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ABSTRACT

Extracellular polymeric substances (EPS) are viewed as major fouling components during
filtration of biological feeds in industry. However, very few studies investigated the
fouling mechanisms of polysaccharides, one fnajor group of macromolecules in EPS. In
this work, cross flow filtration of Xanthan, Actigum CS 11 and Glucan, model
polysaccharides, were carried out and analyzed using "resistance in series model" and
"classical filtration laws". The Xanthan and Actigum CS 11 polysaccharide were
obtained as powders and ‘Glucan was obtained as concentrated aqueous suspension
directly after fermentation step during manufacturing. The cake filtration model appears |
to fit the entire range of the ultrafiltration data for the polysaccharide solution at low
concentration of 20 mg/l with both "resistance in series model” and "classical filtration
laws". It was difficult to detect/identify the predominant fouling mechanism with higher
concentration of polysaccharide feed suspension with the use of above models. This
indicates that the fouling could be the result of combination of two or more fouling
mechanisms. For the two types of polysacchéride suspension it was observed that (i) the
investigated model polysaccharides contained micro aggregates and the concentration of
‘micro aggregates decreased during filtration runs and it is more pronounced with the
aqueous pblysaccharide suspension; (ii) viscosity analysis of polysaccharide in the
retentate showed that the pdlysacchar,ide.accumulated in the retentate and removed from
the membrane surface_ and (iii) concentration measurements showed that the major

portion of the polysaccharide remained in suspension.



ACKNOWLEDGEMENT

Apart from the efforts of me, the success of this project depends largely on the
encouragement and guideliﬁes of many others. I take this opportunity to ekpress my
gratitude to the people who have'been'instrumental in the successful completion of this
project. | | _
Flrst and foremost I am greatly indebted to my Indian Guide, Dr. IM Mlshra
| Professor, Department of Chemxcal Engmeermg without whom I would ever had

: opportumty to do Master’s Degree Pro_]ect in. Germany. ,
I would like to thank Prof. R. Schomicker and Prof. Dr.-Ing. M.Kraume who
- have provided me the gfeat lopportunity to work at their institutes, Institute of Technical
Chemistryf and Institute of Process Eﬁg’i_rieering respectively, at Technical University
Berlin. " | | |

I' - I'would like to show my greatest appreciation to Prof. R.Schomicker. I can’t say
thank you enough for his tren'iendous support and help. I feel motivated and encoufaged
every time I attend his meetmg Without h1s encouragement and guidance this prO_]eCt
would not have materialized.

" The guidance and support received from Dipl.-Ing. (FH) Andrea Hasslemann,
Christine Kloth Veera who contrlbuted and are contributing to this project, was vital for
‘ the success of the project. I am grateful for their constant support and help.

R | would also thank Devender Negi (PhD Scholar at Institute of Technical
Chemistry) and Dr.-Ing.Andrea Drews, for their fruitful discussions and suggestlons at

- work, Last but r;ot the le;ist; I would not have made any progress without the support of

my parents.
Place: Roorkee E - % -
Date: QF 06/2005 | | (S.NA )

ii



" TABLE OF CONTENTS

Title ' | Page No.
ABSTRACT | i
 ACKNOWLEDGEMENT » - ii
TABLE OF CONTENTS o iii
 LIST OF FIGURES o | vi
© LIST OF TABLES | | | ix
 NOMENCLATURE | X
LIST OF ABBREVIATIONS | xii
CHAPTER-1 INTRODUCTION f | » 1
‘11 INTRODUCTION " | 1

1.2 OBJECTIVES AND AIM OF THE RESEARCH THE RESEARCH 3
E .-CHAPTER,-Z LITERATURE REVIEW' & THEORETICAL BACKGROUND 4

2.1 EXTRACELLULAR POLYMERIC SUBSTANCES 5

211 Extracellular Polymeric Substances in Activated Sludge -
2.1.2 EPS and Crossflow Filtration 7
2.2 PR-ESSURE DRIVEN MEMBRANE FILTRATION ' 8
2.2.1 Membrane Filtration
© 2.2.2 Membrane Foulmg | ! _ 9
2.2.3 Permeate Flux and Solute Transport ' 10
- 2.2.4 Factor Influencing Membrane Filtration ' 11
. 2.2.5 Fouling Mechanism and Models 12
2.2.5.1 Resistance in Series Model ' ' 13
- 225 2 Classwal Filtration laws 16
" 2.2.5.2.1 Cake Filtration Model ' 16
22522 Complete Pore Blocking Model 17
2.2.5.2.3 Gradual Pore Blockage Model ' 19

22524 Summary of Characteristic Equation 21

iii



2.3 CHARACTERIZATION METHOD
2.3.1 Dynamic Light Scattering N
© 2.3:1.1 DLS Theory
- 23.1.2 Hydrodynarmc Size
-2 3 2 Analytical Measurement
. 2.3.2.1 ATR-FTIR
+2.3.2.2 Photometric Measurement
2.3.2.2.1 Colorimetric Determination
2.3.2.2.2 UV/VIS Spectrometry

~ CHAPTER-3 ' MATERIALS AND EXPERIMENTATION

3.1 CROSSFLOW MEMBRANE FILTRATION SYSTEM
3.1.1 Model Polysaccharide Suspension
'3.1.1.1 Xanthan Polysaccharide
3.1.1.2 Actigum CS 11 Polysaccharide
'3 1.2 Crossflow Membrane Filtration Unit

- 3.1.3 Model Membrane and Crossflow Membrane Filtration ExpenmcntsA

3.14 Polysacchande Suspensxon Analys1s

3.2 DYNAMIC LIGHT SCATTERING
~© "3.2:1 Experimental Set Up

3.3 VISCOSITY MEASUREMENTS

3.4 ANALYTICAL MEASUREMENTS
" 3.4.1 Photometric measurements
3.4.1.1 UV absorption at 280 nm

13412 Ca_lorimetric determination of polysaccharides
3.4.2 ATR-FTIR spectroscopy

'CHAPTER-4 RESULTS AND DISCUSSION

A1 FOULING ANALYSIS RESULTS

' ~ 4.1:1 Raw flux data
4.1.2 Volume of permeate vs. tlmc of filtration
4.1.3 Resistance vs. tlme

N

iv

‘23

23
24

26

28
28
30
30
30

-3

31
31
31
33
34
36
38

- 38

38
43
43

43
43
44
49
49
49

50
55



4.1.4 Classical Filtration laws

4.2 VISCOSITY MEASUREMENTS

4.3 IR ANALYSIS OF FOULANTS

4.4 QUANTIFICATION OF CAKE LAYER MASS

'4.4.1' UV absorbance at 280 nm (UV250)
442 Colorimetric:Duet‘crrriinati.on

4.5 DYNAMIC LIGHT SCATTERING RESULTS |

 CHAPTER-5 CONCLUSION
REFERENCES |
. APPENDIX

61
73

79
87
87
93

99

109
111
116



LIST OF FIGURES

- Fig. No. l)escripti.on Page
' No.
{2-1 ‘Factors influencing membrane fouling in MBR process 12
122 The Resistance of fouled membrane by various fouling mechanisms, the | 13
1 ' dnvmg force is from upstream to downstream side of membrane
23 Pictorial view of cake formation 17
2-4 Typlcal cake formation system curves 18
2-5 | Pictorial view of eomplete pore blocking 18
26 Typlcal complete pore blocking system curvces 19
2-7 Pictorial view of gradual pore blocking 20 |
2-8 b,"l‘ypxcal gradual pore blocking system curves v 21
2-9 R Schematic Cetailing (a) the scattering volume and (b) subsequent static | 25
and dynamic light scattering intensities
210 | 'Cumulant analySis for determination of Z-average diffusion coefficient 27 |
2-11 Total internal reflection at the interface of an internal reflection element | 29
| and depth of penetratlon of the evanescent wave is approximately 1um |
(top), Schematic representation of FTIR Spectrometer (bottom)
3-1 Repeating unit of Xanthun polysaccharide ‘ 32
3-2 , M'o_lec'ular structure of Scleroglucan consists of -1,3 linked glucose | 34
| units in the main'chaln with -1, 6 linked glucose unit branching out on | -
_every third unit of the main chain
33 -;'Schematle descnpt1on of the laboratory-scale crossflow membrane | 35
) filtration unit - - o
13-4 Picture of crossflow membrane test cell 35
13-5 1 Experimental setup of Dynamic Light scattering 39 |
3-6 Picture of dynamic Li ght scattering experimental set up 41

vi




3-8

4-1

: 42

I i .4-5 .

|46

4-7

|48

4-9

4-10

| 4-11.

a2

[ Calibration curve for UV/VIS specfrophoforrletér 'meas'ufed with

Xanthan polysaccharide

Cahbratlon curve. for UV/VIS spectrophotometer measured with D-

Glucose Mono‘mydrate

,Flux decline curves of crossflow membrane test cell experiments for

Xanthan (20, 40, 60 mg/l), Actigum (20 mg/l) and Glucan with

cellulose membrane of 30 KDa and 10 kDa

Volume of fiitrate curves as a function of time for crossflow

"membranc test cell expefim’ents of Xanthan (20, 40, 60 mg/l),

Actlgum (20 mg/l) and Glucan thh cellulose membrane of 30 KDa

,and 10kDa
;Revxstance vs. time curves of crossflow membrane test cell

= expenments for Xanthan (20, 40, 60 mg/), Actxgum (20 mg/1) and
: _Glucan with cellulose membrane of 30 KDa and 10 kDa

Lmeanzed flux data for thc rcgcncrated cellulose membrane (30 KDa)

filtration usmg charactcnstlcs coordinates for cake filtration

'mea_nzcd flux data for therrcgenerated cellulose membrane (10 KDa)

filtration using characteristics coordinates for cake filtration

_L'ineatjized flux data for the regenerated cellulose membrane (30 KDa)

filtration using characteristics coordinates for pore constriction

Linearized flux data for thé regenerated cellulose membrane (10 KDa)

filtration using characteristics coordinates for pore constriction

Linearized flux data for the regenerated cellulose membrane.(10 KDa)

filtration using characteristics coordinates for pore blockage

Changc of Kmematlc Viscosity of polysaccharlde suspension with

ﬁltratlon time

Change of .Kmeinatic Viscosity of polysaccharide suspension with

‘'volume of Permeate

ATR-FTIR spectra of foulants deposited on. membrane with Xanthan

_ féed suspension (20mg/1, 30 KDa regenerated cellulose membrane)

ATR-FI‘IR spectra of foulants deposited on membrane with Xanthan

45

45

51

53

59

63

65

67
69

71

75

77

81

81

vii




415

| 4-16

| 4-17 -
| 4-18
14-19

420
- iﬁltratlon time
4-21

4-22

1423

4-24

425

feed suspension-(60mg/l, 30 KDa regenefated cellulose _niembfane)

AT_R-FI‘IR spectra of foulants deposited on membrane with Actigum
CS 11 suspensions (20tng/1, 30 KDa regenerated cellulose membrane)

- | ATR-FTIR spectra of foulants deposited on membrane with Glucan

feed suspension (30 KDa regenerated cellulose membrane)

ATR-FTIR spectra of foulants.deposited on membrane with Actigum

v' CS11 suspensions (20mg/l, 10 KDa regenerated ccllulose:membrane)

ATR-PTIR spectra of foulants deposited on "membrane with Xanthan

':feed suspensmn (40mg/l, 10 KDa regenerated cellulose membrane)

: Wavelength scan from 200- 650 nm with Xanthan as standard

Retentate polysacchande concentratlon as measured by UVm

1 Retentate polysaccharide concentration as measured colorimetric

determination

Mass of polysaccharlde deposxted onto membranc surface over

Dynamic hght scattermg results for the scattered 1ntens1ty as a

function of size for Xanthan (20mg/l, 30 KDa membrane) at dlfferent

| time interval

Dynamic light scattering results for the scattered intensity as a

function of size for Xanthan (60mg/l, 30 XDa membrane) at different _

{ time i'nterval

Dynamic light _sc_attering results for the scattered intensity as a

| function of size for Actigum CS 11 (20mg/l, 30 KDa

membrane) at different time interval

Dynamic light scattering results for the ?scattered intensity as a

function of size for Glucan (30 KDa membrane) at different time

interval

| Dynamic light scattering results for the scattered intensity as a
| function of size for Xanthan (40mg/l, 40 KDa membrane) at different

time interval

83

83

85

85

89

91
95

97

101

101

103

103

105

. viii




LIST OF TABLES

Tab. No. Description Page
_ No.
2-1 Classification of membrane processes according to their driving 8
forces 4 |
2-2 Summary of characteristic Equation 23
3-1 Characteristics of flat sheet membrane used in crossflow 37
’ membrane test cell
3-2 Wave numbers of functional groups of polysacéharides, prdteins 47
and humic substances "
4-1 Total volume of permeate data collected after 130 minute of 50
filtration time | »
142 | Total resistance data of different polysacchaﬁdes measured after 55
130 minute of filtration
4-3 R? values of linear fits of the flux decline data using the 62
characteristic coordinates for the lineai blockage, pore
constriction and cake formation model, *- fouling mechanism is
difficult to detect | _
4-4 - 80

Characteristic IR absorption bands and their attribution

ix



NOMENCLATURE

%

[Symbol | " Description Unit
AP | transmembrane pressure difference bar
Preed pre'ssure on -feed side of membrane bar
- | Ppermeate | pressure on permeate side of membrane bar
Pw;,ggnua,e pressure on concentrate side of'mer'n'brane bar
| I transmembrane flux Vm’h
Q| permeate flow rate m®/s
Am | membrane surface area m?
v the volume of filtrate that- passes through the filter m’
t | filtration time sec
BT ._ﬂuxd viscosity 7 cP
R, resistance due‘,to.adsorption 1/m
R, | resistance dueto pore blocking 1/m
| Rm hydraulic resi-stanee of the membrane in pure water 1/m
" R; | ihtemal irreversible fouling resistance 1 (pore plugging and [ 1/m
: - | adsorption) | |
. Rc - | resistance due to particle deposit at membrane surface, cake | 1/m _
o | resistance :
Q ,ﬂow rate through unfouled membrane m*h
No number of pores per unit membrane surface area m>
dy dlameter of each pore | nm
Cram _pore blocking constant, number of pofes per unit membrane surface -
| i area that become plugged per unit filtrate volume
Cpem | pore blockmg constant number of pores per unit membrane surface -
area that become plugged. per unit filtrate volume
- Ccrm | cake filtration resistance constant -




| mass of cake déposited per volume of ﬁ‘itrate |

mass.of particles per volume of filtrate

membrane thickness

average pore radius

he number of plugging particles per volume of filtrate

'| number of pores stlll open -
f fnumber of pores in clean filter

' fnumber of pores/umt amrea in a clean filter

the initial pressure drop across the membrane

initial system ﬂow rate

- the initial pressure drop across the' membrane

spec1ﬁc re51stance of the cake that forms on the membrane surface

mass densxty of the pluggmg particles

' Boltzmarm constant

absolute temperature

- solvent viscosity

_ _seattering vector

| solvent refractive mdex

_ vacuum wavelength of the laser
‘ scattenng angle |
I-diffusion coefﬁcient

. 'hydrodynamie: radius

polydispersity i_nd‘ex,b

path length of the sample.

absorbance

molar absorbtivity (extinction coefficient)

| concentration of the compound in solution

{-correlation coefficients

delay timc
intensity at time initial time t,

intensity after delay time "

mg/ml

m’/s

bar

kg/m®

-~ cP

1
cm?/s
cm

mol/lcm

mol 1!

s

xi




LIST OF ABBREVIATIONS

: ATR-FTIR . Attenuated Totallreﬂectance-Fouricr Transform Infrared Spectroscopy

BAP : Biomasé Associated Products
CFvV | : Crossflow Velocity
~ DLS ": Dynamic Light Scattering
| ECPS : Extracellular Polymers
EPS .z Extracellular Polymcric‘SubStances
HRT . :Hydraulic Retention Time
IR . :Infra Rcd-‘S_p'c'ctro.scl:opy
IRE " : Internal Reflection Element
| IUPAC F International Union for the Pure and Applied Chemistry
MBR . :Membrane Bioreactor '
. MF: B :‘Microﬁltrafi"on |
MLSS - :Mixed Liquor Suspended Solid -
MWCO  :Molecular Weight Cutoff
NNLS ~ . :Non Negative Least Squares
NOM ‘: Natural Organic Matter
. PCS ¢ Photon Correlation Spectroscopy
PMT :Photo Multiplier
PSD - Particle Size Distribution
'QELS  :Quasi Elastic Light Scattering /
.SMP - :Soluble -Micfoﬁié.l Products |
| “‘SRT ~ :Solid Retention Time
- TMP - . :Transmembrane pressure
TOC ~  :Total Organic Carbon
i TUB i Technical UniVers'ity'Bcrlin
UAP: .+ Utilization Associated products
UF  :Ulafilation’
UV-VIS : Ultraviolet-Visible
'VSS  : Volatile Suspended Solids

xii !



CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Membrane processes are becoming increasingly attractive to conventional water
and wastewater treatment. A major obstacle in applying membrane processes for
wastewater treatment is the permeate flux decline. During Membrane filtration some
constituents of the feed water deposit on the membrane surface and/or in the membrane
matrix. The International Union for the Pure and Applied Chemistry (IUPAC) defines
.fouling as “the sum.of all processes leading to a loss of membrane performances due to
the deposition of suspended. or dissolved substances on its external su)faces, at its pore
openings or within pores”m. The most ‘phenomenal aspect of fouling is that, either it
 increases the transmembrane préssurg (TMP) or reduces the flux, respectively, depending
on whether .thc system is operated at constant flux or constant pressure. In conjunction
with the flux reduction or TMP rise a shift in the effective pore size/MWCO to smaller
diameters is oftentimes observed.

1If in a conventional wastewater treatment system the settleability of the sludge is
poor, the system will perforrn'lcss than optimum, but it is still functioning. If on the other
hand the filtration of an MBR syStem is not performing properly, it might lead to zero
production'”, Series problem Wili ‘occur if membrane fouling cannot be controlled,
’.leading to replacement of membranes, which is quite costly. Thus controlling membrane
fouling is absolutely essential in the operation of an MBR system. This is usually
accomplished by applying a crossflow along the membrane wall, providing shear stress to
remove accumulated material. The crossflow can be caused by recirculation of feed
suspension thfough the membrane module chosen or by air scour. '

Understanding the mechanisms of permeate flux decline and usage of models for
the behavior of permeate flux in crossflow membrane filtration are therefore of
paramount importance to the design and successful applications-of this technology. Thus
far, strategies concerning fouling control and membrane cleaning are primarily based on

trial-and-error. A more in depth knowledge is needed about the substances causing



organic fouling in low-pressure membrane filtration as well as on the relevant fouling
mechanisms. This would enable Better choice conéefning merr}brane selection as well as
cleaning strategies, thereby reducing: chemicals and extending membrane life. A
considerable amount of research effort has been directed towards better understanding
membrane foulingv by particular materials. |

~ Particles may deposit on the membrane surface leading to fouling externally or
internally that may reduce membrane permeability. In this work, we consider the role of
‘?olysacchaﬁdes” as it may | diffcrcntially influence membrane fouling in constant
transmembrane pressure operation. Experimental crossflow filtration studies involving
.polysaccharide suspensions clearly show that permeate flux varies with time once a
polysaccharide suspension is introduced to- the filtration system. Typical flux versus time
curves shows a relatively rapid flux decline rate at the start the ﬁltratién, follovs)ed by a
more gradual decrease, until a stéady-state' (or a pseﬁdo-steadx—state) flux is approached.
Depending on Asyst‘em variables; the transient stage in crossflow filtration of
polysac’chéride suspensions can last from minutes to several hours, At the present time, it
is not clear how system variables, such as particle concentration and siie, applied
pressure, and crossflow (shear) rate influence the transient behavior of permeate flux.

Understanding of filtration phenomenon can be gained by using a 'standard_'
protocol and hence a batch appéra_tus but at the same time operate as closely to reality as
possible on  different polysaccharide streams. Next to that, a standardised filtration
experiment can be used to quantify the filterability of a given polysacchaﬁde obtained
from different biological source. In this way, the applied- method serves two goals:
gaining knowledge and quantifying filterability. With the method to quantify filterability
it is possible to identify whether polysaccharide may influence the filterability.

Here the topic of this research is the fouling potential of polysaccharides_vin low-
pressure membrane filtration (UF). The aim of this project is to systematically investigate -
the dynamic behavior of permeate flux in the transient stages of crossflow membrane
filtration of polysaccharide suspension before a steady-state flux is attained. Crossflow
filtration experiments were conducted with three different polysaccharide susPensions
under well-controlled physical conditions. Resistance in series model and Classical

Blocking Filtration Laws were used to examine the fouling mechanism. The effects of



feed particle concentration, transmembrane pressure and particle size, on the dynamics of

permeate flux decline are elaborated and discussed. The basic aim of this study is to

identify the influence of polysaccharides in low-pressure membrane filtration of

wastewater treatment plant. Furthermore, the underlying fouling mechanisms are

investigated.

>

1.2 OBJECTIVES AND AIM OF THE RESEARCH

To identify fouling phenomenon and compare different Polysaécharides in terms
of their fouling and phenomenon.

To identify the variation in particle size distribution of polysaccharides during
crossflow filtration in the retentate phase by Dynamic Light Scattering (DLS).

To evaluate the basic values of polysaccharide content in a crossflow membrane
filtration operations using UV aBsorbance and colorimetric detérmination method.
To identify the éhange in surface prbperties of membrane after filtration
experiments by Attenuated Total. reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR). - '

To evaluate the ‘change in viscosity of polysaccharide during filtration

experiments.



CHAPTER 2

LITERATURE REVIEW & THEORETICAL BACK GROUND

2.1 EXTRACELLULAR POLYMERIC SUBSTANCES (EPS)

2 1 1 Extracellular polymeric Substances in Actlvated Sludge

Important point to be considered in membrane based wastewater treatment is to
identify substance causing organic fouling and relevant fouling mechanism. Depending
on membrane application, organic‘substances produced by microorganisms are referred
to as soluble microbial products (SMP, wastewater effluent membrane filtration) or
extracellular polymeric substanceé (EPS, MBR applications). However, Laspidou and
thtmann (2002)*! indicated that SMP and soluble EPS are referring to the same group of
compounds EPS are composed of utilization association products (UAP) and biomass
associated products (BAP), the former of which is associated with substrate metabolism
and growth of bacteria, and the latter of which is associated with the decay of biomass'*!,

EPS is a main constituent of activated sludge. 'Acti‘vated sludge flocs are complex
systems composed of microbial cells embedded in a polymeric matrix. The exopolymer
matrix has been defined as materials which can be removed from microorganisms
without disrupting the cells and without which the microorganism still viable™. Since
EPS provide a highly hydrated gel matrix in which microorganisms are embedded, they
provide a significant barrier to permeate flow in the MBR. Microbial EPS are high
molecular-weight mucous secretions from microbial celis. They can play an important
role for ﬂoé formation in activated sludge liquorsm. The extracellular matrix of the
biofilm .is often terfncd- “biopolymers” or “polysaccharides”. Polysaécharide’s
' predobminate and rcpreseSnt approximate-ly 65 % of ,extracellular material but other
substances are also present such as proteins, nucleic acids and lipids Bl The EPS matrix
is very heterogeneous, with polymcric‘ materials 'arising including polysaccharides,
proteins, lipids, and nucleic acids (71 Recently, many MBR studies have identified EPS as
the most significant biological factor responsible for membrane fouling. Chang and Lee®
correlated the EPS levels and membrane fouling quantitatively. These authors examined

the EPS levels in activated sludge in various physiological states, and found there to be a



linear relationship between membrane fouling and EPS levels®™!®!!, Similarly linked
hydraulic resistance to EPS levels in the aeration tank, including empirical parameters for
EPS production and degradation, developing a phenomehological model to predict
fouling and to evaluate the effects of loading rate, flux, and shear stress on bioreactor
perfomiance. Huang et al.'”® found soluble organic substances with high molecular
weights, mostly attributable to metabolic products, to accumulate in the bioreactor. These
‘had a negative influence on mein_brane permeability; accumulation of 50 mg TOC (total
orgahic carbon) L' resulted in 70% decrease in flux. In addition, EPS levels of 23 mg !
have been found td produce a six- to sevenfeld increase in the internal fouling
're51stance[6] The foulmg propensity of specific EPS components has also been studxed
Shin et al. G attributed 90% of the cake resistance to EPS and found resistance to vary
with the ratio of protein and carbohydrate in the:EPS, Mukai et al."® found the protein to
sugar ratio of the EPS to influence permeate flux during ultrafiltration, the permeate flux
decreasing with an increasing protein content. In a study illustrating the effects of EPS on-
membrane fouling carried out by Kim et al*?, addition of powdered activated carbon to
the MBR was shown to increase permeability by reducing dissolved EPS ievels from
121-196 to 90-127 mg/gVSS. Most studies of the effect of EPS on membrane fouling
rely on extraction of EPS from the SIudge flocs. However, relatively large amounts of
EPS can originatefrpm unmetabolized wastewater components and bacterial produets
arising either from cell-lysis or cell-structural - polymeric componcnts[lal. Thus, the
quantitetive expression of flux as a function of EPS concentration has an inhe_re_n_t
limitation, n ’

Little information is currenﬂy available on EPS membrane fouling. mechaniSms.
For the membrane filtration of marine bacteria SW8, Hogdson et al.!"¥ prbposedvthat EPS
and cells were co-deposited during membrane filtration, with EPS filling the voids
between the cells, forming a barrier of high hydraulic resistance. Since most fesistance is
attributed to the cake layer on the membrane surface rather than internal fouling.

These Extracellular polymers substances (EPS) also play an essential role in
biofilm. structure, activity and performance in biological waste water treatment. They
mediate the transpen of chemicals to and from the microorganisms, creating diffusional

resistance to the movement of material carried by water. They also have ion exchange



151 which allow them to

properties due to negatively charged surface functional groups
bind cationic species such as heavy metal. EPS in activated sludge occur as a capsule
surrounding the bacterial cell wall which enhances flocculation (“extractable EPS”) and
in solution in the supernatant as slime polymers (“suspended EPS”). Mikkelsen and
Keiding!'® state that sludges with higher extractable EPS concentration have a tendency
to form larger flocs and thus a better filterability. Kim et al.l'” and Nagaoka et al.“ox
report a decrease of filterability ‘with increasing suspended and extractable EPS

concentration, respectively. -

2.1.2 EPS and Crossflow Filtration

Pressure-driven membrane filtration can operate at either crossflow or dead-end
flow configuration. It is generally accepted that separation of colloids and suspehded

(18]

matter in a crossflow mode is advantageous over dead-end operation'™. Crossflow

membrane filtration may be performed under conditions of either constant
transmembrane pressure or constant flux. In contrast with dead end ﬁltration, the feed
stream is directed tangentially to the membrane surface and a portion of “concentrate”
remains in the module while the rest of the fluid exits as perrheate. The goal of the
tangential flow ié to arrest the growth of the fouling layer and thereby retain a higher
permeate flux!'®), The more complex of a crossflow filtration module entail a suite of
particle transport mechanisms that are sensitive to the type of suspension to be filtered.
During crossflow membrane ﬁltfation, suspended particles -are transported to the
membrane surface by permeate ﬂow due to the imposed pressure drop. Because of the
finite size of colloidal particles, particle concentration on the membrane surface reaches
'its maximum value after a short period of time, and a cake layer starts to form®®®, The
resulting cake layer on the membrane surface increases the hydraulic resistance to
permeate flow and, thus, reduces permeate flow through the membrane.

The particles of size range from the nominal membrane pore size up to
approximately 0.5 m play an important role in the process of crossflow filtration
depending on the crossflow velocity” these particles can escape the influence of the
crossflow and enter the boundary layer near the membrane. In the water phase EPS can

be found in the mentioned size range and indeed contribute to the process of membrane



foulingm. EPS in the water phase is quite small compared to microbial flocs. This implies

that microbial flocs are not involved in membrane fouling as much.

2.2 PRESSURE DRIVEN MEMBRANE FILTRATION

2.2.1 Membrane Filtration

The basic principle of all membrane operations is the separation of a mixture of
substances with a selective thin film. Each membrane has the ability to transport one
component more readily than other because of differences in physical and/or chemical
properties between the membrane and the permeating components. Furthermore, some
components can freely permeate through the membrane, while others will be retained.
The stream containing the components that permeate through the membrane are called
permeate and the stream containing the retained components is called retentate. The
separation of components is based on the differing transport resistance of the single
components. The transport of matter through the selective barrier is caused by a chemical
potential difference between the two phases i.e., feed and permeate. The driving force of

the chemical potential difference can be either a difference as shown in table 2-1.

Table 2-1: Classification of membrane processes according to their driving forces'*'’.

Driving Force Pressure Concentration ‘Temperature Electrical
Difference Difference Difference potential
difference
Membrane Microfiltration Pervaporation Thermo-Osmosis | Electrodialysis
process Ultrafiltration Gas Separation Membrane Electro osmosis
Nanofiltration Dialysis Distillation
Reverse Osmosis | Liquid-membranes

These different membrane operations are used to concentrate, fractionate or purify waste
wastewater solutions. In the wastewater treatment plant, the solution of interest is raw
wastewater that has been pretreated to varying degrees and needs further purification.

Pressure-driven membrane filtration is an important process for separation of colloids and




particulate matter from liquid suspensions in many fields of engineering and applied
science. In general, pressure driven membranes are employed for this purification step
i.e. microfiltration, Ultrafiltration, Nanofiltration or reverse osmosis membranes. In this
research work membrane filtration based on pressure difference with Ultrafiltration

membranes is taken into consideration.

