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Abstract

The effect of backpulsing on the prevention of iioglof a 2.5 inch spiral wrap
cross-flow ultrafiltration element was investigatexperimentally. Backpulsing
experiments with an organic (dextrin) solution amdinorganic (kaolin) suspension
were performed using a polypropylene membrane ©i 000 molecular mass cut
point. The dextrin feed concentration ranged frds0 B 750 mg/L, the kaolin feed
concentration ranged from 100 to 300 mg/L, thelféew rate ranged between 500
and 1500 L/h, and the feed pressure was fixed @tkKEa. Backpulsing involves
applying pressure pulses ranging from 100 to 158 &P the permeate space. The
pulsing interval varied between 1 and 15 s andepdigation varied between 0.1 and
0.5s.

Experimental results showed that backpulsing wésctfe in reducing membrane
fouling and improving membrane flux. With continumckpulsing the net flux was
found to increase with increasing backpulsing pressincreasing weakly with

increasing cross-flow rate and decreasing stronghith increasing feed

concentration. The best backpulsing parametersthferrespective foulants were
found to be the following: 0.2 s pulse durations Julse interval and 150 kPa
backpulse pressure for the dextrin solution, a2l 9.pulse duration, 5 s pulse
interval and 150 kPa backpulse pressure for thdirkaoispension. The best flux
results achieved using backpulsing under theseitonsl were 3-fold and 1.5-fold

higher than the fluxes obtained in the non pulstage for the dextrin and kaolin
feeds, respectively.

After the membrane had been exposed to fouling thed backpulsing, it was
cleaned, using clean water with backpulsing. The ¥lalues of the clean membrane,
previously fouled with dextrin and kaolin were 62%d 71% of the original clean

membrane fluxes, respectively.

The Taguchi method with L9 orthogonal array wasduseidentify the influential
factors backpulsing that give maximum permeate.fllixwas found that pulse
pressure has the strongest effect on membraneRluge interval and pulse duration
have negligible effects and, in comparison croseg+ftate has a weak effect on the
membrane flux. It must be noted that these obsensitare only valid within the

experimental boundaries, as identified during ttediminary investigation.



Opsomming

Die effek van teenpolsing op die aanvuiling van2'®-duim spiraal kruisvloei
ultrafiltrasie element is eksperimenteel ondersoB&enpolseksperimente met 'n
organiese (dekstraan) oplossing en 'n anorgankes®ign) suspensie is uitgevoer
deur gebruik te maak van 'n polipropileenmembraE®0 (000 molekulére massa
snypunt). Die konsentrasie van die dekstraanopigssas tussen 250 en 750 mg/L
en die konsentrasie van die kaolien oplossing wessenh 100 en 300 mg/L.
Teenpolsing behels die aanwending van drukpolsdussen 100 en 150 kPa aan die
kant van die produk (permeaat). Die polstussergpbse gewissel tussen 1 en 15 s
en die duur van die polse tussen 0.1 en 0.5 s. vid®tempo was tussen 500 en
1500 L/h, en die toegepaste druk was 100 kPa.

Eksperimentele resultate het getoon dat teruggtektef was vir die vermindering

van membraanaanvuiling, en die verbetering vaniuiserr die membraan. Met
aanhoudende terugpolsing het die netto vloei tosgen met toenemende
terugpolsdruk. Daar was 'n effense toename meemaime in kruisvioeitempo en 'n
sterk afname met toenemende voeroplossingkonsentr@se beste terugpols
parameters vir die twee verskillende aanvuilingemale was soos volg: 0.2 s
polsduur, 3 s polstussenpose en 150 kPa terugopklsd die dekstraanoplossing;
en 0.2 s polsduur, 5s polstussenpose en 150 kBgopmlsdruk vir die kaolien-

suspensie. Die beste resulate behaal vir vloeironmiéedie kondisies was 3-maal en
1.5-maal hoér as die vloei behaal sonder polsing, dekstraan en kaolien,

onderskeidelik.

