rotational shear, steady shear, and square
wave shear at channel 4 indicates that both steady shear and square wave oscillatory
shear at 50rpm and 1rad 2Hz respectively were either not capable of removing the
cells from the membrane surface and did not alter the cake structure or the positive
effect due to removal of depositions balanced negative effect due to a more compact
cake by cell rearrangement.

Normalised resistance for zero rotational shear at channel 3 was greater than that
at both channel 4 and channel 2. Steady shear resulted in similar Ry to zero rota-
tional shear especially at lower fluxes. Both sinusoidal and square wave oscillatory
shear performed similarly well especially at low fluxes. At 71 LMH and 101 LMH,
the sharp change in shear in square wave led to better membrane performance than
smooth change in oscillatory shear in sinusodal operation.

At channel 2, both sinusoidal and square wave oscillatory shear had similar trend
and values as those in other channels. Steady shear at this channel resulted in the

highest Ry at all fluxes. The absence of shear resulted in the lowest Ry. This is
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due to a more porous cake which led to lower cake resistance. A similar result was

obtained by Mackley and Sherman|153].
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Figure 6.5: Fouling resistance ratio (FRR) of washed yeast suspension during flux
stepping experiment under various shear conditions ({ 50rpm, A Square
wave, [J Sinusoidal wave).

Figure 6.5 relates membrane fouling under the influence of different shear to that
at Orpm. For steady shear of 50rpm, the benefit of shear at channel 4 (Figure
6.5¢c) was off-set by higher membrane fouling at channel 2, which resulted in a
decreased performance on average as seen in Figure 6.5d, while for sinusoidal wave
and square wave, the FRR was much greater than 1 in channel 2 and 4, indicating
that the introduction of these shear patterns led to greater fouling of the membranes.
Sinusoidal wave was only effective for fluxes below the threshold flux. The feed was
washed yeast suspension which contains mainly cells, and FRR being greater than

1 is the result of changes in cake structure due to shear.
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Figure 6.6: Variance of Ry for microfiltration of washed yeast suspension

Figure 6.6 revealed that membrane fouling resistance in each channel was very
consistent under sinusoidal wave and square wave configuration for all fluxes. For the
other two conditions there was little variation below the threshold flux but significant
variation above. Similar Ry values at all fluxes in different channels indicated that

similar fouling propensity at each channel occurred during the filtration.
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6.3.3 The influence of different shear patterns on

microfiltration of unwashed yeast
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Figure 6.7: Normalised resistance (Ry) during flux stepping microfiltration of un-
washed yeast cells as feed.

Unwashed yeast suspension consists of yeast cells as well as a high amount of ex-
tracellular polysaccharide. Figure 6.7a to ¢ gives normalised membrane fouling res-
istance of microfiltration of unwashed yeast suspension with flux for various shear
patterns for the various channels. Figure 6.7d gives the overall result, there was a
threshold flux at around 70LMH for all shear patterns. Only the steady shear of
50rpm resulted in an improvement of overall membrane average Ry for unwashed
yeast cells. At Orpm, Ry increased as flux increased at all channels (see Figure
6.7c). There exists a flux above which significant increase in Ry occurs, this will
be refered to as threshold flux. Threshold flux for unwashed yeast suspension was

between 71 and 101 LMH regardless of level of shear introduced. At steady shear
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of 50rpm, Ry was generally lower than Ry at Orpm, even at channel 2 where the
bulk feed concentration was high. Square wave resulted in greater membrane foul-
ing at all channels, while the adverse effect of sinusoidal oscillatory shear was only
significant at higher fluxes of 101 LMH and 131 LMH. Only the steady shear led to

improvement of overall membrane average Ry for unwashed yeast cell filtration.
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Figure 6.8: Fouling resistance ratio (FRR) of unwashed yeast suspension during flux
stepping experiment under various shear conditions (¢ 50rpm, A Square
wave, [ Sinusoidal wave).

Figure 6.8 compares membrane fouling resistance when filtration operated with
shear and without (Orpm). It can be seen that the trend in Figure 6.8a, 6.8b, and
6.8c is very similar with steady shear (50rpm) being beneficial but the square wave
gave FRRs much higher than 1. As flux increased, FRR tended to 1. Figure 6.8d

shows that the effect of a sinusoidal wave led to membrane average FRR being nearly
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1, i.e., similar to filtration at Orpm. At channel 4, during fluxes of 41 LMH and 71
LMH, both square wave and sinusoidal wave generally led to FRR greater than 1

even at low fluxes.
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Figure 6.9: Variance of Ry for microfiltration of unwashed yeast suspension
Note: Range shown on y-axis is different from that in Figure 6.3 and 6.6.