2.2.2 Membrane Fouling

One of the most important parameters in the viat{;ility of a membrane process is its
capacity to treat a sufficient wastewater flux. This flux should be stable over time. It is
influenced by the sensibility of the membrane with fouling pheriomenon.‘ Introducing
Membrane filtration also means introducing membrane fouling. During membrane
ﬁltfation some constituents of the feed water deposit on the membrane surface and/or in
the membrane matrix. The most phenomchal aspect of fouling is that, either it increases
the transmembrane pressure (TMP) or reduces the flux, respectively, depending on
whether the system is operated at constant flux or constant pressure. In conjunction with
the flux reduction a shift in the effective pore size/MWCO to smaller diameters is
oftentimes observed. This can result in MF process to display characteristics of UF
membrane filtration®, |

On a brief review of membrane fouli'ng, it can be distinguished into four types:
scaling, biofouling, organic fouling and particulate fouling. “Scaling” occurs on the
membrane surface if dissolved salts exceed their solubility product. Scaling is not of
concern in low-pressure membrane operation (MF and UF) as the salts pass the
membrane freely. “Biofouling” involves adhesion and growth of microorganism on the
membrane surface, i.e. the formation of a biofilm, which results in a loss of ‘membrane
performance. Because bacteria have developed elaborate adhesion mechanism biofilm

[22)

can occur on all kinds of materials, natural and synthetic'“”. Generally adhesion to

surfaces is achieved by extracellular polymeric substances (EPS).

“Organic Fouling” on the other hand is defined as reduction in flux due to
adsorption of dissolved organic substances on the membrane surface or in its pores. The
adhesion depends primaﬁly on the chemical and electrostatic characteristics of the

organic material. Organic fouling can be due to natural organic matter (NOM)2,
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synthetic organic compounds (SOC) which are added by the consumer and soluble
microbial products (SMP) produced during the biological wastewater treatment
process'??, The term dissolved substances normally refers to any compounds that passes
a 0.45 'm filter. Anything that is retained by this filter is categorised as particulates. This -
operational definition of dissolved/particulate material does not account for colloids.
Colloids are defined as organic or inorganic substances with sizes between Inm and 1 m
and therefore can occur in both fractions. The following compounds are colloidal in
nature; CaCOs3, iron hydroxides, micro organisms and microbial debris, polysaccharides,
humic substances, amorphous silica, and clay. Particulate fouling is defined as the fouling
caused by particulates, which accumulate on the membrane surface thereby forming a
filtration cake.

Soluble microbial products are indeed identical with soluble EPS. Both EPS and
SMP are substances produced by microorganisms that are reléased into the liquid phase
as part of the metabolism and due to biological or mechanical stress. This implies that the
extracellular polymeric substances can have a fouling potential by themselves outside bof
a biofilm. Thus polysaccharides, proteins and lipids may play an impor-tant role in
organic fouling of membrane appli‘cations‘to Wast_éwater treatment. The emphasis in this
research is put on the investigation of ‘érgé.nic fouling due to polysaccharides in its

soluble suspended state.

2.2.3 Permeate Flux and Solute Transport

In pressure driven membrane filtration operation the pressure di_fferc_nce ( Por
transmembrane pressure difference (TMP)' between the feed (Preq) and permeate

(Ppermeate) side is given by [Eqn.1]

AP=P feed P permeate : _ Eqn.1

The above equation holds true for dead- end filtration or direct filtration membrane
operation. For membrane modules that are operated in the crossflow mode only an

average TMP can be calculated due to pressure drop across the module. In this case [Eqn

2] can be used
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P..—P -
AP — feed concentrate _ P Eqn2

2 permeate

For the efficient operation of membrane filtration the permeate flux J is of most
importance. It is defined as the permeate flow rate Q, (= permeate volume V per filtration

time t) divided by the membrane area A,

!

J=—=

m

v Eqn.3
- n.
At d
The relationships between pure water permeate flux J of a clean MF or UF membrane is
Darcy’s law:

AP
MR,

J= Eqn.4

Where is the viscosity of water and R,, is the hydraulic resistance of the clean
membrane. The advantage is that additional resistance due to fouling can be accounted

and is explained briefly in the following section.

224 Factors Influencing Membrane Filtration

The performance of the membrane operations is a function of various parameters such as

» Membrane material and module construction

» Hydrodynamic conditions (flux, transmembrane pressure (TMP), crossflow

- velocity) - |
~» Operational conditioné (temperature, solid retention time (SRT), hydraulic
retention time (HRT), inflow and oxygen concentration)

» Characteristics of feed water (e.g., temperature, viscosity; mixed liquor suspended
solids (MLSS), extracellular polymeric substances (EPS) attached to the micro
organism or to the liquid phaSc, etc.) I

The above key factors impact upon or contribute to fouling, most of which are

interrelated (figure 2-1)
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Figure 2-1: Factors influencing membrane fouling in MBR process'**!.

2.2.5 Fouling Mechanisms and Models

A number of fouling models exist in order to describe different fouling
mechanisms encountered during membrane ﬁltratibn.'In most references that review
fouling phenomena the focus is on cross-flow systems and/or reverse osmosis of single-
solute feed water solutions. Bowen and Jenner'® reviewed the theoretical filtration
models for colloidal and fine particle dispersions, in both. cross-flow and dead-end
operational mode. In the gel polarization model it is suggested that when the
concentration at the membrane surface increases, the macro-solute reaches its solubility
limit and precipitates on the membrane surface and forms solid gels. Solutes that do not
precipitate are not taken into account. The osmotic pressure model describes flux
behavior when solutes do no not precipitate or gelate. However, in Ultrafiltration
processes the osmotic pressure is negligible. These two models can be modified in

various ways, but are still only applicable for well defined solutions. Particle interactions
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are taken into account by a different group of filtration models. Of special interest is the
[27) '

work by Wessling“" on stochastic modelling, in which fouling of microfiltration
membranes were described as a function of rianoparticl:es (like proteins). Although these
particles are much smaller than th'e. membrane pores, it was found that these particles
could foul the membrane heavily. The stochastic modelling showed that interaction of the
particles might lead to thé formation of agglomerates of particles forming bridges over a
pore. Verification of the theoretical results was found to be very difficult. In the current
research the resistance in“éeriés model and approach introduced by Hermia (1982) are

used for the description of filtration phenomena in cross flow Ultrafiltration.

2.2.5.1 Resistance in Series Model

- According to this model total hydraulic resistance is divided in several hydraulic
resistances. Each of those resistances corresponds to physical phenomenon. The

resistance in series model is schematically drawn in figure 2-2.

, . Feed Flow _ ' '
Pore blocking R, Polarisation layer R.,

\. 0 ) oo / ake layer formation R,
A 0 | O 7 Membrane Resistance R,

i

Poreous Support

 Permeate Adsorption R,

Figure 2-2: The Resistance of fouled membrane by various fouling mechanisms, the driving force
is from upstream to downstream side of membrane, R,= pore blocking, R, = pore constriction

(adsorption, R,, = initial membrane resistance, R, = cake filtration R = concentration

polarization'®,

During membrane filtration these mechanisms may occur simultaneously. The
initial membrane resistance is mainly determined by the average pore diameter and
porosity of the membrane. Ultrafiltration performance can also be interpreted by a

resistance in series relationshipm’. This resistance in series model is based on Darcy’s
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law, each deposition layer (inside, outside the membrane pores, adsorption, etc.,) relates
to an additional resistance. Applying Darcy’s law to this relationship between

transmembrane pressure and the permeate flux

AP Qg 14dV (0]
= = . - Egn.5
MR, +R,+R) A, A dt A,

With

R hydraulic resistance of the membrane in pure water (1/m)

Rep= resistance due to concentration polarization (1/m)

Ri: R, + R internal irreversible fduling resistance (1/m)

R.: resistance due to particle deposit at membrane surface, cake resistance (1/m)

Three main fouling mechamsms for flux decline can be identified for
Ultrafiltration of colloidal species as: standard pore blocking, pore blo_ckmg and cake
buildupm] and these can be respectively described by the following resistance models.

The standard pore blocking model (pore narrowing/pore consﬁiction) assumes
that the foulants deposit evenly on along the pore walls, cau,sing the pore diameter to
decrease, while the number of pores per unit area remains cdnstant. It is also assumed
that the change in pore volume due to fouling is proportional to the filtrate volume. With

the above assumpfions and integration of [Eqn 5] yields

R, +R,=R,(1+Kg,0,1° Eqn.6

Where
Koy =4C gy /(ANOHldOZ)

Qo : flow rate through unfouled membrane (m>/h)
l: pore length ( m) ,
Cspm: standard blocking constant, polysaccharide volume that deposit on pore wall per

unit filtrate volume.

No: number of pores per unit membrane surface area
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'do: diameter of each pore (nm)
The resistance increases with time with an increasing slope when fouling is described by
this standard blocking model.

The pore blocking model (Pore plugging/complete blocking/pore sealing assumes
that the number of pores that become plugged increases proportionally to the filtrate
volume, while pore diameter remains constant. The pore plugging model of the

membrane resistance as a function of time is given by [Eqn 7]

- R +R, =R "’ Eqn.7
Where
‘KPBM = (Hd:APAmCPBM 2/(1284)

Cpsm: pore blocking constant, number of pores per unit membrane surface area that
become plugged per unit filtrate volume.
The resistance élso increases with time with an increasing slope when fouling follows the
pore plugging model.

In the cake build up (or cake filtration) model, internal membrane fouling due to
pore plugging or standard blocking does not occur i.e., (Rp+R;) remains constant and
only R, increases with time. The cake filtration model in terms of total resistance as a »

function of time [Eqn.8]

R =R, (1+41K ., 0, ‘Eqn.8
: Where |

Kepy = (HC cen po)/(ZAZAP)
Ccru: specific cake resistance

o: mass of cake deposited per volume of filtrate (mg/l)
Unlike the pore plugging model and standard blocking model, the resistance increases

with time with a decreasing slope. Briefly, the irreversible resistance R; creates an

additional resistance to the filtration depending on several causes such as membrane
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porosity, its structure, its pore form, its chemical affinity and chemical composition of the
solution filtered. This resistance is generally due to adsorption’ (R,) of soluble organic or
mineral compounds or to a mechanical pore blockage (Rp) niade by minor molecules.
This resistance increases continuously depending on permeate volume filtered and time
of filtration. The cake layer filtration is a function of filtered solution composition and
characteristics but also the hydraulic conditions of membrane operation. If those
conditions do not change this resistance value reaches its maximum in few minutes. It is
now clear that the fouling phenomenon depends on several parameters, which impact

more or les on the filtration performance

2.2.5.2 Classical Filtration Laws

Polysaccharide fouling iri ultrafiltration and microfiltration may be occurring via a
number of mechanisms. Internal deposition, pore blocking, -and cake formation may
occur depending on polydispersity of model polysaccharides molecular weight and
aggregaitioh. In addition, the filter cake may be heterogeneous with mixtures of large
aggregates infiltrated with smaller molecular weight components. Four classic filtration
laws, originally developed by Hermia!®®, are widely used to explain the flux behaviour
under constant pressure filtration. All models imply a dependence of flux decline on the

ratio of the pvarticlc size to the pore diameter.

2.2.5.2.1: Cake Filtration Model

Cake formation normally occurs when particles larger than the average pore size
accumulate on the membrane surfacé, forming a “cake” (fig 2-3). This cake then pi"ovides
an additional porous surface through which the liquid must pass. As a result, the cake
may increase the particle removal efficiency of the filter; however, it also increases the
filter’s resistance. Typical performance curves that characterize cake formation are
shown in figure 2-4. Curves are shown for both constant pressure and constant flow rate
processes. For constant flow, the increase in pressure drop is linear with time. For
constant pressure, the flow decreases most early in the process. To obtain a better
understanding, data like that in figure 2-4 must be replotted using characteristic equations

derived from Darcy’s equation. The derivation of the equation is described in Appendix I.
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Figure 2-3: Pictorial view of cake formation

av.__ APA Eqn.9
dt aCV
H—+R,
A,

Darcy’s equation states that the flow rate is proportional to the membrane area and
pressure drop, but it is inversely proportional to the viscosity and membrane resistance.
So, as the system resistancebincreases due to particulate loading and cake} férmation,
either the pressufe drop or low rate will be affected. |
For constant pressure systems, Darcy’s equatibn can be solved to yield the following

characteristic equation (Appendix I, Equation 5).

.

§ =CV+C, | Eqn.10

This equation states that the time required to flow a unit volume is directly proportional

to the volume of fluid passing through the membrane mhltiplied by a constant.

2.2.5.2.2: Complete Pore Blocking Model

Figure 2-5 depicfs complete pore plugging. It typically occurs when the partiéle sizes ére
similar to the mean pore size. In this model, particles sgal individual pofes. As individual
pores are plugged, flow is diverted tb other pores that plug successively. Evehtually, this
reduces the available membrane area and increases the membrane’s resistance. Figure 2-6
provides examples of typical complete pore plugging curves. Curves are shown for both -

constant pressure and constant flow process. Unlike in cake formation the curves are not
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Figure 2-4: Typical cake fofmation system cz;wes

Figure 2-5: Pictorial view of Complete Pore Blocking

linear. At the end of the filter life, pressure drop increases dramatically. Data like that

shown in Figure 2-6 must be re-plotted in a form dictated by characteristic equations to
confirm the plugging method. '
d_"____I'IAPAr4N| _TIAP ,

ar - suL 7" BaL erzV Eqn.11
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For complete pore plugging, the characteristic equations are derived from Poiseuille’s
law. Poiseuille’s law states that-the flow rate is propoftional to the presSure drop, pore
.size to the 4™ power, and the number of open pores, but, it is inversely proportional to
viscosity and membrane thickness. In this case, as pores plug, the number of open pores
is reduced. As a result, either the flow rate is reduced or the pressure drdp increases. For
constant pressure systems, solving Poiseuille’s law yields a very difficult to use
characteristic equation (Appendix I, Equation 9). An intermediate step in the solution of

Poiseuille’s law yields a much easier equation to understand (Appendix I, Equation 8).

This equation states that the flow rate is a linear decreasing function of volume filtered.
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Figure 2-6: Typical Complete Pore Blocking system curves

2.2.5.2.3: Gradual Pore Plugging Model

Gradual pore plugging is most dominant when retained particles. are smaller than the

pores. It is often called adsorptive fouling. In this case, particles in the fluid approach the
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membrane, enter the pores, and adhere to the pore walls. This mechanism is illustrated in
figure 2-7. Unlike the complete pore plugging model, there is no complete blocking of
pores. In this case, the adhesion of particles to the walls decreases the available pore

diameter and increases the resistance of the membrane.

Figure 2-7: Pictorial view of Gradual Pore Blocking

From typical test data shown in figure 2-8, it is very difficulf to determine if a filter is
plugging due to complete or gradual pore plugging as these curves are also non-linear.
Like complete pluggage, pressure drop increases dramatically at the end of filter life. To

obtain a better understanding, data like that shown in ﬁgure;‘Z—'S must be re-plotted using

characteristic equations.

dv _TIAPA FNY Eqn.13
dr - 8ul |
CV =p,IILAN, (5} —r}) Eqn.14

law. However, as pores plug in gradual pore plugging model, the number of pores
available for flow remains constant while the pore diameter deéreases.