Nadat die membraan aan aanvuiling, gevolg deugpeiging, blootgestel is, is dit
skoongemaak deur skoon water met terugpolsingliruge Die vioei van die skoon
membrane wat voorheen met dekstraan en kaoliereaaih@gs was 62% en 71% van

die oorspronklike vloei, onderskeidelik.

Die Taguchi metode met 'n L9 ortagonale reeks isrige om die belangrike
terugpolsfaktore te bepaal wat 'n maksimum permrksattot gevolg gehad het. Die
polsdruk het die grootste effek op die membraanvighad. Polstussenpose en
polsduur het 'n onbeduidende effek en die dwargelogo het 'n swak effek op
membaanvloei gehad. Daar moet egter opgelet warthidedie waarnemings slegs
van toepassing is binne die eksperimentele greaee bepaal in die inleidende
ondersoek van hierdie studie.
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Chapter 1

Introduction and objectives



1.1 Introduction

Membrane filtration processes are widely used innyn@ndustrial separation
applications and, in some situations, competes wothventional processes such as
carbon adsorption, solvent extraction, distillatimnd ion-exchange [1]. The most
common membrane processes are microfiltration (M&lrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO). Alijo varying in transmembrane
pressure difference (namely the driving force) awtrage pore diameter, each
membrane serves as a selective barrier by permittertain components of a
mixture to pass through while rejecting the othdrkis results in two streams:

permeate and retentate [2].

The major obstacles to the successful use of marmabsaparation processes are
phenomena know as concentration polarization (@#)fauling. CP results from
the accumulation of rejected particles near orhensurface of the membrane due to
convective and back-diffusion of the particles aotute molecules. As long as the
particles or solute concentration at the membramdacse does not reach the
saturation value the CP layer is mobile and dogsffer a significant resistance to
the permeate flow [3-5]. Fouling refers to the dapon of rejected particles on the
membrane surface (external fouling) or the depmsitand adsorption of small
particles or macromolecules at the pore entrancestioin the internal pore structure
of the membrane (internal fouling) [6]. Fouling disato loss of permeate flux, and a
reduction in membrane selectivity, costing time andney to clean or replace

membranes [7].

Various methods exist to decrease membrane fouholyding feed pretreatment [8,
9], surface modifications of membranes [10], hyimmamic optimization of
operating conditions, cleaning of membranes witbnaical agents [11-14], periodic
backwashing[15-20], and use of pulsatile flow [Zl]-2Unfortunately all these
techniques are inefficient in one way or anotherth&t periodic membrane cleaning
is still unavoidable. The routine shutting downfiltration plants for chemical or
mechanical cleaning, or both, is time-consuming amustly procedure. The

chemicals used for cleaning may also reduce thagirie and efficiency of the



membrane, and the disposal of the chemicals canpatsent a problem since they
have to be disposed of in an environmentally frigrnehy.

A promising technique for fouling reduction thatedaot require the plant to be shut
down and does not generate any waste fluids ispogsikg. Backpulsing involves
reversing the permeate flow through the membraom fthe permeate side to the
feed side. Flow reversal occurs every few secomdess when the pressure pulses
(backpulses) are applied for short periods of timach less than one second. This
flow reversal disrupts the concentration polarmatlayer and dislodges deposited
foulants from the membrane pores and the membnariace, and the foulants are
then swept away by the cross-flow (if present)dileg to a reduction in membrane
fouling and a considerable enhancement of the fl@&-30]. The principal
parameters that are proposed to affect the pubsiagpulse duration, pulse interval
and backpulsing pressure. The pulsing shape wasvachas a square peak function
(see Section 3.1.2).

Cross-flow filtration with backpulsing has been endively studied by several
groups for the cleaning of flat sheet membranes @aplllary membranes, using
various foulants. [31-33]. It has been reportethéca most effective method for the
reduction of fouling and enhancing the permeate.flihere is an optimum
combination of backpulsing parameters that reduoesmbrane fouling and
maximizes the permeate flux. Very short pulse domatmay not provide sufficient
membrane cleaning, whereas long pulse durationdezmhto unnecessary loss of
permeate flux. In addition, for the shorter backpuinterval, less permeate flux is
collected during forward filtration (loss of perntealuring the backpulse), whereas
significant fouling and flux decline occur duringniger backpulse intervals [3, 27,
34].