Figure 6.9 indicates that the variation of membrane performance between the
channels during filtration of mixed feed was much lower than in the case of either
cells (washed yeast suspension) or EPS (yeast EPS suspension) alone. Sinusoidal
wave and steady shear of 50rpm resulted in minimal variance. While the square
wave led to greater variation in Ry between channels (0.7 at 131 LMH), this was
rather unexpected as the variance for filtration of both cells alone and EPS alone
suspension was much smaller (0.1 and 0.3 respectively at 131 LMH). The reason
why the fouling propensity of filtration of mixed feed suspension under influence of
square wave shear varied significantly from that of either single feed (cells alone, or
EPS suspension alone) is unclear but the absolute value of the variances in Figure

6.9 are much smaller than those in Figure 6.3 and 6.6.
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6.3.4 Comparison of fouling by yeast EPS, washed yeast

suspension and unwashed yeast suspension
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Figure 6.10: Comparison of normalised fouling resistance by yeast EPS, washed
yeast suspension and unwashed yeast suspension under different shear
patterns

Figure 6.10 shows the variation in membrane average normalised fouling resistance
against flux for different feeds. Figure 6.10a compares membrane average Ry of
microfiltration of washed yeast, unwashed yeast, and yeast EPS suspension under
zero rotational shear (Orpm). Microfiltration of washed yeast suspension resulted
in the least membrane fouling at all fluxes, while the microfiltration of yeast EPS
suspension led to high fouling even at a low flux. Average fouling resistance for
microfiltration of unwashed yeast suspension (i.e., mixed feed) was similar to mi-
crofiltration of washed yeast at 41 LMH. However, as flux increased, Ry became
much higher than Ry for washed yeast filtration. At all fluxes, Ry of unwashed

yeast microfiltration was always lower than Ry of yeast EPS microfiltration. This
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suggests that under zero rotational shear (Orpm), the presence of yeast cells helped
prevent fouling by yeast EPS especially at low fluxes.

Figure 6.10b compares fouling by single feed and mixed feed under steady shear
of 50rpm. Again, the microfiltration of yeast EPS resulted in highest Ry values at
all fluxes. Fouling by the feed containing yeast cells remained low at low fluxes, but
as flux increased membrane fouling of both washed and unwashed yeast suspension
approached that of yeast EPS. Under steady shear, the unwashed yeast cake may
have a different structure to that of washed yeast. The presence of EPS in un-
washed yeast supported the yeast cell cake structure making them less susceptible
to cell rearrangement due to the high flux and steady shear. Fouling by unwashed
yeast suspension (i.e., with cells) was always lower than fouling by yeast EPS alone
(without cells).

Figure 6.10c shows normalised membrane resistance against flux for unwashed
yeast, washed yeast and yeast EPS microfiltration under square wave oscillatory
shear. Square waves were more effective for washed yeast than for unwashed yeast
and yeast EPS. A sharp change in normalised resistance for washed yeast filtration
under square wave shear occurred when the flux was above 71 LMH, indicating that
threshold flux for the yeast cells are between 71 LMH and 101 LMH. Square wave
oscillatory shear was however not as effective for filtration with feed containing the
EPS. Both yeast EPS and unwashed yeast filtration under square wave shear had
much greater normalised resistance even at low fluxes. At above threshold flux even
greater resistance was found for unwashed yeast, while for yeast EPS the increase
in Ry was not significant. At below threshold flux, fouling during unwashed yeast
under square wave shear was dominated by the yeast EPS. At above threshold flux,
normalised resistance for unwashed yeast was roughly the combination of fouling by
the cells and by the yeast EPS.

Figure 6.10d shows membrane average Ry of microfiltration of washed yeast, un-

washed yeast, and yeast EPS suspension under sinusoidal oscillatory shear. Similar
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to all other cases, Ry for yeast EPS was much greater than that for unwashed yeast
at all fluxes. At below threshold flux, fouling by washed yeast was extremely low,
however above that a sudden increase in Ry occurred. Normalised resistance for
yeast EPS filtration under sinusoidal operation increased as flux increased. Fouling
by unwashed yeast suspension was generally less than that by yeast EPS but greater
than that by washed yeast. The presence of yeast cells within unwashed yeast sus-
pension resulted in improvement in Ry below threshold flux. At above threshold
flux, filtration of unwashed yeast under sinusoidal shear behaved similar to that of

yeast EPS.