The decrease in the cross-section of the pore can be calculated based on the
volume of plugger being carried into the pore. Pore size appears in Poiseuille’s law to the
fourth power. As a result, small changes in the pore diameter can result in large changes -

to either the flow rate or the pressure drop.
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Figure 2-8: Typical Gradual Pore Blocking system curves

For constant pressure systems, solving Poiseuille’s law using the gradual pore plugging

assumptions leads to the following characteristic equation (Appendix I, Equation 13):

é—_-c:;uc6 | Eqn.15

This equation states that the time required to flow the total volume (inverse of average

flow rate) is directly proportional to time.

2.2.5.2.4: Summary of Characteristic Equations

The characteristic equations for the three different models are shown in Table 2-2.
The definitions of the COn§tants in individual characteristics equations are shown in
Appendix A. The equations in table 2-2 will be used in the following section for data
analysis. For constant pressure drop systems (1) both the Cake Formation and Gradual
Pore Plugging characteristic equations are linear. By plotting t/V versus both Volume and

Time, it can be determined which of the two models more accurately reflects the actual
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process. Ndrmally, a visual examination of the curves will-determine which method
~produces the straightest line. However, a linear regression would provide more
conﬁde'nce.vl_f a regression is performed, it may be necessary to delete the first few points
if it can be determined that measurement error is involved. (2) The comi)lcte pore
plugging characteristic equation is also linear. To determine if this model more accurately
reflects the process, plot flow rate (dV/dt) versus Volume. If complete pore plugging is
the dominant method, then flow rate versus Volume should be linear with a decreasing
slope. .

Ye et al.,,”®! investigated the. fou‘ling mechanisms of polysaccharides, dead end
unstirred filtration of sodium alginate, a model polysaccharide, was carried out and
analyzed using classical filtration laws and the combined pore blockage and cake
formation model. It was found that the cake mbdel appears 10 fit the entire range of the
ultraﬁlt'rati_on data while the consecutive standard pore blocking model and cake model
are more applicable to microfiltration membranes (0.2 pm track-etched and 0.22 pm
PVDF membranes). Madaenim] used the standard blocking law and the cake filtration
law successfully to distinguish between particle deposition within the membrane and
cake filtration on the membrane surface in unstirred and stirred batch Iﬁicroﬁltratioh of
virus suspensions. Unstirred operation was related to dead-end filtration. The stirred cell
operation was done at 400 rpm, resulting in-similar results as a thin channel cross-flow
cell at a Reynolds number of about 2200. The microfiltration membranes were
hydrophobic Millipore (GVHP) membranes (0.22 uym). The Ultrafiltration membranes
were polysulfone Amicon (PM30) membranes (MWCO 30 KDa). The bacteria created a
- much higher fouling layer resistance, indicating blocking and pore obstruction. The
viruses probably adsorbed on and inside the membrane. Lojkine et al. (1992) reviewed
cross-flow microfiltration of cell suspensions, focusing mainly on models for flux
prediction, emphasizing on particle size effects. The main focus was the application of
the standard blocking filtration law and the cake filtration law. Various models based on
the film theory were also reviewed, but these were mainly useful for cross-flow systems.
Lojkine et al. (1992) stated that models have various drawbacks. They are often derived
for dilute solutions of rigid, spherical and neutrally buoyaﬁt particles. According to

Lojkine®", most reviewed research suggested that flux decreases with decreasing particle
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size (for polystyrene lattices, kaolin clay), although also the opposite has been found

(colloidal silica, ~ Aspergillus Niger (reduction of particle size distribution)).

Table 2-2: Summary of characteristic Equation

Constant Pressure

Model Characteristic Equation constants
Cake av APA
Formation —_= LA GV +C, Ci- _a_C"E?
dt ,u(“cvm J 1% 2Apa
4, ") o MR,
. )=
APA
| Complete | 4V TIAPA anrt IIAP dav QMF‘K '
— T e— — — -— 2
Poe | ar gL PN gL | a2 BuL ¢
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8/[14 P po
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Plugging oo MRy
Model * APA

2.3 CHARACTERIZATION METHOD

2.3.1 Dynamic Light Scattering -

When a monochromatic and coherent light is focused into a dilute macromolecule
solution, and if solvent molecules and macromolecules have different refractive indices,
the incident light will be scattered by each illuminated macromolecule to all directions.
The scattered light waves from different macromolecules mutually intcrfe;e, or combine
at a distant and fast photomliltiplier tube detector to product a net scattering intensity I(t)

- or photon counts n(t). If all macromolecules are stationéry, the scattered light intensity at
each given direction would be constant i.e. independent of time. However, in reality, all
macromolecules in solution are undergoing constant Brownian motion, which leads to
translational diffusion. The faster the diffusion the faster the fluctuation will be'*%,

Dynamic light scattering (DLS), also known as photon correlation spectroscopy

(PCS) or quasi-elastic light scattering (QELS), provides many advantages as a particle
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size analysis method. DLS is a noninvasive technique that measures a large population of
particles in a very short time period, with no manipulation of the surrounding medium,
Because -of the sensitivity to trace amounts of aggregates and the ability to resolve
multiple particle sizes, DLS is ideally suited for macromolecular applications
necessitating low sample concentration and volume. Particles and macromolecules in
solution undergo Brownian motion. Brownian motion arises from collisions between the
particles and the solvent molecules. As a consequence of this particle motion, light
scattered from the particle ensemble will fluctuate with time. In DLS, these fluctuations
are measured across very short time intervals to produce a correlation curve, from which
the particle diffusion coefficient (and subsequently the particle size) is extracted. In
contrast to separation techniques, where particles are scparatcd and then counted, in the
DLS techﬁiqua all of the size information for the éﬁsemble of particles is contained
within a ’singlé correlation curve. As such, particle I{sizc resolution  requires a
deconvolution of the data contained in the measured correlation curve. While standard
algorithms exist for transforming the correlation curve to a particle size distribution, an
understanding of the precision and accuracy of the distribution necessitates a solid

understanding of the underlying principles behind the DLS technique itself.

2.3.1.1 Theory

Light scattering is a consequence of the interaction of light with the electric field
of a particle or small molecule. This interaction induces a dipole in the particle electric
field that oscillates with the same frequency as that of the incident light. Inherent to the
oscillating dipoie is the acceleration of charge, which leads to the release of energy in the
form of scattered light. For a collection of solution particles iIlumin‘ated by a light source
such as a laser, the scattering intensity measured by a detector located at some point in
space will be dependent on the relative positions of the particles within the scattering
volume. The scattering volume is defined as the crossover section of the light source and
the detector optics shown in figure 2-4 (a). |

The position dependence of the scattering intensity arises from constructive and
destruction interference of the scattered light waves. If the part.icles are static or frozen in

- space, then one would expect to observe a scattering intensity that is constant with time,
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as described in figure 2-4 (b). In practice, however, the particles are diffusing according
to Brownian motion, and the scattering intensity fluctuates about an average value
equivalent to the static intensity. As detailed in figure (2-4(a) and (b)), these fluctuations

are known as the dynamic intensity.

Dynamic Intensity

LASER /
A’\\/\UA\JAV/Y\VA J/\Yr//\w‘.\‘
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OPTICS
_ T
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Figure 2-9: schematic detailing (a) the scattering volume and (b) subsequent static and dynamic

light scattering intensities

Across a long time mterval ‘the dynamlc signal appears to be rcpresentatxve of
random fluctuations about a mean value. When viewed on a much smaller time scale, it is
evident that the intensity trace is in fact not random, but rather comprises a series of
continuous data points. This absence of discontinuity is a consequence of the physical
confinement of the particles in a position very near to the position occupied a very short
time earlier. In other words,..o.n short time scales, the particles have had insufficient time
to move very far from their initial positions, and as such, the intensity signals are very
similar. The net result is an intensity trace that is smooth, rather than discontinuous.
Correlaﬁon is a second-order statistical technique for measuring the degree of
nonrandomness in an apparently random data set. When applied to a time-dependent
intensity trace, as measured with DLS instrumentation, the correlation coefficients, G(I),
are calculated as shown in equation (16), where ¢ is the initial (start) time and I is thei

delay time.
G(D) = [I1¢,)I(¢, +T)at Eqn. 16
0
As a summation, the correlation equation can be expressed as shown in Equation (17).
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G, T)=)1¢)10,+T,) Eqn. 17
i=0 .

!

Typically, the correlation coefficients are normalized, such that G(e)=1. In DLS
instmrﬁentation, the correlation summations are performed using an integrated digital
correlator, which is a logic board comprising operational amplifiers that continually add
and multiply short time scale fluctuations in the measured scattering intensity to generate

the correlation curve for the sample.

2.3.1.2 Hydrodynamic size |

All of the information regarding the motion or diffusion of the particles in the
solution is embodied within the measured correlation curve. For monodisperse samples,
consisting of a single particle size group, the correlation curve can be fit to a single
exponential form as given in [Eqn.18] where B is the bascline,’A is the amplitixde, and D
is the diffusion coefficient. The scattering vector (gq) is defined by [Eqn.19] where 7i is the

solvent refractive index; ¢ is the vacuum wavelength of the laser, and  is the scattering

angle.
G(T)= [I@)I(+T)dt =B+ Ae>™ Eqn. 18
o0 _ . _
ATli . (6 |
= = Eqn. 19
q ,lo sm(z) qn

The hydrodynamic radius is defined as the radius of a hard sphere that diffuses at the
same rate as the particle under examination. The hydrodynamié radius is calculated using
the particle diffusion coefficient and the Stokes- Einstein equation given in Equation (20)
where k is the Boltzmann constant, T is the absolute temperature, and nthe solvent
viscosity.

KT

Ru= | 2
"7 6D Eqn-20
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A single exponential or Cumulant fit of the correlation curve is the fitting procedure
recommended by the International Standards Organization (ISO). The simplest way of
obtaining a size from this curve is to use the cumulants analysis as described in ISO
13321. A third order fit of a polynomial to a semi-log plot of the correlation function is

performed as given in [Eqn.21].
In[G]= a+bI" + cI™? Eqn. 21
A plot of In [G] vs time (figure 2-5) and the third order fit to the curve will give the

diffusion coefficient value, where b is the Z average diffusion coefficient; 2c/b? is the

polydispersity index (width of the distribution)

b = Z-avg diffusion coefficient

/

In[G]

* 2en’= polydispersity
index

time (}ts)

Figure 2-10: Cumulant analysis for determination of Z-average diffusion coefficient.

. The hydrodynamic size extracted using this method is an average value, weighted
by the particle scattering intén’sity..Because of the inteﬁsity weighting, the Cumulant size |
is defined as the Z average or intensity average. While the Cumulant algorithm and the Z
average are useful for describing general solution characteristics, for multimodal
solutions, consisting of multiple particle size groups, the Z average can be misleading.
For multimodal solutions, it is more appropriate to fit the correlation curve to a multiple
'eXponential form, using common algorithms such as CONTIN or Non Negative Least

~ Squares (NNLS).

27



2.3.2 ANALYTICAL MEASUREMENTS

2.3.2.1 Attenuated Total Reflectance. 7 Fourier Transform Infra Red
Spectroscopy ' ‘

Internal Reflection Spectrometry or Attenuated Total Reflectance Infrared
(ATR/IR) Spectrometry provide valuable information related to the chemical structure of
separations membranes. Mid-infrared Spéctra» are obtained by prcssing»,small pieces of
membrane against an internal reflection element (IRE), e.g., zinc selenide (ZnSe) or
germanium (Ge). IR radiation is focused onto the end of the IRE. Light enters the IRE
and reflects down the length of the crystal. At each internal reflection, the IR radiation
actually penetrates a short distance (~1 m) from the surface of the IRE into the pol)?mer
membrane (Figure 2-6 (top)). It is this unique physical pher’i()r'nenon that enables one to
obtain infrared spectra of samples placed in contact with the IRE.

Molecular vibrations and rotations are excited by absorption of light in the
infrared region between 4000 and 400 cm’’; In IR spectra, many functional groups of
brganic molecules show characteristic oscillations, which can be attributed to absorption
bands in defined regions. These oscillations are essentially localized to. the functional
groups and do not span over the whole mblecu'lc. Hence, IR spectroscopy is well suited,
and indeed mainly used, for organic structure determination and verification. The basic
idea of FTIR is the simultaneous acquisition of all frgquencies of the entire IR spectrum.
The whole excitation spectra, which are irradiated at all times at constant intensity, are
transferred in an interferometer into an interferogram, which then is not a functioh of
frequency but ﬁme. After the transformed radiation passéd through the sample, the -
interferogram' is analyzed by the Fourier transformation, i.e. retranslated into its
reciprocal, which is the dependent spectrum. The schematic representation of FTIR
instrument is shown in figure 2-6-(bottom). The heart of the FTIR is the “interferometer”,
which contains a semi-transparent gefmanium coated KBr mirror and is first hit by the
incident beam of the glow bar. This mirror separates the beam into two parts, one part is
directed onto a static mirror and the other part is directed onto a movable nlii'ror, whose
distance to the semitransparent mirror is varied as spectrum is produced. Varying the

distance, between movable mirror and variable-transparent mirror, results in constructive

!
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evanescent wave

IR Radiation Detector

interferometer
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Figure 2-11: Total internal reflection at the interface of an internal reflection element and depth
of penetration of the evanescent wave is approximately 1tan (top), Schematic representanon of
FTIR Spectrometer (bottom).

or destructive interference. The modulated radiation is then passed through'the sample,
where absorption takes place according to the excited vibrations in the sample. The
detector transfers the optical signals into electrical signals, which are then Fourier

analyzed by the computer.
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2.3.2.2 Photometric Measurements

2.3.2.2.1 Colorimetric Determination

Simple sugars, oligosaccharides, polysaccharides, and their derivatives, including
the methyl ethers with free or potentially free reducing groups, give an orange - yellow
color when treated with phenol and concentrated sulfuric acid. Thus phenol in the
presence of sulfuric acid can be used for the quantitative colorimetric micro

determination of sugars and their methyl deriyativés, oligosaccharides, and
polysaccharides. The method is simple, rapid, and sensitive, and gives reproducible
results. The reagent is inexpensive and stable, and a given solution requires only one
standard curve for each sugar. The color produced is permanent and it is unnecessary to

pay special attention to the control of the conditions™!.

2.3.2.2.2 UV/VIS Spectroscopy:

Ultraviolet-Visible Spectroscopy or Ultraviolet-Visible Spectrophotometry involves
spectroscopy of photons. It uses light in the visible and in adja:cent near ultrav_iolet (uv)
and near Infrared (IR) ranges. In this régiOn» of energy space molecules undergo
electronic transitions. The UV-VIS spectra have broad features that are of limited use for
sample ideﬁtiﬁcéﬁon but are very useful for quantitative measurements. The
concentration of an analyte in solution can be ldetermined by measuring the absorbance at

some wavelength using the Beer Lambert Law given by

Ab = CL()

Ay is absorbance, has no units-it is the logarithm of the ratio of light intensity incident on

the sample divided by the light intensity leaving the sample.

is the molar absorbtivity (extinction coefficient), mol™' I cm™

Lo is the path length of the sample, cm
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CHAPTER 3

MATERIALS AND EXPERIMENTATION

3.1 CROSSFLOW MEMBRANE FILTRATION SYSTEM
3.1.1 Model Polysaccharide Suspension

‘Three different polysaccharides denoted as Xanthan, Actigum CS 11 and Glucan
by the supplier (Bioprocess Engineering Department, TUB, Berlin) were selected as
model polysaccharides for the membrane filtration experiments. Dynamic light scattering
(DLS) measurements were used to verify the size and polydispersity of the
'polvysaccharides. The Xanthan and Actigum CS 11 polysaccharides were received as
powders and Glucan was received as concentrated aqueous suspensioh and it contained
Iifﬂe biomass in it. According to the supplier, the Glucan aqueous -‘suspensionA was -
obtained directly after fermentation during manufacturing. ‘The - stability of the
polyéaccharide suspensions investigated in the -crossflow membrane filtration
experiments was determined by measuring changes in particle size distribution with time
using Dynamic light scattering. The DLS results showed all the polysaccharide samples

#

are polydisperse in nature.