1.2 Objectives

The objectives of this research were the following:

* Modify an existing spiral wrap cross-flow UF memteapilot plant by adding a

backpulsing unit, and place the entire system undetrol of Labview software.



Apply continual backpulsing on the permeate spase,an in situ cleaning
method for cross-flow UF filtration using differefdulants: an organic foulant

(dextrin) and an inorganic foulant (kaolin),

Identify the optimum backpulsing parameters, euwse interval, pulse duration
and backpulse pressure which should reduce the na@mbfouling and

maximize the permeate flux.

Under the optimum conditions of backpulsing (aedatned above), investigate
the effects of operating conditions, e.g. feed flate and feed concentration, on

the permeate flux.

Carry out simple statistical analysis of data anodeling using the Taguchi

approach for UF membrane experiments, for membriaugsd with dextrin.
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2.1 History of membranes

A membrane is a barrier that separates two flundsrastricts the transport of one or
more components of these fluids across the baf@ler A membrane can be
homogeneous or heterogeneous, symmetric or asymnrestructure, and solid or
liquid [35].

The first recorded observation of a membrane sé@paraas in 1748: Abbe Nollet
[36, 37] discovered the effect of osmotic pressuhen a pig’s bladder was brought
into contact with on one side a water-ethanol miextand on the other side pure
water. In 1908 Bechhold [38] produced collodion nbeames with pore sizes below
0.01 micron. These membranes were initially uselg onlaboratory applications,
but later became commercially available. The tehmercial membranes were used
for drinking water treatment at the end of World Mid39].

The first asymmetric RO membranes were produce8dayirajan and Loeb in the
early 1960s [39, 40]. Subsequently, large sumesdarch and development funding
from the US Department of the Interior’'s Office ®&line Water (OSW) resulted in
the commercialization of RO membranes. This alsderlaled to the
commercialization of UF and MF. The first synthetiembranes were made from
cellulose acetate. Today membranes are made fnewideavariety of chemically and
thermally stable synthetic polymers, ceramics, feet@nd electrically-charged
materials. Membrane modules are manufactured ierdiit configurations: plate-

and-frame, hollow fibers, spiral wound, and tuburembrane modules.

2.2 Membraneapplications

Improvements and advances in membrane technolegy the last four decades
have seen their applications expand into many indlisectors, such as chemical,
petrochemical, mineral, pharmaceutical, electrgnicBeverages, beer/wine
clarification, as well as wastewater purificatiomdawater desalination. Membrane
separation processes compete with conventionakpses such as carbon adsorption,
solvent extraction, distillation, centrifugatiopdculation followed by multimedia

filtration, and ion-exchange. Compared to converatioseparation, membrane



processes offers several advantages, such as aatygroducts, the requirement
for less chemical addition, and easier control of operatemd maintenance.
However, membrane fouling is still hampering thevgh of industrial applications

of membranes [2, 37].

2.3 Membrane separation processes

There are four general categories of cross-flow brame filtration (see Figure 2-1).
Depending on the size of the pores in the membramambrane separation is
classified as Microfiltration (MF), Ultrafiltration(UF), Nanofiltration (NF) and

Reverse Osmosis (RO).

2.3.1 Microfiltration

Microfiltration is a low pressure (typically 0.3 tb.7 bar) membrane process for
separating larger size solutes from aqueous sokitidhe pore sizes of a MF
membrane range from 0.1-10 microns. MF membranesnade from a number of

organic and inorganic materials, for example:

- Polymeric membranes: polyamide (PA), polysulphd®®)( polyethersulphone
(PES), polypropylene (PP), polycarbonate (PC).

- Ceramic membranes: alumina £8%), zirconia.