6.4 Discussion

The influence of shear of various patterns affects filtration performance of feed with
different composition differently. Researches have been carried out in dynamic mem-
brane modules to observe the effect of oscillatory shear on membrane performance;
however, these studies cannot be directly compared with the influence of steady
shear using the same modules. DSSTC is capable of operating at both modes of
shear. Effect of zero rotational shear, steady shear, smooth change in oscillatory
shear, and sharp change in oscillatory shear were directly compared for microfiltra-
tion of unwashed yeast, washed yeast, and yeast EPS. In the case of DSSTC, the
effectiveness of the shear pattern was dependent upon the level of flux as well as
the feed composition. The normalised resistance changes with radial position of the
membrane.

For microfiltration of yeast EPS suspension, all shear patterns led to improved
membrane average performance. The efficiency of shear was more significant at low
fluxes. Steady shear of 50rpm provided the highest amelioration on yeast EPS foul-
ing at all channels, while sinusoidal wave resulted in least variation in Ry between

channels. The FRR or the improvement in membrane fouling resistance compared
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with microfiltration at zero rotational shear (Orpm) was most stable for square wave
pattern, this was clear in channel 2 and 4. Foley et al. suggested internal membrane
fouling as the underlining fouling mechanism for yeast supernatant filtration[65].

For microfiltration of washed yeast cell suspension, the threshold flux can be
clearly seen, and it was between 71 LMH and 101 LMH. In general, the introduction
of shear of all patterns resulted in greater membrane average resistance than that at
no rotational shear. Steady shear was effective at keeping normalised resistance low
below threshold flux for channel 4, while it resulted in higher resistance at channel 2.
Similar to the yeast EPS case, efficiency of steady shear decreased as flux increased.
The shear caused rearrangement of the cake layer hence greater fouling resistance due
to lower cake permeability. This fouling mechanism has been observed by Mackley
et al. for the cake of polyethylene particles. The cake specific resistance grown
under influence of crossflow was approximately three times that grown under static
condition|[152]. In their studies, imposing sinusoidal oscillation on crossflow was
found to improve membrane performance especially at high crossflow velocity|153].
The re-entrainment of particles during the sinusoidal oscillation occurred due to eddy
circulation formed both upstream and downstream of the baffle[153]. For DSSTC,
the positive effect of sinusoidal shear occurred only below the threshold flux. It is
important to note that very low tangential low occurred in DSSTC during filtration
and the baffle was not used in DSSTC, hence a lack of eddy circulation; this explains
inefficiency of sinusoidal operation for filtration application containing particles at
higher fluxes. It has been reported that introduction of the vanes in a rotating disk
system can largely improve filtration performance[109], if the DSSTC were equipted
with the vanes it may give different trend.

To compare the influence of the two oscillatory shear patterns in DSSTC for
washed yeast, the smooth change in oscillatory shear resulted in greater resistance
than the sharp change in shear especially above the threshold flux. Below the

threshold flux, square wave oscillatory shear led to similar membrane average resist-
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ance to that of zero rotational shear. At above threshold flux, the benefit of square
wave started to reveal, this was clear at 132LMH. This suggests that during filtration
of larger particles the sharp change led to improvement in membrane performance at
above threshold flux but the smooth change led to opposite result. Both oscillatory
shear gave consistent performance regardless of the radial position.

The effect of shear on microfiltration of unwashed yeast cell suspension was differ-
ent from the effect on microfiltration of washed yeast and EPS suspension. Steady
shear of 50rpm led to improvement in membrane performance at all channels, nev-
ertheless the enhancement reduced as flux increased. As this was similar to micro-
filtration of EPS alone, it may suggest that fouling by EPS dominates in this case,
while FRR at early fluxes of channel 4 for sinusoidal wave and square wave suggests
similar fouling behaviour as microfiltration of washed yeast suspension. Sinusoidal
wave did not result in much change in membrane average filtration performance,
while square wave led to a higher fouling resistance than filtration at Orpm for all
flux. Square wave oscillatory shear was the only shear pattern for which fouling of
unwashed yeast was dominated by the EPS, even at low flux, while SQ was effective
in keeping FRR for the yeast EPS below 1. It is clearly less effective for the mixed
feed, since the normalised resistance for unwashed yeast at above the threshold flux
was roughly the combination of fouling by washed yeast and yeast EPS.