3.1.1.1 Xanthan Polysaccharide

Xanthan gum is a high molecular weight extracellular polysaccharide produced by
bacteria of the genus Xanthomonas. According to the supplier the Xanthan
polysaccharide molecular weight was approximately 3 MD. Commercial Xanthan gum is

(343536]  Xanthan gum may be chemically

extracted from Xanthomonas campestris
considered as an anionic pblyelcctfolyte, with a backbone chain consisting of (1-4) 8-d-
glucan cellulose. The polymer backbone is substitufed at C-3 on alternate glucose
residues with a trisaccharide si.dc chain, The side chain consists of F,BI -d-mannopyranosyl-
(1-4)-(0-d-glucuropyranosyl)-(1-2)- £ -d-mannopyranoside 6-aqetate. A pyruvic acid
residue is linked to the 4 and 6 positions between 31-56% of the terminal d-mannose

residues®*>*36°7), Acetyl and pyruvate substituents are linked in variable amounts to the
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side chains, depending upon which X.campestris strain the Xanthan isolated from. The
pyruvic acid content also varies with the fermentation conditions. On average about half
~of the Iterminal mannoses carry a pyruvate, with. the number and pos.ition‘ing of the
pyruvate and acetate residues conferring a certain irregularity to otherwise very regular
structure. = The structure of the repeating unit of Xanthan polysaccharide is given in
figure 3-1. The Xanthan molecule.undergoes a conformation transition from an ordered
double helix to a random coil when heated to above, between 40 and SOOC depending on
the ionic strength of solution¥. Previous studies of Xanthan gum in solutions posses an
ordered secondary structure. One pds‘s‘ible_:-rhodel for this structure is a 5-fold single'helix
suggested by X-ray scattering studies of Xanthan fibers; electron micrographs, by

contrast suggest that the native structure is multi-stranded with either 2 or perhiaps 3

Juc o

HE = Ha, Ky 3430w

[(37,39]

* Figure 3-1: Repeating unit of Xanthan polysaccharide

strands ‘arranged in a right-handed twist®, These Xanthan molecules can easily forms a
double-stranded helix and has a high tendency to aggregate, but it does not form gels by
itself**). Xanthan is widely used as a viscosifier in the food and paint industfies. The
intereéting, rhelogical - properties of Xanthan solutions arise from its ordered helical
structure, which produces a rigid rod-like molecule. The backbone structure and high
‘molecular weight of Xanthan result in rhe_ological properties that are insensitive to ionic

strength in solution as compared with other polyelectrolyte and create a molecule that is
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resistant to mechanical degradation. Techniques that have been used to study the
molecular size of Xanthan include electron microscopy, light scattering, viscometry, and
ultracentrifugation. Electron Micrographs show native Xanthan to have contour length of
2-10 m. Using classical light scattering methods, Xanthan was found to exhibit M=
2*10° for solutions heated for 3 hr at 90° in 4M Urea and M = 13*10° and 50*10° for two
native samples that were not heated”®., Dynamic light scattering studies at < 0.01 % have
diffusion coefficients of DO‘ = 2427 * 10° cm?%s for freshly filtered Xanthan in
deionized water and for Xanthan in 4M Urea. Upon ageing for one week, the diffusion
coefficient in water alone decreased to D% = 1.1 * 10® ¢cm?s but did not increase with
time in Urea. This difference was interpreted as being due to aggregation caused by
hydrogen bonding and inhibited by the addition of Urea. Using the value of the diffusion
coefficient for Xanthan in Urea and a measured value of the intrinsic viscosity [n] = 212
mL/g, they calculated a molecular weight of M = 2.16 * 10% From sedimentation and
intrinsic viscosity measurements, Holzwarth obtained weight-average molecular weights

of ,MW =2.8 * 10° for native, commercial Xanthan and M,, = 62 * 10° for ‘native culture-

broth.

3.1.1.2 Actigum CS 11

Scleroglucan is a natural polysaccharide, produced by fungi of the genus
Sclerotium. Sclg is a general term used to designate a class of glucans of similar structure
produced by fungi, especially those of the genus Sclerotium. The commercial product is
térmed Scleroglucan, but it is also known with other names according to the company
that pfoducés the polysaccharide (e.g., Actigum, Clearogel, Polytetran, Polytran FS,
Sclerogum). Because of its peculiar rheological properties and its resistance to
hydrolysis, temperature and electrolytes, Sclg has various industrial applications,
especially in the oil industry. for thickening, drilling muds and for enhanced oil recovery.
Sclgv is a branched homoponsaccharide 'ttilat gives only D-glucose upon complete
hydrolysis. The polymer consists of a main.chain of (1-3)-linked B—D~gluéopyranosyl
units; every third unit it bears a single 8-D-glucopyranosy! unit linked (1-6) shown in

figure 3-2.
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: ) : ’ .
. Figure 3-2: Molecular structure of scleroglucan consists of -1,3 linked glucose units in the main
chain with -1, 6 linked glucose units branching out on every third unit of the main chain'***",

Oriented-fiber . X-ray diffraction indicates that Sclg has a triple-helical backbone
conformation and also that dissolved Sclg chains assume a rod-like triplé helical
structure™”, in which the Dglucosidic side groups are on the outside and prevent the
helices from coming close to each other ahd aggregating. In-dimethyl sulfoxide, or in
solutions of pH=12.5 or higher, the reduced viscosity, the specific rotation and the

sedimentation coefficient indicate, in each case, that Sclg molecules are monodispersed

in a single-chain random coil.

3.1.2 Crossflow Membrane Filtration Unit

For the investigaﬁon of polysaccharide fouling phenomenon special membrane test cell
suitable for highly suspensions was used. The schematic diagram of the laboratory-scale
crossflow membrane filtration system is shown in figure 3-3. The aim of this p_roject is to
use a standard protocol and hence a batch apparatus but at the same time operate as
closely to reality as possible. This includes:crossflow conditions and as little impact on
the suspended particle structure as possible. The main unit of the membrane test cell
shown in figure 3-4. The flow region of the membrane test céll used in the experiments
can be decomposed into five sub regions: inlet and outlet tubes, narrow flat slit (channel)

directing the flow normal to the axis of the inlet and outlet tubes, and two ducts connect

inlet and outlet tubes with the channel.
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Figure 3-3: Schematic description of the laboratory-scale crossflow membrane filtration unit®

Feed channel Membrane permeate

Figure 3-4: Picture of crossflow membrane test cell
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The feed, polysaccharide. susﬁension after entering th’e.channel of the membrane
test cell tﬁrough the inlet tubes, passes over the membrane, makes 90 degree tum to enter
the outlet_tube and exits the system. The length, the width and height of the filtration
channel in the crossflow membrane test cell aré_ 160, 55 and I mm correspondingly. The
dimensions translate to a cross-sectional flow area of 0.0055 m? and 0.008 m?
respgctively.

The polyséccharide suspension was held in 8 liter feed tank/reservoir equipped
with stirrer fotating at 200 rpm and was fed to the inlct port of ihe membrane module by a
Centrifugal pump' (Colc-Palmcr'Instruments Co.. Nile). The feed flow rate was measured
by a digital flow meter connected to the inlet of the membrane module. The
transmembrane pressure was set by a stainless steel needle va_ilve installed on the outlet
side of the membrane module. The transmembrane pressure was measured by a
transducer (Model DPI 5-44, Validyne Engineering corp. Northbridge, CA) connected to
the inlet of the membrane module. The transducer measures pressure ranging from 0 to
32 psi (220 KPa) with a repdrtcd‘ acburacy of 0.5%. Temperature was contro’lied at 20°C
by circulating chilled water surrounding the container holding: the feed suspension. The
permeate flux through the membrane was measured by collecting the permeate at
predetermined time intervals in a preweighed beaker and weighing the sample to
determine the permcate volume. This was done by an electronic balance' and rccorded

using a computer.

3.1.3 Model Membrane and Crossflow Filtration Experiments

All experiments were performed using regenerated Cellulose membrane.
Membranes with a molecular weight cut off 10000 Daltons and 30000 Daltons were
chosen. The details of the membrane used are shown in Table (3-1). The samplé
membrane sheet was cut into membrane sheets of appropriate size (16* 5.5 cm, with
rounded corners) to fit the crossflow membrane test cell). Before each exper‘iment,v the
filtration system was cleaned thdfoughly using deionized water for half an hour and the
water remained in the damper, inlet and outlet tubes were discarded carefully. Filtration
experiments were performed for different polysaccharides at various feed particle

concentrations. The polysaccharide feed suspension was prepared by dissolving defined

36



amount (respective to specific polysaccharide concentration) of polysaccharide in 7 liters
of deionized water taken in the feed tank. The value at the bottom of the feed tank was
closed and the feed suspension was stirred for a time period of 1 hour for all

polysaccharides in all experiments..

Table 3-1: characteristics of flat sheet membrane used in crossflow membrane test cell

Membrane | . MWCO Manufacturer Applied
Material (Daltons) , Pressure
Regenerated 30000 Sartotius 1.4 bar
Cellulose
Regenerated 10000 Sartotius 1.2 bar
Cellulose

The membrane was then conditioned By pumping the jprepared feed sixspension at zero
transmembrane pressure and fnoderate flow rate for approximately”h'alf an hour:to ensure
stable perforrilancc. Then the transmembrane pressure was set by the needle valve on '_the
outlet side of the membra'n__c: module. To ensure analogous fouling conditions for all
membrane, .the initial tranémembrane pressure was adjusted to yield the same initial
permeate flux for all experiments. But still the initiai permeate flux showed different
values because of the inherent property of the membrane.

The experiments were conducted to study the fouling tendency of polysaccharides
when they are taken in different cdnc;entrations. All the operating conditions were
: maintainéd constant: crossﬂow'velocity 0.5 m/s and transmembrane pressure 1.2 bars and
1.4 bars in some cases. For every experiment a new membrane sheet was used. A flow
meter and transducer measured the flow rate and transmembrane pressure respectively. -
The suspensi‘on flowing out of the crossflow membrane test ‘c.ell i.e. retentate was
recycled back to the feed tank and circulated along the surface of the flat-sheet membrane
in the membrane module. Flux measurements for all cxperinients were taken over a
period »of 130 minute and each permeate sample was collected over a period of 20
seconds. The experiments conducted with Xanthan polysaccharide were repeated more

than twice and the transmembrane flux results were very reproducible. At the end of each
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-experiment membrane was removed from fhe membrane tcst' cell and any presencé of
cake layer was inspected by Attenuated Total Reflectance-Fourier Transform Infrared -
Spectroscopy (ATR-FTIR) measurements. Then the feed suspension was discarded,
deionized water was introduced into the feed tank and pumped to flow through the

crossflow membrane filtration system.

3.1.4 Polysaccharide Suspension Analysis

Several experiments were conducted to determine any change in stability of
polysaccharide suspension during crossflow filtration for all the experiments. A feed
sample was collected just before the start of the filtration run by a 25ml volumetric
pipette and then every 20 minute for the remainder of the run up to 100 minuté. The final
sample was collected at 130 minute, .

The collected samples were subsequently analyzed for
> concentration by the UV Absorbance of the samiple and by colorimetric
determination - N
» viscosity by capillary viscometer measurements

> particle size distribution by Dynamic Light Scattering (DLS)

3.2 Dynamic Light Scattering

Dynamic light scattering measurements were carried out in a Autosizer S4700
(128 channel Series 7032 Multi-8 correlator, Malverns Instriment GmbH) equippéd with
a Argon Laser (Lexel, Model 95 Ion Laser) emitting a wavelength of 488nm operating
between 50 mW-160mW and coupled to a series 7032 Multi-8 correlator (Technical
Chemistry Department, TUB, Berlin). The correlograms were evaluated using PCS for
Windows V1.41 original software by Malvern. Auto mode and cumulant analysis were
used by default. Latter Contin analysis was used for particle size distribution analysis. All

measurements were performed at an angle of 90",

3.2.1 Experimental Set Up

The experimental set up is shown in figure 3-5. The light from Argon Laser with

wavelength 488nm after passing through a focusing lens (L) enters a temperature
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control}ed vat in which the polysaccharide sample in a 10 mm inner diameter cylindrical
scattering glass cell is positioned at the center and so that the cell is perpendicular to the
incident beam. The scattere.d‘light beam leaves the cylindrical glass cell ét an angle 90°
to that of incident radiation. The glass outside of the temperature controlled vat is
cylindrical in shape so the incident beam always has an angle of 0° to the normal. This

causes no refraction at the interface.

sourca +

: _ P,
Laser ‘ ‘f

‘connalator’

» —T— 1"
PC

F iguré 3-5:Experimental setup of Dynamic Light Scartering, L-lens, PMT- Photomultiplier
‘Detector, PC-Personal computer, -Scattering angle, I(t)-Intensity at time .