MF is used primarily for separating macromoleculasge suspended particles, fungi
and bacteria. It is finding increased applicati@anaapretreatment method to other
membrane processes, in pharmaceutical applicaftitjsand as a replacement for
conventional clarification and filtration technoleg [42].

2.3.2 Ultrafiltration

Ultrafiltration is a membrane process whose fumcties between that of NF and
MF. The pore size of a UF membrane ranges from301000.1 microns. This
corresponds to a molecular weight cut-off of abdy®00 to 500,000 Dalton
(molecular weight unit) [1]. Transmembrane presswaee typically 1-10 bars. UF

separates out large organic molecules, colloidsteba and proteins, while all



dissolved salts and smaller molecules pass thraigh membrane. Most UF
membranes used commercially these days are prepamdpolymeric materials
such as PS, PES, PP and polyethylene (PE).

UF has a variety of applications in the biologiaatl pharmaceutical industries [41,
43]. It also has applications in food industrias;ts as in cheese making and whey
protein fractionation in the dairy industry [44ugar refining [45], and in the
production of fruit juice and other beverages [48F is also used to recover
valuable materials and remove impurities in thetetecoat painting industry [47],
water treatment industry [47], and pulp and papdustry [48].

UF has been accepted as an alternative to conwahtpyetreatment for brackish
surface water and sea water reverse osmosis (SWRMmMs [49]. The use of UF
systems as RO pretreatment has some significardntéatyes over RO systems

designed to include conventional pretreatment:

- UF membrane systems take up less than 50% of tree @fra conventional
pretreatment system, which results in reduced ocactsdn costs. This means
that a UF membrane system may be more favorabtases where space is
limited, or where the costs of civil works are high

- UF membranes system are easier to operate than cmmentional filtration

processes.

- The operating costs of a UF membrane system mdgvber than those for
conventional pretreatment systems.

- UF concentrated waste streams are easier to digfaséative to those from
chemically enhanced conventional pretreatment gseEse

- UF filtrate quality is usually better than that cbnventional pretreatment
process. The colloidal fouling load to the RO idueed, with a significantly
lower Silt Density Index (SDI) and turbidity in tieed water.

2.3.3 Nanofiltration

Nanofiltration is a low to moderately high pressprecess; it is a pressure-driven

process applied in the area between the sepacdpabilities of RO membranes and
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Figure 2-1: Reverse osmosis, nanofiltration, ultrafiltration crofiltration, and
conventional filtration are all related processsiffering principally in the average

pore diameter of the membrane [50].



UF membranes. In NF the monovalent ions will passremfreely through the
materials but divalent ions will be rejected. Theepsize of NF membranes ranges
between 0.01 and 0.0005 microns. Typically, NF memés have sodium chloride
rejections of between 20 and 80% and a moleculaghvecut-off for dissolved
organic solutes of 200-1000 Dalton. These propedre intermediate between those
of RO membranes with a salt rejection of more tB@% and molecular weight cut

off of less than 50 Dalton and UF membranes wihlarejection of less that 5%.

NF membranes are commonly used as water softenemgbmanes because they can
very effectively remove most hard water componeis, carbonates and sulphates
of calcium and magnesium. Depending upon the memebraater chemistry, and
operating conditions, NF membranes can remove rti@ae 90% of feed water’'s
hardness ions. NF membranes also remove large rcatolecules. Other
applications of NF membranes include caustid atid recovery, concentration

of dilute solutions, and desalting of cheese wiay [

2.3.4 Reverseosmoss

Reverse osmosis is a membrane separation procgableaf separating a solvent
from a solution by forcing the solvent through anspermeable membrane by
applying a pressure greater than the osmotic presguhe solution. RO membranes
remove nearly all dissolved salts, inorganic mdieguparticulate matter including
bacteria, viruses and organic molecules with a oudée weight greater than 150
Daltons. RO membranes can reject > 99% of dissobadis. They essentially pass
only water and molecules in the range of < 0.0005 RO is used in the desalination
of seawater or brackish water for drinking purposesstewater recovery,

biomedical separations, and the removal of dissbiadts from high TDS effluents

(e.g. mine water).