The combined fouling mechanism under influence of various shear patterns has
been analysed. This aimed to compare the resistance during filtration of washed
yeast and yeast EPS with that of unwashed yeast. In most cases, the combined foul-
ing mechanism was better explained as “filter-aid” rather than “over-clogging”. Over
clogging situation during unwashed yeast filtration was not observed for DSSTC.
However Hughes et al. have found that the combined dTMP/dt for EPS and washed
yeast was lower than dTMP /dt for unwashed yeast indicating that combined foul-
ing mechanism which resulted in over-clogging situation has taken place during un-

washed yeast filtration at low permeate flux of 12LMH through 0.1pm polysulfone

224



CHAPTER 6. SHEAR PATTERNS, EPS AND YEAST FOULING

membrane[18]. Unlike polysulfone membrane, Isopore membrane used for DSSTC
has straight through pore structure. Accumulation of yeast EPS within the pore
structure was therefore expected to be lower for Isopore membrane membranes.
Lower permeate flux of 12LMH used by Hughes was likely to cause looser-packed
cake which allows higher initial EPS penetration, hence an over clogging situation.
It has also been reported that the cause of increased resistance during mixed fouling
was due to EPS accumulated on the top few layers of the cake[182|. For DSSTC
operating under zero rotational shear, EPS was the main cause of increased resist-
ance at all fluxes. Fouling by washed yeast remained low until the threshold flux
has been reached. Unwashed yeast fouling was similar to that of washed yeast at
low fluxes and although it became greater as flux increased, the total resistance was
lower than that of EPS filtration alone. This indicates that the presence of cells
protected the membrane from fouling by EPS during zero rotational shear.

Under steady shear, the normalised resistance for unwashed yeast was generally
lower than that for washed yeast. It is possible that the adhesion properties of the
EPS in the unwashed yeast suspension obstructed the movement of yeast cells in
the cake that would otherwise have moved to form a denser cake due to steady
shear. Foley et al. refers to the change in extracellular properties of microbial cells
as the change in cell surface properties|[183, 30]. The filtration performance was
found to be dependent on the extracellular matrix in the case of the bacteria|183].
The cell wall structure for the same specie can be varied by the cell environment,
and this directly affects specific cake resistance[34]. And in the case of DSSTC,
the presence of EPS in unwashed yeast slightly improved membrane performance,
especially above the threshold flux. Sharp change in direction and smooth change
in direction resulted in very different fouling behaviour, especially for the unwashed
yeast. Fouling during sinusoidal oscillatory shear by different feed was quite similar
to fouling during zero rotational shear. However in sinusoidal operation, yeast cells

in unwashed yeast generally acted as “filter aid”.
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7 Conclusions and Future Work

The objective of this research was to gain a better understanding of the fouling
phenomena and to observe the influence of shear on fouling and transmission dur-
ing constant flux microfiltration. Two novel tools have been used for the analysis.
Firstly, the DOTM module (SMTC, NTU, Singapore) serves as optical tool for in-
situ visual observation of the deposition of particles onto the membrane surface
as well as their removal. And secondly, DSSTC was fabricated and developed to
provide an integrated module capable of generating different shear patterns ne-
cessary for thorough studies. Microalgal suspension was used as feed for DOTM
analysis. A model polysaccharide, Dextran Blue, and yeast suspensions were used

as feed for DSSTC study.

7.1 Concluding remarks

7.1.1 Microfiltration of microalgae using DOTM

DOTM allows in-situ visual observation of the membrane surface during micro-
filtration. The main advantage of DOTM is that the fluid flow does not need to
be stopped in order to obtain good image clarity. DOTM is essentially a transpar-
ent crossflow module equipped with a transparent membrane. DOTM module was
placed on a microscope and images were obtained by a video camera connected to
the microscope viewing channel.