It is also necessary to enclose the scattering cuvette/cylindrical cells in a transparent

container filled with a refractive index matching fluid that minimizes the change in index

at the edge of the cuvette and pushes the air interface further away from the detector’s
optical axis. Hence the sample cell was surrounded by water to reduce the amodnt of
'Stray light that reached the dctectof._A water-bath attached to the Goniometer controlled
the temperature of the water at 25°C and a micro pump was equipped to remove dust. The
controlling of the temperature in vat is done for two reasons. The first is that the sample
~ is then stable and there are no temperatufc gradients. Secondly, the sample is kept at a
specific temperature because the refractive index is depending on the temperature and by
- controlling the refractive index the amount of multiple scattering can be controlled. The

scattéring angle was set at 90° by adjusting the rotating rigid arm.
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The scattered radiation was focused by another lens (L) after which a pinhole
| arrangement images a small scattering volume onto the photomultiplier (PMT). The
pinhole arrangement minimizes spatial averaging and maximizes intensity fluctuations.
The second lens (L), the pinhole arrangement and the detector are mounted on a movable
computer controlled arm. The signal of the photomultiplier/detector (PMT) is fed into a
‘purpose build correlator to compute the normalized time-aircrage intensity correlation
functions. In DLS instrumentation, the correlation summations as mentioned in Eqn.18
do performed using ah integrated correlator, which is a logic board comprise operational
ampliﬁérs that continually add and multiply short time scale fluctuations in the measured
scattering intensity to generate the correlation curve. The picture of the cxpcriincntal set
up is shown in figure 3-6. The correlator used in our experiments contained 128 channels,
Workiﬁg in parallel mode. In parallel mode the .correlator was split into . four sub-
correlators over which the 128 channels were distributed evenly. Each sub-correlator then
samples linearly across a number of -channels with a different initial sample time. The
sample times vary as I7, dI, dT'y, d°TY.....d'Ty depending on the number of sub
correlators used. I'y is the shortest sampling time and d is the dilation factor by which the
'samples times in the other correlators are varied, typically set to between 2 and 6. In all
experiments the dilation factor was set to 2 by default. The Sample or delay time was
assumed automatically dependent in the correlator settings and in this work it varied
between 50 s and 200 s. The correlator stores the data in channels. Each channel
corresponds for different delay times. These are the channels to which references are
made later. Each polysaccharide samples taken from feed tank at different time was
recorded 5 times using 10 sub run measurements and appropriate sample viscosity was
assumed as measured by viscometer analysis. Before measurement all samples were
allowed to settle for approximately half an hour in order to remove any large particles
that would cause much higher intensity value during DLS measurements. In order to
avoid number fluctuations and. multiple scattering effects the count rate was adjusted

between 50-100 Kcounts/sec by adjusting pinhole between 50 to 500 m.
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1. Laser 2.Power Supply 3. Sample cell assembly 4.temperature controller

S5.Micropump 6.detector 7. Correlator 8. Computer

Figure 3-6: picture of dynamic Light scattering experimental set up.
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3.3 VISCOSITY MEASUREMENTS

The kinematic viscosity measurements were performed at room temperature with
an Ubbelohde capillary viscometer equipped with an automatic Schott-Gerate Model
AVS300 GmbH viscometry system (Technical Chemistry Department, TUB, and Berlin).
The Ubbelohde capillary viscometers with inner diameters 63 mm were chosen for
measurements. In this instrument, efflux time measurements were fully automatic and
were determined on a digital display (4-digit print out) within an uncertainty of +0.01 s.
Approximately 15ml of polysaccharide sample was placed in viscometer and the efflux
time measurements were made four times for each sample and average time was
considered for kinematic viscosity estimation. '

| During the initial period of work viscosity measurements were conducted with
Rotational viscometer VT550 (Geb Haake GmbH, verfahrenstechnik, TUB, Berlin). In
order to include low viscosities, the viscometer was supplied with the double gap
measurement device. The width of the annular gap was 0.4 mm. Through a RS232 port
the viscometer was conn;cted to .a computer supplied with the Haake application
software 2.3. However, the results obtained were not reliable (viscometer is reliable as
such but detection limit is > 2 mPa.s) when compared with caplllary v1scometer

measurements. Then onwards viscosity measurements were conducted with capillary

viscometer.

3.4 ANALYTICAL MEASUREMENTS
3.4.1 Photometric measuréments

3.4.1.1 UV absorption at 280 nm

The calibration was done with Xanthan polysaccharide éample. The Xanthan
polysaccharide of concentrations (2-100 mg/l) was prepared and all found to exhibit
maximum absorbance value at a wavclen'gth.of 280 nm (shown in section 4.4.1). The
~ calibration curve is shown in figure 3-7. Caiibration curve for the Xanthan showed that
the UV absorbance is linearly proportional to polysabcharide concentration. The UV
absorbance at a wavelength of 280 nm (UV3gp) was measured with UVIKON 943 Double
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Beam UV/VIS spectrophotometer (Technical Chemistry Depaitmcnt, TUB, Berlin). For
all samples Hellma 10 mm precision cuvettes rhade of quartz glass Suprasil was used.
The concentration of the polysaccharide sample collected at different times during
filtration experiments was calculated from UV absorbance vaiue at 280 nm (Usto) and
the linear equation for concentration dbtained from calibration.

r

3.4.1.2 Polysaccharide Analysis/Colorimetric Determination

Polysaccharide concentrations were analyzed according to the method of Dubois
et al®¥, The procedure is presented in appendix 1. The calibration curve is shown in
figure 3-8, D-Glucose Monohydrate Was usec_l for calibration (5-100 mg/1). Each
polysaccharide was analyzed twice at 490 nm with SPECORD 200 UV/VIS Spectral

photometer (Verfahrenstechnik, TUB, Berlin).

3.4.2 Att'enuated»‘ Total Reflectance- Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

Fourier Transforfn Infrared Spectroscopy (ATR-FTIR) is useful in detecting
representative functional groups in organic samples. However, an identification of
specific substances is not possible due to complex matrix of organic matter. Attenuated
total reflectance — Fourier transform infrared spectra are measured using a Spectrum _One
FTIR Spectrometer ffom Perkins Elmer (Technical Chemistry department, TUB, Berlin)
with cdmposite Zinc Selenide and Diamond flat plate crystal. The system is set to use an
IR light source, a KBr beam splitter and a Mercury Cadmium Telluride (MC’f)'detector.
During the spectrum acquisition the measuring chamber is purged with purified air
(without CO,;, and water) in order to minimize interferences by CO, and water.
ATR/FTIR analyses were performed on fouled membrane samples of about 10 by 10
mm. All the measurements were made the next day after filtration experiments. The
fouled membrane sample was pressed against flat plat Zinc Selenide/Diamond internal
reflection element. The pressure plates of the Universal ATR accessory were adjusted to

130 to 140 gauges with a torque wrench. A series of 4 scans were collected at 4cm™

resolution.
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The sample spectra were ratioed against a bare zinc Selenide/Diamond
background spectrum and converted to absorbance with Spectrum one B software,
version 3.01 (Perkin Elmer Limited 1998). Spectra were corrected to take into account
the wavelength dependence of ATR and baseline corrected. Difference spectra were -
obtained by digital subtraction with the Spectrum one B software. The resulting bands
and peaks at different wave numbers can be attributed to specific chemical

bonds??. Different substances and respective wave numbers are shown in table (3-2);

Table 3-2: wave numbers of functional groups of polysaccharides, proteins and humic

substances'??,
Wave numbers - Chemical bond Compound
. o recognition
"1080-1100 C-O bond of carbohydrates
2940 | ' -CH stretch Polysaccharides
3400 » -OH stretch
1636-1660 : . C=0bond
1380-1390 -NH bond Proteins
1550 -C-N bond | o
1620 ! Aromatic group
1720 | | Carboxylic group Humic substances
3400 Alcohol group
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 FOULING ANALYSIS/CROSSFLOW_MEMBRANE FILTRATION RESULTS
4.1.1 Raw Flux Data

Insight into the possible fouling mechanism and dependency of the
pdlysaccharide layer can be obtained by evaluating transient flux decli’ne and membrane
resistance including fouling and cake resistance during filtration of solutions of the
individual polysaccharide samples, Figure 4-1 shows typical experimental data for the
filtrate flux as a function of time during constant transmembrane pressure. crossflow
filtration for polysaccharides at different concentration. »

The results demonstrate that the permeate flux declines much faster with
increasing polysaccharide feed concentration. The stronger decline of permeate flux at
higher feed ’polysacchar'ide concentration is attributed to the increased particlc' transfer
rate to the cake layer. The phenomenon bchind this is described in following section. The

initial flux ranged from 180 to 260 Vm*h for cellulose membrane with MWCO 30 KDa.
This variation in initial flux is due to inherent membrane variability and variation in
polysaccharide concentration. The flux declined quite rapidly at the start of the filtration,
with the rate of the flux decline increasing with increasing bulk polysaccharide
concentration. The extent of flux decline was sighiﬁcantly different from one another; the
degree of flux decline was intimately related with membrane pore. size. At long times at
about 130 minute of filtration time, the transmembrane flux does not approach a constant
value for all polysaccharide conducted with 30 KDa memBrane (Actigum CS 11(20mg/l),
Xanthan (20mg/l), Glucan). The transmembrane flux -data for Xanthan (40mg/l) and
Actigum: CS 11 (20 mg-ll)v. solutions conducted with 10 KDa appeared to approach a
'neariy consfant value which wés slightly smaller than the initial flux. Immediate fouling
of cellulose membrane with 10 KDa was manifested by a rapid initial permeate flux
decline for both Xanthan (40mg/l) and Actigum Cs 11 (20mg/N) | polysaccharide. This

 rapid initial flux decline clearly shows that these polysaccharide particles were
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significantly larger than the membrane pore size i.e., very low porosity therefore rejection

was high and a result their accumulation increased near the membrane surface.

4.1.2 Volume of Permeate vs. Time of Filtration

Figure (4-2) shows typical experimental data for the total collected filtrate volume
as a function of time during constant transmembrane pressure crossflow filtration for
polysaccharides at different concentration. The filtrate volume increases nearly
independent of the bulk polysacéharide concentration at earlier stages of operation where
J is similar to J, for all polysaccharide except Actigum CS 11 (20 mg/l) with 10 KDa
membranes. The curve diverges after about 10 nﬁnute, with the total collected volume
increasi'ng with decreasing polysaccharide concentration. Tablc (4-1) shows the total

filtrate volume collected for different polysaccharide after about 130 minute of operation.

Table 4-1: Total volume of permeates datﬁ collected after 130 minute ofﬁltration time.

Polyséccharide Concentration Membrane - | Total vo!ume '
fmen Jowco |t f50 mime

Xanthan 20 30 2.727
Xanthan 40 10 -1.631
Xanthan 60 [ 30 2,169
Glucan 55 ‘ 30 ‘ 2219

Actigum CS 11 20 30 . 1.124

Actigum CS 11 20 10 0432

Crossflow filtration of all polysaccharide saméle conducted with 30 KDa membranes
does not show lincarify during the initial stages of operation, rather linearity exists at
longer time. Although the data at long times look nearly linéar, the filtrate (permeate)
flux continues to decline with time leading to a gradual reduction in the rate at which
volume increases. This is discussed in more detail subsequently. Crossflow filtration of
polysaccharide conducted with 10 KDa membranes shows a slightly different behavior

than that of 30 KDa. The curve shows,lineas oughout the entire experiment. The




larger reduction in total filtrate volume for Actigum CS 11 polysaccharide (20 mg/l) at
the 10 KDa membrane is due to smaller pore size of membrane, the polysaccharide is
large enough to pass througrh the membrane pores. The: difference in total filtrate volume
collected for Actigum CS 11 polysaccharide with two different membrane of MWCO 10
‘KDa_ and 30 KDa of same material clearly reveals the dependency of permeate flux on

~ pore size of membrane.

Transmembrane flux (Uah)

0 1000 2000 3000 4000 5000 6000 7000 8000

|  Time (sec) |
x Xanthan 20 mgA30KDa) o Xanthan 60 mg] (30m Kda)
o xanthan 40mg/l (10Kda) a Ghican |

+ Actigom CS 11, 20mg/l(30 Kda)  « ActigumCS 11,20fhg/1 (10 Kda)
Figure 4-1: Flux decline curves of crossflow membrane test cell experiments for Xanthan (20, 40,

60 mg/l), Actigum (20 mg/l) and Glucan with cellulose membrane of 30 KDa and 10 KDa.
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Figure 4-2: volume of filtrate curves as a function of time for crossflow membrane test cell
experiments of Xanthan (20, 40, 60 mg/1), Actigum (20 mg/l) and Glucan with cellulose
' membrane of 30 KDa and 10 KDa.
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4.1.3 Resistance vs. Time

The filtrate flux data can be used to examine the underlying mechanism by
feplotting the data in terms of the total resistance as given by resistances in series model
Equation 1. The mentioned total resistance is the resistance related to polysaccharide
filtration without differentiating Between cakes and fouling (pore blocking/pore
narrowing) resistance. Figure 4-3 shows the total resistance as a function of time for
Xanthan, Actigum CS 11 and Glucan polysaccharide aé different concentration using the
membrane of MWCO 30 KDa and 10 KDa operated at 1.4 and 1.2 bar respectively.

The total resistance for all polysaccharides increases with a decreasing slope for
the entire experiment. The total resistance for 10 KDa membranes is initially large due to
the smaller pores and it increases slightly. The total resistance of the 30 KDa membranes
starts off much lower, increases at the same rate as that of 10 KDa membranes till the end
of experiment. The Glucan obtained directly after fermentation stép shows slightly
different behavior. Initially, tﬁe resistance for 30 KDa membram_:. operated with Glucan
has the similar resistance value as the resistance for the membrane operated with Xanthan
(20 mg/l), but exactly after 200 seconds, the resistance for the membrane filtered with
liquid polysaccharide increases above the resistance of the membrane fouled with less
dilute polysaccharide solution. Table 4-2 shows the éotal resistance data for different

polysaccharide solutions measured after 130 minute of crossflow filtration.

Table '4-2: Total resistance data of different polysaccharides measured after 130 minute of
filtration : '

Polysacchaﬁde Membrane .Concentration Total Tresistance after |
_ | (MWCO),KD’a (mg/l)‘ 130 minute of ﬁ_ltratioﬁ

Xanthan 20 30 4.4355E+12
" Xanthan 40 | 10 6.70871E+12
“Kanthan 60 - 30 T 6.38866E+12
“Actigom CS 11 | 20 30 1.43063E+13
AcigomCS11 | 20 0 2.30105E+13
Giucan 5 30 6.08806E+12
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It should be noted that total resistance depends on experimental conditions i.e.,
polysaccharide feed concentration, membrane material and pore MWCO. The

experimental data clearly shows that the total resistance increases with increasing bulk

polysaccharide concentration.
The total resistance (R,) continues to increase even after 130 minute of filtration

for all polysaccharides, indicating the flux never attains a steady state value under the
conditions of experiment as seen in figure 4-3. The feed suspension of polysaccharide in
the size range of membrane pore size would lead to pore plugging or pore narrowing
mechanism indicated by resistance versus time curve of concave upward tendency or by
point of inflection where in the foulling shifts from one fouling mechanism to élnother
during the initial stages of filtration experiments. Thus the polysaccharide particle size
distribqtion in feed suspension and MWCO of membrane is of much importance in
determining the underlying internal fouling mechanism (pore plugging/pore narrowing)
during filtration experiments. _ | ‘
MWCO of membrane has been dcterrhih@d with various standard molecules
(polyethylene glycols, dextran). Unfortunately no exact correlation exists between the
molecular weight and size of a molecule. The molecular size depends primarily on the
structure of the molecule i.e., whether i.t is more in the shape of a long chain or globular.
This results in different ratio of molecular weight to size of standard molecules used for
MWCO determination.” Hence no exact correlation exists between the MW(iO of a
membrane and .its pore size. As a .rule of thumb, it is often assumed that l(.)O. kDa

membranes correspond to approximately 10 nm pore diameter'®?,
According to this rule, the pore size of membrane (Cellulose 30 KDa and 10 KDa)

is approximately not more than 10 nm. The particle size distribution described in the
latter section reveals absence of particle size in the range closer to the pore size of
membrane. Adding to this, the total resistance behavior with time for all polysaccharide
does not contain any point of inflection or concave upward tendency. Moreover for the
smaller MWCO membrane, the fouling appears to be due tof immediate fouling of the
pores and a growing polysaccharide layer on the top surface of the membrane. This is
supported by the second derivative of the resistance versus time curve being negative for

the entire experiment.
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It is hypothesized that Xanthan molecule is of semi flexible nature proposed to be
right hand double helix and self association processes in Xanthan solution results in
introduction of micro aggregates at low concentration to interact with each other at lower