RO membranes are prepared from polymeric matesiatt as cellulose tri-acetate
and aromatic polyamides, and from combinations tferént materials when
composite membranes are manufactured. Dependingtheim structures, RO

membranes can be classified as either asymmetdgroposite [35].
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An asymmetric membrane has a very thin dense sitmanthickness of 0.1-0.pm.

A porous sub-layer with a thickness of 50-180 supports the thin dense skin layer.

The thin skin facing the feed solution acts as sbhkective layer, allowing water

passage but rejecting dissolved salts. In asymmetigmbranes, the selective top

skin layer and the porous support layer are madiaeosame polymer material. In

composite RO membranes, the selective top skirr layd the porous support layer

are made of different polymeric materials. Compositembranes are typically

manufactured by casting the skin layer, for instampolyamide, on top of a

polysulphone ultrafiltration membrane [35, 51].

The following table summarizes the various membraratment processes, their

applications(s), as well as comparable conventibeatment methods:

Membrane separatior

technology

Substances removed

Comparable conventiona

water treatment methods

D

Microfiltration

Bacteria and large colloids;

separation of precipitates and radiation, chlorination,

coagulates

Ozonation-ultraviolet

sand filters, bioreactors
and coagulation-settling
tanks

Ultrafiltration

All of the above, plus viruses

high-molecular weight

proteins, organics and pyroge

Sand filters, bioreactors
and activated carbon

n

Nanofiltration

All of the above, plus divalen
ions, larger monovalent ions,

colour and odor

[ Lime-soda softening and

ion exchange

Reverse osmosis

All of the above, plus

monovalent ions

Distillation, evaporation,

ion exchange

11



24 Membrane modules

Although the membrane is the most important compbire a membrane filtration
process, membranes need to be economically mantgdcand efficiently packed to
provide accessible large areas before they cansed un filtration processes on a
large scale. These packages are called membranelesolembrane modules are
designed to avoid any leakage between the feegamdeate compartments and to
ensure that at the membrane surface there is ieuffileed circulation to minimize
concentration polarization and particle depositberé are four main types of
membrane modules used in industrial applicatiotatepand-frame, hollow fiber,

tubular and spiral wrap.

2.4.1 Plate-and-frame membrane modules

Flat sheet membrane modules were one of the danss of membrane modules.
Figure 2-2 shows a schematic of a typical platefazthe membrane module. In this
module the membrane layer is cast onto a sheatrefnoven backing, which is then

cut to the appropriate shape to install in the nieglurhe modules are built up from

membranes, feed spacer plates and product spadech are layered together

between two end plates. The feed flows in at the emd of the module and the
retentate is collected at the other end of the neodithe permeate flux is separated
from the feed stream as illustrated in Figure ZF&t sheet modules are easy to
disassemble for cleaning and replacement of defecthembranes. Flat sheet
modules are currently only used in electrodialy&#3) and evaporation systems and
in a limited number of RO and UF applications witghly fouling feeds [47, 52].

2.4.2 Hollow fiber membrane modules

The hollow fiber is one of the best membrane caméigons, as there is no additional
supporting layer. Figure 2-3 shows a schematic typecal hollow fiber membrane
module. Hollow fibers generally have an inside dééen of 1 mm or less and outside
diameters ranging from 2 to 2.5 mm. The feed ispbe@ to either the inside or
outside of the fiber, and the permeate passesdghrthe fiber wall to the other side
of the fiber. When the dense top skin layer lieglaninside of the hollow fiber this
type of operation is called “inside-out” filtrah. When the skin layer lies on the

12
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outside of the fiber then the operation is calledt8ide-in” filtration.