The main focus of DOTM work was to study microfiltration of microalgae un-
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der various conditions. Deposition and removal mechanisms of microalgae were
observed. Algal suspension contains both the algae and their EPS. DOTM images
were periodically captured at specific times, and these were used to compare critical
flux for algal cells observed via image analysis and TMP - filtration time data.
The principal conclusion from DOTM observation of microalgae MF are listed

below:

e Generally DOTM has proven to be a more sensitive method for obtaining the
threshold flux than analysis of transmembrane pressure. However when EPS
exists, DOTM image analysis can be misleading and the analysis of transmem-
brane pressure - filtration time data is a more appropriate method for fouling
monitoring. So whilst DOTM is a useful tool that provides information un-
obtainable by TMP-flux-time data alone, the use of DOTM should still be

accompanied by analysis of these measurements.

e Fouling by microalgae is more severe than fouling by latex particles because

of the presence of EPS in the microalgal suspension.

e Crossflow velocities can aid removal of deposited microalgae from the mem-
brane surface but the algal cells may be tore off from their sheath. The re-
maining sheath on the membrane surface causes increase in the membrane

resistance and attracts further deposition due to sheath-sheath adhesion.

e Solution environment has significant effect on fouling behaviour. Increases in
ionic strength can result in positive or negative effect on membrane perform-
ance. Lower feed concentration does not necessarily lead to lower algal cell

deposition.

e Air bubbling reduced the fraction of membrane coverage by the algal cells and

reduced the rate of TMP increase.

DOTM is, however, a type of crosslow module where shear cannot be precisely
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controlled. The lack of adjustability of level and patterns of shear in DOTM makes
it difficult for thorough study of the influence of shear on fouling and transmission.
Dynamic membrane modules have been popular recently and oscillatory vibration
has been used to enhance membrane performance. In order to understand and
compare the influence of the oscillatory shear to that of steady shear, it is essential
to obtain a filtration equipment which can provide a wide range of shear patterns.

Shear patterns of interest include oscillatory shear and intermittency of shear.

7.1.2 Effect of shear on fouling in Microfiltration using

DSSTC

Whilst shear is known to reduce concentration polarisation and fouling, the influ-
ence of various shear patterns on dTMP/dt, transmission, and irreversible fouling
are so not well understood. DSSTC was designed and fabricated in house to provide
a wide range of precisely controlled shear patterns for microfiltration and provide
much better control on the level of shear than a typical crossflow cell. Advantages of
DSSTC include its capability to create steady shear, oscillatory shear, sharp change
in shear, and intermittency of shear using one single module which allow better
comparisons between filtration performance. DSSTC also has 4 permeate channels
which enable permeate composition through different membrane radial positions,
hence different shear rate, to be detected. Moreover, providing that feed concentra-
tion is the same at all membrane radial positions, having 4 permeate channels will
allow a more accurate observation of the effect of shear on filtration of a complex live
feed. This is because composition of many microbial suspensions may change within
a matter of hours or days, and replicating exactly the same filtration condition will
not necessarily lead to exactly the same result due to changes in feed composition.

The current set-up of DSSTC is in semi-deadend mode and three of the four
channels are operable. The main focus of the first part of this work using DSSTC

was to study the effect of shear on fouling and transmission of Dextran Blue.
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The principle conclusions are:

e Steady shear generally led to lower dTMP/dt. For steady shear, normal-
ised observed transmission exponentially increased as normalised dTMP /dt

increased.

e The effect of sinusoidal wave amplitude and frequency on membrane average
transmission was similar at the same maximum shear rate (AFR). But the
effect of increases in displacement amplitude on dTMP /dt reduction was more

significant at the same AFR value.

e Square wave oscillatory shear was more effective than sinusoidal shear at re-
ducing dTMP /dt. Observed transmission for sinusoidal waves was much lower
than that for square wave for all conditions. And irreversible fouling for sinus-

oidal wave was generally greater than that for square wave.

Intermittency of shear has been used, aiming to achieve good filtration performance
while reducing the system energy cost. The influence of intermittency of shear at

different conditions was studied and the principle results are:

e The level of high plate rotational speed can influence overall membrane per-
formance. The effect of high plate rotational speed was greater in reducing
observed transmission than in decreasing the rate of increase of transmembrane
pressure. For the range tested, use of a medium steady shear continuously was

more beneficial than using alternating low-high steady shear.

e The introduction of periodic sharp change in the direction of rotation to a
medium shear rate can not dramatically alter overall membrane performance

but it can significantly reduce membrane irreversible fouling.

e The effect of time interval between the periodic low-high alternating shear

forces was significant. Increases in the time interval led to lower dTMP /dt.
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But observed transmission was greater for longer time interval due to greater

build-up of concentration polarisation.