- concentration - would be theoretically expected™®, The feed suspension under constant
stirring condition during crossflow filtration results in aggregation of polysaccharide over
time and the aggregates become large enough to be rejected by the membrane and serve
as sites for further deposition ef polysaccharide. The aggregate formations are discussed
in the dynamic light scattering section. As discussed earlier the second derivative of the
resistance versus time curve is then negative. The second derivative was calculated for all
resistance versus time curve for all polysaccharide and 1t was found to be negative for the _
entire experiment (data not lsho‘Wn in report) showing that -fotiling appears due to
immediate bl.ocking of the pores and grewing polysaccharide on the surface of the
membrane The concave down slope of the res1stance as a function of time for Actigum
CS11 (20 mg/l) filtered with 30 KDa membrane is more pronounced, slightly i 1ncreas1ng ‘
compared to Xanthan and Glucan. The larger aggregates do not pass the membrane and

the fouling is external (cake formation/cake build up). This rejected layer of large
aggr'egates'is api)arently packed loosely enough to allow polysaccharide to pass through.
Thus in the present study, crossflow filtration of different polysaccharide feed
suspensien, the plots of total resistance (Ry) as a function of time for cellulose membrane
all yielded clearly concave down curves as per resistance in series mOdel from beginning
till the end of experiments 1mply1ng that external fouling (i.e., v1a cake build up) is the

main mechanism of fouling.
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,4.1‘4 Classical Filtration Laws

A more traditional approach to examine the predominant fouling mechanism is to
plot the flux data in an appropriate liberalized form using characteristic coordinates
developed by Hermia for pore blockage (permeate flux verses permeate volume), pore
‘constriction (filtration time/permeate volume vs. filtration time) and cake formation
(filtration time/pvenneate‘ volume vs. permeate volume) models as discussed in theoretical
section (Chapter 2). Figures (4-4 to 4-8) show the graphs using the characteristics
coordinates on a crossflow membrane test cell with different polysaccharide and
regenerated cellulose membrane (10 KDa and 30 KDa). If the shape of the resulting
'chéracteristic coordinate curve is linear in one of thc’graphs, one can attribute the
observed flux decline to the corresponding fouling mechanism. The crossflow membrane
teét cell experiment conducted with Xahth_z'm (20 mg/l, filtered with 30 KDa membrane)
~and Actigum CS 11 (20 mg/l, filtered with both membrane) a clear linear relationship
exist between t/V versus V (filtration time/permeate volume versus permeate volume)
and therefore it is assumed that cake formation is the predominant fouling mechanism.
As can be seen from the graphs that these polysaccharides exhibit a t/V versus V plot
with very high R? vaiue_ of 0.99 is needed to indicate the predominance of one of the
classical fouling mechanisms. | '

In contrast no linearization is obtained with the:cake formation - model for Glucan
and Xanthan (40 mg/l and 60 mg/l) crossflow membrane ﬁltratxon nor can the pore
'constnctlon model or the pore blockage model explam the data. This means that either
two or more fouling mechanism is relevant e.g. pore constriction and cake formation.
Table 4-3 summarizes the result of all crossflow membrane test cell experimeﬁt_s with

| regard to the R? values obtained from linear fits in the characteristics plots for pore
blockage, pore constriction and cake formation. The last column indicates the
predominant fouling mechanism és given by R? value of greater than 0.99. In the case
~where none of the classical fouling mechanism plots result in a linear relationship “*” is
| entered for the corrcjspanding crossflow membrane test- cell experiment. For
polysaccharides at lower céncentr_ati_on (20.mg/l) where one of the classical fouling
models can explain the flux decline data, cake formation is the predominant fouling

mechanism. In none of the crossflow membrane test cell experiments can the fouling
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behavior of the different polySacChaﬁdes be described by pore blockage model as can be

seen clearly from the filtrate versus volume of filtrate plot in ﬁéurc 4-8.

Table 4-3: R values of linear fits of the flux decline data using the characteristic coordinates for

the linear blockage; pore constriction and cake formation model, *- fouling mechanism is difficult

to detect.

Membrane | Polysaccharide | Conc. Pore Pore - Cake Predominant
(MWCO) ' (mg/l)' constriction | Blockage | formation | Fouling |

. R? value R’value | Rvalue | Mechanism

30 .| Xanthan 20 0.9753 0.904 0.9901 Cake formation
10 Xanthan .40 _ 0.947 - 10.864 0.9618 R *
30 Xanthan 60 09044 | 08033, |09312 |*

30 Glucan 550 ] 0.9645 0.8723 0.9887 *

30 Actigum CS11 | 20 0.9708 0.7923 0.9995 Cake formation
10 Actigum CS11 |20 0.9966 0.7002 0.9988 | Cake formation

- | and/or pore

constriction
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Figure 4-4: Linearized flux data for the regenerated cellulose membrane (30 KDa)
filtration using characteristics coordinates for cake filtration.
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Figure 4-5: Linearized flux data for the regenerated cellulose membrane (10 KDa)

filtration using characteristics coordinates for cake filtration.
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Figure 4-6: Linearized flux data for the regenerated cellulose membrane (30 KDa) filtration
using characteristics coordinates for pore constriction.
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e

69



" Transmembrane flux (I/m2.h)

O T T T T T T

0 500 - 1000 1500 2000 250Q
volume (mI) ‘
o Xanthan 20 mg/l (30KDa) x Xanthan 60 mg/l (30m Kda)
a xanthan 40mg/l (10K da) : o Glucan '

+ Actigum CS 11, 20mg/l(30 Kda) - Actigum CS 11,20mg/1 (10 Kda)

Figure 4-8: Linearized flux data for the regenerated cellulose membrane (10 KDa)
- filtration using characteristics coordindtes for pore blockage.
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4.2 VISCOSITY MEASUREMENTS

The samples collected at different times, 20 minute interval during filtration
experiments were simultaneously analysed for viscosity. Figures 4-9 and 4-10 show
temporal -changes of viscosity of the different polysaccharide suspension with time and
permeate volume respectively. In order to maintain accurate measurement all samples
had to be analysed in a short period of time. The viscosity was represented as kinematic
viscosity in mm?s. Viscosity of the permeate for all polysaccharides was almost constant
at around 0.9 m.Pa.s (almost similar to that of pure water). The figures 4-9 and 4-10
showed that the different polysaccharide suspension exhibits similar ‘behaviour, all
showing slight increases in viscosity with increase in permeate volume. The system under
consideration >does not contain any microbial source or presence of oxygen transfer to
induce reaction within polysaccharides to yield reaction products. Thus increase in
viscosity of the suspension could only be possible because of the polyébaccharide present
in. feed suspension. It éan be clearly stated that the polysaccharides, which increase
' viscosity in the feed suspension, é.re removed from the surface of the membrane and
accumulated in the feed tank. The result shows pronounced increase in viscosity value for
the Xanthan (60mg/l, 30kDa mémbrane) conducted at 130 minute of operation. The '
stirrer employed in feed tank to ensure constant mixing through out filtration experiment
was not working during the final stages leading to high viscosity value. The viscosity
measurement for Actigum CS 11 (20mg/l, 10 KDa membranes) and Glucan was
conducted With rotational viscometer. The data’s are noet shown in this report since these

samples were not suitable for measurement with rotational viscometer.
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Figure 4-9: Change of Kinematic Viscosity of polysaccharide suspension with filtration time
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4.3 IR ANALYSIS OF FOULANTS

Attenuated total Reflectance Fourier Transform Infra Red Spectroscopy (ATR-
FTIR) has been performed on all membrane after filtration experiments for qualitative
information about the foulants and to evidence absorption bands due to polysaccharides
~deposition on. to membrane surface. Both membrane and fouling layer were
simultaneously analyzed. FTIR spectra were collected at different positions (five
measurements) of the fouled membrane and the resulting spectra showed similar peaks
with slightly varying intensity. The possible reason could be the foulants which causes
permeate flux decrease may not have evenly deposited over the membrane surface. First
the FTIR spectra of the clean membrane were obtained. Then the FTIR spectré for the
membrane along with foﬁlants were obtained and subtracted from spectrum of clean
~ membrane to get spectra of foulants only." Figures 4-11 to 4-16 show the FTIR spectrum
of Componcnts in polysaccharide suspension that fouled regenerated cellulose membrane
(the regenerated cellulose membrane spectrum has been digitally subtracted using
difference tool in FTIR software). |

Polysaccha.rides,arer recognized by peaks at wave numbers of 1040 cm! (C-0
~ bond from alcohol group), 2940 cm! (C-H stretch) and 3400 cm” (-OH stretch) 24,
Polysaccharides contain a significant number of hydroxyl groups, which exhibit a broad
rounded absorption band above 3000 cm’. The absorption in that region of figure (4-11

“3) which suggest that the

to 4-16) has the rounded trait typical of hydroxyl groups
foulants are polysacchaﬁdes; ' _

- The main absorption bands were almost the same for all membranes and the
observed bands were a broad band at 3300 cm’, a sharp peak at 1034 cm™, a peak at
.2950-2850, cm’’, The major peaks in the fingerprint region were assigned as listed in table
4-4, - B

In the fingerprint region (region below 1500 cm™ where bands characterizes the
" molecule as a whole), the strongest absorption band is observed at 1034 cm’* followed by
a small sharp peak at 1100 cm’l. Absorption in this region (1034 cm'l) is due to C-O or
Si-O bonds and is commonly associated with alcohols, ethers, polysaccharides and
silicates. A peak at 1030-1040 cm’! could also be indicative for silica although no peak at

2940 cm’* should be detected in this case!**).
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Examination of other regions of the spectrum can reveal the foulants deposited

1.1 attributed FTIR absorption in this region to

onto membrane surface. Further Cho et a
polysaccharides or polysaccharide-like membrane foulants. The small sharp peak near
1100 cm™ is an indicative of alcohol groups in carbohydrates probably from
polysaccharides. The suspension employed for fouling analysis in our research contains
only polysaccharides, absorption band at 1034 cr.n'l and 1100 cm™ clearly indicates that
polysaccharides deposit on to membrane leading to reduction in permeate flow.

Table 4-4: Characteristic IR absorption bands and their attribution'®’,

Chemical bond Wave number (cm™) Mode
N
Y CH, 2960-2850 ’
Normally 2-3 bands; (C-H)
]
stretching vibration
CH | .~ 2890-2880 & |
N : .
CH, : '
/ 1470-1430 (C-H) deformation vibration
-CH; .
-O-H 1410-1260 (O-H) deformation vibration
|
-C-OH
| 1150-1040 (C-0) stretching vibration
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~ Figure 4-11: ATR-FTIR spectra of foulants deposited on membrane with Xanthan feed

suspension (20mg/l, 30 KDa regenerated cellulose membrane)
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Figure 4-12: ATR-FTIR spectra offoulants deposited on membrane with Xanthan
feed suspension (60mg/l, 30 KDa regenerated cellulose membrane)
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Figure 4-13: ATR-FTIR spectra of foulants deposited on membrane with Acgigdm CS 11

suspen.i'ions ( ZOnig/l, 30 KDa regenerated cellulose membrane)
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Figure 4-14: ATR-FTIR spectra of foulants deposited on membrane with Glucan Sfeed suspension
(30 KDa regenerated cellulose membrane)
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Figure 4-15: ATR-FTIR spectraof foulants deposited on membrane with Actigum CS 11 feed

suspensions (20mg/l, 10 KDa regenerated cellulose membrane)
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Figure 4-16: ATR-FTIR spectra of foulants deposited on membrane with Xanthan feed

suspension (40mg/l, 30 KDa regenerated cellulose membraﬂé ).
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4.4 QUANTIFICATION OF CAKE LAYER MASS

4.4.1 UV Absorbance at 280 nm (UV,g) -

Peﬁneate flux decline, in the present study was attributed to the build up of a
| concentrated pérticle cake layer near the membrane surface as described earlier with
Xanthan (20 mg/l) and Actigum CS 11 (20 mg/l). The primary aim of this part of
experimental study was to determine the accumulation of particles in cake layer
expressing in terms of mass of cake layer lper unit membrane area. This can be achieued
by measuring the change in concentration of the polysaccharide suspension m the
retentate line. With the UV absorbance value the correspondmg mass of the
:'polysacchandes depos1ted on the membrane surface can be calculated from a simple
mass-balance, using polysaccharide feed concentratlon values obtamed during the
ﬁltratien run_s and by the volume of penneatc collected at different time. |
| Before preparing the standard ealibration curve at fixed wavelength a wavelength
- scan fro'm‘200 to 650nm was run for Xanthan polysaccharide at different concentration., |
~ And all found to exhibit a broad curve showing a slight peak with maximum absorbance

at around 280 nm shown in figure 4-17.

Figure 4-18 shows the retentate polysaccharide concentration as measured by UV
absorbance at 280 nm (UV2g0). The values represented by UV absorban’c_e at 280nm
(UV3g0) showed a concentration value beyond the maximum cdncentrati_on that. can be
maintained in the retentate line. Thus the values depicted does not relate to the actual

concentration of polysacchandes in the system under consideration clearly statmg that
these polysaccharides are not suitable for measurement with UV absorbance at 280 nm.
v From literature, Xanthan gum solutions undergoing -shear stresses, shear forces will
dominate Brownian motion', at low shear rates, causing molecular alignrnent,'resulting in
' the solution not being in a state of true random motion®. Doi and Edwards® show
_‘ ~ theoretically that under the _application of shear forces, rod-like mole_c:ules will align in
solution and move longitudinally in a constrained tube before molecularvv interaction -
~ occurs. Although Xanthan molecules may not be considered as rod like, their extended
form in solution suggests the alignment of molecules in selution may be applied

qualitatively. Because of the semi-flexible ‘nature of Xanthan and the tendency for
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aggregation or self-association at low concentrations, it is difficult to obtain a measure of
concentration wherg molecules interact when shear is applied. Thus shear stress imposed
to the polysaccharide in suspension by the centrifugal pump during filtration run might
have caused change in structure of polysaccharidé, which could be considered Ieading.to
increase in scattering of light. UV absorbance superimposed by the scattering of light
suggests thorough structural analysis of the polysaccharide suspension should be

examined to justify the cause of increase in concentration.
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89



* polysaccharide

120 -
100 -
E’ 80 -
£ 603
5 q
§ .
° 40
20
0 — T T T — T T — 1 R
0 20 40 60 80 100 120 140
Time (min)
—&— Xanthan 20 mg/l (30KDa) —<&— Xanthan 60 mg/l (30m Kda)
—a— xanthan 40mg/1 (10Kda) —O— Glucan

—¥— Actigum CS 11, 20mg/l(30 Kda) —— Actigum CS 11 20mg/l (10 Kda)

Figure 4-18: Retentate polysaccharide concentration as measured by UV g

91




4.4.2 Colorimetric Determination

In addition to the UV absdrbance at 280 nm, a photometric determination of
- polysaccharides was applied. This method was easier to perform, less expensive and
could be carried out in higher frequency. The results of the photometric detection are
given as glucose equivalents. In figure 4-19 change in polysaccharide concentration in
the retcntaté line are given over time. ..