To create a membrane module, hundred or thousdraslow fibers are mounted in
a cylindrical housing (typically 4 to 12 inches thameter). For the inside-out
configuration the feed and permeate are sealedrafi each other with a potting
resin, which also forms a tube plate at the endthefbundle. After the resin has
hardened the bundle is cut, ensuring that the agrets of the hollow fiber are
exposed. For the outside-in configuration the beimsl often arranged in a U-shape
and the fibers are only sealed at one end. The@wdiber module is characterized
by a very large membrane surface area. Hollow finembranes are used in many

industrial applications, and in the treatmentadinicipal drinking water [47, 52].

2.4.3 Tubular membrane modules

A tubular membrane module is the simplest confijona Figure 2-4 shows a
schematic of a typical tubular membrane module. fibellar membrane model is
prepared by direct casting on a porous stainlesd st fabric tube. Tubular modules
vary in tube diameter from 1-2.5 cm. In the tubutembrane model the feed flows
through the tubes and the permeate moves outwargepdicularly, through the
membranes and the supportive tubes, similar tditisede-out” filtration in the case

of hollow fiber modules.

Tubular membrane modules are easy to clean and aloneed significant
pretreatment of the feed when used in MF and UBuler membranes have a much
larger diameter compared to hollow fibers. Thue, iiembrane packing density will
be less for the tubular membranes [47, 52].

2.4.4 Spiral wrap membrane modules

The spiral wound membrane element configuraticonis of the most widely used in
industrial applications due to the high membranekipey density and relatively

lower capital cost, compared to other membraneigordtions. Figure 2-5 shows a
schematic of a typical spiral wrap module. In tpead wrap modules two flat sheet
membranes are separated by a permeate spaceresitieng envelope is sealed on

14
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three edges with suitable glue. The open end merabeavelope is attached to a
central tube that collects the permeate. A feedespa inserted between each pair of
envelopes. The envelopes and the feed spacerbaarevrapped around the central

tube to form the module.

The spiral wrap module can have a diameter of 3@0and a length up to 1.5 m.
Spiral wrap modules are compact and the pressoge idrlower than for tubular or

plate-and-frame modules [47, 52].

245 Cross-flow filtration and dead-end filtration

Membrane filtration can be operated in dead-endafibon (DEF) or cross-flow

filtration (CFF) (see Figure 2-6). During DEF ogion all the feed solution passes
through the membrane and out of the module on ¢hegate side. As the permeate
is collected the rejected particles and macromdéscbuild-up on the membrane
surface. This increased growth of the cake layarses a rapid decline in the
permeate flux through the membrane. As a resuwdt[XBF process must be stopped
periodically in order to clean the filter by remobwd the particles or to replace the
filter medium. DEF is used mainly for feed streawith a low fouling potential;

with high fouling potential feed streams rapid fld&cline and possible blockage of
membranes would occur. Over the past three dedaé€shas been increasingly

used as an attractive alternative to DEF to hefi khe amount of fouling occurring.

In CFF the feed solution flows parallel or axialty the membrane surface. Unlike
DEF, the cake layer in CFF does not build-up indedly, but rather remains
relatively thin as the high shear created on thenbrane surface by the feed solution
flowing tangential to the membrane surface swelkpsleposited particles toward the
module exit. The cross-flow configuration is effeetfor controlling concentration
polarization and the cake build up on the membr&eeause of this, higher fluxes
may be maintained over prolonged time periods @®®gd in the case of DEF [52,
53].
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2.5 Concentration polarization and membrane fouling
25.1 Introduction

One of the major problems associated with the dleraf membrane processes is
the decrease in the flux with time, due to con@itn polarization (CP) and
membrane fouling. The flux decline, particularlyridg MF and UF is often very
severe; the permeate flux is often less than 5%athaure water after a given period
of time [54]. The typical decrease in flux with gnshows an initial rapid decline
followed by a long and gradual flux decline. Tramhally, the initial flux decline is
attributed to CP (a rapid build up of solute tigde concentration near the
membrane surface) and pore blocking, while the l@mgh decline is attributed to
various modes of membrane fouling, including adsonp chemical interactions and
cake formation [54, 55].