The increase in ionic strength is known to alter membrane performance. The pres-
ence of NaCl in Dextran Blue solution alters the molecules conformation. Exper-
iments carried out in this part were to observe the influence of steady shear on
dTMP/dt, solute transmission and irreversible fouling when the feed component

and filtration procedure was altered. The principal conclusions are:

e The presence of NaCl in Dextran Blue solution led to much lower dTMP /dt.
Under zero rotational shear the rate of fouling for Dextran Blue with NaCl

present was less than 6% of that without.

e Microfiltration of Dextran Blue with NaCl under high steady shear led to
increased dTMP /dt and greater irreversible membrane fouling than that under

zero rotational shear. But the observed transmission was not affected.

e The use of high steady shear is not always beneficial. Since it may result in
greater irreversible fouling of membrane. The effectiveness of shear depends
upon the level of shear used, the feed characteristic, and the filtration proced-
ure employed. It is therefore essential to control shear stress to an appropriate

level, as greater amount does not always lead to better membrane performance.

The main focus of the second part of this work using DSSTC was to observe the
effect of shear patterns and EPS on fouling by yeast suspension. The principal

conclusions are:

e The efficiency of shear of all patterns was more significant at low flux. Above

threshold flux, the influence of shear was greatly reduced.

e Only for the microfiltration of EPS did all shear patterns lead to improved

membrane performance.
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e Sharp change of direction of rotation was effective at fouling control of washed
yeast, especially at or above the threshold flux, while the smooth change of the
direction resulted in greater membrane resistance possibly due to rearrange-

ment giving a more compact cake layer.

e Fouling of microfiltration of unwashed yeast can be more effectively controlled
using steady shear. Sinusoidal oscillatory shear resulted in similar fouling
resistance to that under zero rotational shear whilst the application of square

wave increased membrane fouling for unwashed yeast.

7.2 Future work

There are many possibilities for future research in this area. DOTM is a convenient
visual observation technique, and DSSTC is capable of applying numerous patterns
of shear. A few suggestions for both modules in terms of module design and filtration

experiments are listed below.

e Improvement of module design for DOTM module especially for the inlet flow
and the membrane support will greatly enhance filtration performance and

repeatability.

Retentate

Figure 7.1: Alteration of rheometer plate to allow retentate channel
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e Improvement of module design for DSSTC. DSSTC is the first generation test
cell that includes a rheometer. The design of DSSTC is not perfect and its
performance can be improved by alteration to the module. It is worth consider-
ing modification of DSSTC into that of crossflow type. A simple modification
includes allowing retentate channel through the rheometer plate (see Figure
7.1). A more complex modification involves the alteration of the module base
to fit the annular membrane, similar to that of VSEP to allow the retentate
to exit at the centre, however, this requires precise manufacture to avoid leak-
age of the module. The syringe pumps currently in-use for DSSTC permeate
channels provide extremely stable flow, but in order to monitor changes in
the permeate concentration with time without disturbing the flux, it involves
redoing the experiments several times and back calculating the permeate con-
centration. Addition of valves that can guide the flow, with another identical
syringe pump, should solve this complication. With adequate financial re-
sources, it is possible to modify the rig so that it combines the advantages
of DOTM and DSSTC together. The feed channel could be equipped with
measurement probes or sample collecting channels, these will enable in-situ
observation of changes in feed concentration. A cone-plate rheometer could be
used instead of the current plate-plate rheometer for fouling studies at uniform

shear stress.

e Computational modelling of flow profile in the DSSTC is also of interest, this

will allow more accurate local shear calculation.

e Researches based on critical shear for microbial fouling mitigation are inter-
esting. Microbial cells such as algae and bacteria are known to secrete extra-
cellular polysaccharide. In many cases, these polysaccharide are classified as
soluble, loosely bound, and tightly bound. Understanding microbial adhesion

force and factors affecting it is extremely beneficial for fouling studies. The
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application of shear mechanically alters the composition of both the bulk and
deposited EPS. It is possible that the right level of shear is able to control
fouling better than others. Studies of critical shear for fouling control for feed
containing gelatinous-coated particles whose adhesion force is easy to charac-
terise are interesting. It is likely that the critical shear value can be obtained

from rheometric properties of the feed.
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