Polysaccharide concentration changes in the retentate line during filtration
experiments. The range of concentrations measured in the retentate line by colorimetric
detection is quite signiﬁcant compared to-that measured by' UVag0 and cannot be
neglected. The colorimetric determination was carried out only for Xanthan (60 mg/1, 30
KDa membranes) and with Aétigum CS 11 (20 mg/1 and 30 KDa membranes). This
method did not really work for Xanthan. For the filtration experiments conducted with 60
mg/l‘concentration the initial concentration value obtained was only 40 mg/l followed by
- gradual increase in concentration as can be seen from figure 4-19. Thus these: actual

concentration 'measurements for polysaccharides are complicated. And reliable
concentration measurements were obtained for Actigum CS 11 polysaccharide.

The evolution of polysaccharide concentration within the crossflow membrane
filtration system should give information about the way the polysabcharidcs behave in the

- aspect of concentration and its tendency of fouling. Thus this study would permit to
demonstfatc a link betwee_ri.ll.nembrane fouling and polysaccharide concentration. With
these results obtained correlation of polysaccharide mass deposited on per unit membrane
surface area can be extracted. '

We can note that this concentration increases because of the marked accumulation
of particle above the regenerated cellulose membrane Surface. The reason for difference
in concentration measurement with Xanthan by colorimetric determination was searched -
in literature. Once again structuré of Xanthan plays an important role in this. It was
hypothesized that the sugar composition of Xanthan is difficult to obtain as the cellulosic
backbone is highly too resistant to hydrolysis.

Permeate flux decline, in the present work was attributed to the buildup of a cake
layer near the membrane surface. The accumulation of polysaccharides on to membrane
surface, expressed in terms of mass of polysaccharide deposited over filtration time is

it
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shown in figure 4-20 for filtration experiments conducted with Xanthan (60 mg/l, 30
KDa) and Actigum CS 11 (20 mg/l, 30 KDa). The mass of the polysaccharide deposited
onto mcmbrané surface for the experimental runs, regardless of initial feed
polysaccharide concentration, particle size increased with' time. These results are
consistent with the permeate flux data (figure 4-1) which indicate decline in permeate
flux due to increased resistance of thé cake layer to permeate flow as polysaccharides
accumulate in the cake layer. It is also noted that more mass was deposited in the case of
. Xanthan at initial feed concentration of 60 mg/l. Thus clearly stating that polysaccharide

deposition on to membrane surface increases with increasing bulk feed concentration.
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4.5 DYNAMIC LIGHT SCATTERING RESULTS

The stability of the polysaccharide suspension investigated in the crossflow
filtration experiments was determined by measuring changes in parﬁclc mean
hydrodynamic diameter and particle size c.iistribution with time using Dynamic Light
Scattering (DLS). DLS measurements céuld also reveal information about the link
between particle size and its tendency to fouling. With this aim the change in particle size
~ distribution in the retentate line for all polysaccharides collected at different times were
monitored and compared with each 6ther during the operation of a cross flow membrane
filtration experiments. Totally five measurements were made for all samples and all
found to exhibit similar distribution and the distribution with mean Z average diameter
was taken for study. The intensity weighted particle size distribution of retentate
examined every 20 minute during filtration experiments of Xanthan, Actigum CS 11 and
Glucan are shown in figure (4-21) to (4-25).

| During the recirculation of retentate, the Z average diameter of Xanthan of initial
feed concentration 40 mg/l and 60 mg/l (crossflow filtration experiments conducted with
10 KDa and 30 KDa membrane respectively) dropped at the beginning of operation but
showed moderate and gradual decrease after the initial period. At low concentration, 20
mg/1 for Xanthan the Z average diameter does not show any change untill 80 minute of
opcrétion and after that showed gradual decrease till the end of experiment. The Actigum
CS 11 suspension had the largest bpa'rticles compared to Xanthan and Glucan. Its pai'ticle
size distribution is of much importance, which does not show any'change through out the
experiment. Glucan exhibited a totally different phenomenon with particle size continued
to decrease right from the initial period till throughout the entire experiment. All these
polysaccharide suspension showed different behavior in the aspect of particle size
distribution. |
o The intensity of the scattered light is a strong function of the particle size, with the
aggregates causing much more scattering, leading to the large size of the aggregate peak.
From literature, light scattering of Xanthan solutions is complicated by the semi flexible
nature of the Xanthan molecules proposed to be right hand double helix and the presence

of micro aggregates at low concentrations caused by Xanthan gum self association®*,
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Figure 4-21: Dynamic light scattering results for the scattered intensity as a function of size for

Xanthan (20mg/l, 30 KDa membrane) at different time interval
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Figure 4-22: Dynamic light scattering results for the scattered intensity as a function of size for

Xanthan (60mg/l, 30 KDa membrane) at different time interval
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Figure 4-23: Dynamic light scattering results for the scattered intensity as a Junction of size for
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Figure 4-24: Dynamic light scattering results for the scartered intensity as a function of size for
Glucan (30 KDa membrane) at different time interval
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The DLS result of Xanthan, figure 4-21, 4-22 and 4-25 shows that they form micro
aggregates at very low concentrations. These micro aggregates can be formed during the
initial preparation of the poiysaccharide solutions, or they may be generated during the
filtration process, either by pumps employed in crossflow filtration systems or by the
shear rates that exist in the vicinity of the membrane surface or in the membrane pores.
The DLS results showed shift in particle size distribution to the lower regivon and micro
aggregates diminished during filtration experiments implying that these change in particle
size distribution and membrane fouling are interrelated. This decrease in size of micro
aggregates might lead to the flux decrease by formation of a dense cake layer on the
membrane surface. It is notable that the pattern of flux figure 4- 1 coincides well with the
variation in particle size distribution with permeate flux decreases with decreases in
particle size distribution. The sharp decline in particle size distribution with Xanthan
(40mg/l and 60 mg/l) during initial period of operation clearly reveals the reason for
much faster decrease in initial permeate flux when compared to crossflow experiment
conducted with Xanthan of 20 mg/l 'initiai feed concentration. Thus the permeate flux
decline and the shift in particle size distribution was attributed to the buildup of a
concentrated polysaccharide cake layer near the membrane surface. This would alsb be
assigned that the polysaccharide transfer to the membrane surface increases with decrease
in particle size and with -increase in bulk polysaccharide concentration. This was
supported by the DLS results showing decrease in particle size with increase in
concentration. - »
The same phenomenon was obtained for expériments conducted with Glucan,
figure 4-24 but with slight variation, the particle size distribution decreases throughout
the entire experiment as described earlier. This continuous decrease (shift) in particle size
distribution is an evidence that the permeate flux declines much faster for Glucan
compared to other polysaccharide suspenSion. It can be seen clearly in figure 4-1 (Section
number 4.1). The non approachability of steady state for concentrated aqueous
suspension (Glucan) was supported by continuous shift in particle size distribution
revealing that more number of particles is deposited onto membrane surface leading to
fouling. The Actigum CS 11 suspension contains bigger particles, which are too large to

enter the membrane pores and they are accumulated on the membrane surface in a
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growing cake layer. The PSD (figure 4-23) results showed that no preferential deposition
of particle was taking place. No change in PSD occurred with Actigum CS 11, but still it
showed higher flux decline. This is solely because of larger particles that are not
sufficient enough to pass through the membrane pores. The similar PSD also reveals that
only few numbers of particles are involved in fouling with a thin cake layer formation.
The particles that are deposited onto membrane surface were also analyzed with
DLS for all experiments. The particles were removed gently by spatula and subsequently
dissolved in about 60 ml of deionized water. This volume of water was arbitrarily chosen
to remove completely the particles attached over membrane. The particle adhered due to
Glucan polysaccharide over membrane surface was easily removed; visible dense cake
layer was noticed. The PSD of material removed from the membrane surface was
intermediate, varying with narrow sizeé distribution. A
' Permeate collected during filtration experiments were also analyzed for PSD.
During PSD measurements the intensity of the scattered was too low, count rate obtained
was less than 30 Kcounts/sec indicating that the permeate had: few polysaccharides in it.
Permeate hardly contained particles in it. Thus the polysaccharides that are responsible
for membrane fouling are retained on the membrane surface and large enough to pass

through the membrane pores.
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CHAPTER 5

CONCLUSION

This study permits to demonstrate a link between membrane fouling and
polysaccharide concentration. Polysaccharide deposition on regenerated cellulose
membranes - during crossflow filt:ation experiments leads to several flux decline
behaviors, influence suspeﬁéion ﬁlteraf)ility. and the membfane performance. The

_polysaccharide analyzed in this study remained in suspended soluble state during
filtration experiments. With high polysaccharide concentration the membrane fouls more
than for a low one. Under conditions of dilute solutions (20 mg/l - 60 mg/l), for
membrane of 30 KDa and 10 KDa MWCO the total resistances as a function of time are

~ examined as per resistance in series model. All yielded concave downward curves that
are clearly indicative of external fouling, i.e. cake formation is the main mechanism of
fouling. Further, mathematical analeis of the membrane test cell experiments carried out
in this research clearly revealed cake formation as predominant fouling mechanism-for
polysaccharide suspension with very low concentration (20 mg/l). “With higher
concentration of polysaccharide feed suspension predominant fouling mechanism was
difficult to detect with asSuthed model prediction indicating fouling could be because of
combination of two or more fouling mechanism. It was ‘shown for the two polysaccharide
suspension.

Viscometry analysis results showed that polysaccharide accumulated both in
retentate and removed frbm the membrane, which might have caused an increase in the
. viscosity of the suspension. Thus this viscometry studies suggests the importance of the
viscosity‘durin'g the operations. Concentration analysis results showed that the main
portion of the polysaccharide remains in suspension and only little amount leads to major
flux decline. | i

Investigation of membrane after filtration experiments by ATR-FTIR
spectrometry revealed a vibration band associated with the polysaccharides could be
clearly distinguished from those of the membrane material. The polysaccharides on these

membranes produced relatively sharp absorption bands.
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Dynamic light scattering intensity distributions reveal presence of micro
aggregates, concentration of these micro aggregates decrease with time during filtration
runs clearly indicating that these aggregates are dépos’ited onto membrane surface leading
to fouling. This is well supported by shift in particle size distribution towards lower
region and this is more pronounced for the experiments conducted with aqueous

polysaccharide suspension (Glucan).
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APPENDIX I

Derivation of Characteristic Equations

Cake Filtration Model

Assumptions: _
1) The particles are hard and that the resulting cake is incompressible (i.e., the cake

2)

3)

porosity and resistance are independent of pressure drop). The particle type (hard
or soft) has a great effect on cake fo_rmations.-Hard particles will form a cake
similar to balls in a box. The particles will be touching, but there will be unused
space around the particles for fluid to flow. As a result, the filter’s differential
pressure will increase slowly and steadily as the cake builds. On the other hand,
deformable particles will cause a different outcome. Initially, the soft particles
will act like hard particles. However, as the cake builds, the particleé will deform
due to the increasing differential pressure across the cake and membrane. As the
particles deform, the. cake -compresses and reduces the volume between the
particles that is available for flow. Thié increases . the system’s differential
pressure and further compresses the cake in a disastrous cycle leading to
plugging. Soft particles are extremely difficult to model, so for this model, it is
assumed that the particles are hard and the cake is incompressible.

The fluid is Newtonian (viscosity is inde'pehdent»of shear)

All particles are retained on the surface and no other plugging mechanism occurs

(i.e., no particles enter the pore and plug)

Development:
The basis for the cake formation model is given by Darcy’s equation. This eqli'ation states

that the volume of filtrate passing through the membrane is related to the system pressure

and the resistance the membrane. This is shown in equation (1):

)
!

v _ APA Eqn.10

dt Ry,
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At some future time t, equation (1) can be revised as follows:

i‘i - EA_ Eqn_2

i R,

In equation (2), Rt is the sum of the membrane resistance and the resistance of the built-

up particulate cake. A formulation for Rtis shown in equation (3).

Substitution of equation (3) into equation (2) leads to the following equation:

dV _ APA

—= 4
dt (aCV ' ) Eqn
A 1 +R;;

For constant pressure systems, equation (4) can be solved to yield the following

characteristic equation:

L “C”2V+"R"'= oL, L Eqn.5
V 28pa®  APA 24PAYV M,

*

Complete Pore PluggingiModel

. Assumptions:' |
1) Each particle participates in the plugging process by sealing one pore, and once a
pore as been sealed, other particles do not enter that pore and supérimpose on that
particle.
2) Cake Formation is not allowed ~~
3) The fluid is Newtonian (i.e., viscosity is independent of shear).

Development:
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The basis for the complete pore plugging model is Poiseuiile’s law. The volume of
filtrate is related to the membrane’s pressure drop and physical properties as shown in

equation (6):

AV _UAP .y Eqn.6
da 8uL ,

A 4

However, the number of open pores is a function of the initial number of open pores and
of the number of plugging particles per unit volume of filtrate as shown in equation (7):

L4

N, =N, KV Eqn.7

For constant pressure systems, substitution of (7) into (6) yields the following equation
(10): |

dv _TIAPA 4, _TIAP

4p :
— 7, - r, K,V n.8
dt  8uL. p'" P P2 : Eq

Integrating the volume with respect to time leads to the following characteristic equation:

V=—=22(1-e? Eqn.9
X, (I1-e™) - Eq
Where »
Hr;APK2 '
b=———~ Eqn.10
8uL

Gradual Pore Plugging Model

Assumptions:
1. . The fluid is Newtonian (i.e., viscosity is independent of shear).
Development.
Similar to the complete pore plugging model, the basis for the gradual pore plugging
model is a modified Poiseuille’s law (equation (6)). In this case, however, as the particles

enter and adsorb to the pore walls, the pore diameter rp decreases while the number of
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pores remains constant. To determine the pore diameter reduction, 2 mass balance can be
performed on a single pore. This can then be multiplied by the number of pores to relate
the total mass of particles deposited to the reduction in pore diameter. The resulting mass

- balance is shown in equation (11):

CdV =-p LN ,211rdr Eqn.11

Integration of equation (114) yields the following:

CV = p,IILAN! 2 - r2)  Eqn.12

For constant pressure systems, substitution of equation (12) into (6) and integration of the

result leads to the following characteristic equation:

t 1
-—:Gt+—— n.13
| %4 M, » Eq
Or
V=—---ML- Eqn.14
1+M Gt
Where
1 ' 1
1 > |
G= C [ II Ye[ AP Eqn.15
ILp, \ 8uL M,,Np
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APPENDIX II

Analysis of Polysaccharides

Reagents

5 % phenol solution (Distilled H,O)
95-97 % Sulphuric acid

Vials (Double Measurements)

1 ml of sample

1 mi of phenol solution, mix in whirli mixer

5 ml of éonc. H,S0; add in a stream to have good mixing (do not mix in Whirli
mixer) .

leave 10 minutes at room temperature

shake With hand and mix in Whirli mixer (covcr vials) .

leave 30 minutes at room temperature

 Read absorption at 490 nm against standard in UV/VIS spectral photometer,

program, “PS 5-100 mg/1”. Concentrations are given in mg glucose equivalent/1

120



	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	References
	Appendix