One much used CP model considers a number of apsest is series. Therefore,
during the transfer of components from the bulkhef solution to the permeate, the

resistance is due to the following:

- resistance due to the membrang)(R
- resistance due to the fouling layer)(R

- resistance due to the polarization layes) (R

Therefore the flux of a membran® ¢an be expressed as
J=P/u(Rat+ R+ Ry (2.1)
whereyp is the viscosity of the solvent an® dhe transmembrane pressure

2.5.2 Concentration polarization

Concentration polarization is a phenomenon thatiscoear or on the surface of a
membrane due to the enhancement in the concemtatidile of solutes in the liquid

phase adjacent to the membrane surface. Hencetledive transport of the solute
to the membrane surface is greater than the diuand convective transport away

from the membrane [55, 56].
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When the CP on the membrane surface reaches a mmaxwalue, the CP layer
aggravates all forms of surface fouling phenomeneuding scale formation, by
low solubility mineral salts, cake formation by loadls, gel formation by organics,
and biofilm formation by bacteria [6, 47]. CP, thgh these secondary processes,
causes a decline in the permeate flux through tleenlonane and changes the
selectivity of the membrane process. CP is constltry be a reversible phenomenon

that disappears as soon as the operating pressugieased [3].

CP effects can be described mathematically byma filodel [57], which assumes
that, even in turbulent flow, a laminar boundaryelais obtained adjacent to the
membrane surface. During the UF filtration proces$iee solute concentration
continues to increase until steady-state is atthia which point the convective
transport toward the membrane is balanced by baffksibn away from the
membrane. Therefore, a constant concentration lgrofi the rejected material is
obtained in the laminar boundary layer, and theceotration at the membrane
surface is always higher than that in the bulk tsatu The concentration profile and
the overall mass transport in the laminar boundtaygr at the membrane surface are
shown schematically in Figure 2-7. Herg, &hd G are the solute concentration at
the membrane surface and in the bulk solutionjsythe boundary layer thickness,
andJ, is the transmembrane flux. The ratio of/G, is generally referred to as the
CP modulus. It is determined by the overall maasgport in the laminar boundary

layer in the steady-state from a simple mass balancording to eq.(2.2) [57]:

Cw _ exp(Jd,Y, /D)
C, R+@1-R)exp(J,Y,/D)

(2.2)

where D is the diffusion coefficient of the solinethe feed solution in the boundary
layer and R is the membrane rejection.
According to eg. (2.2), CP is mainly determinedthg permeate rate, the diffusion

coefficient of the solute, and the thickness oftibandary layer.
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2.5.3 Membranefouling

Fouling occurs in all membrane filtration procesqd&0O, NF, UF and MF).
Membrane fouling refers to the deposition of regdctparticles, colloids,
macromolecules, salts, etc. on the membrane sudiateside the membrane in the
pores; and causes a flux decline and reduced the&na@e performance [58-65].

The fouling rates are influenced by the naturehaf $olute, concentration of the
solute and membrane type. The deposition on thebreera surface depends on the
force acting on the particle and its sizd.the membrane surface the foulants
may become attached to the membrane by processkesasuadsorption, deposition
and pore blocking [2, 58, 66]. Figure 2-8 depitis tour major mechanistic models

that are typically used to describe membrane fgulin

* Internal pore blocking, whereby material not regelctit the pore entrance is
adsorbed or trapped on the pore wall or in the ntangsupport

» Pore bridging, which is partial obstruction of fhare entrance

» Complete pore blocking, whereby the pore entrassealed

» Cake formation, when particles accumulate on thase of the membrane.

(a)
T
(b)
T T
(c)
(d)

Figure 2-8: Mechanisms of membrane fouling: (a) internal gaoeking; (b) partial

pore blocking; (c) complete pore blocking; (d) cédeer [2].

21



The main causes of pore blocking are high presante high feed concentration.
Generally pore blocking is irreversible fouling. ¥rirreversible fouling occurs the
membrane module needs to be replaced or the siepapabcess must be completely

shut down for physical or chemical cleaning of slgstem.

Various types of fouling can be distinguished dejieg on the material deposited.

Scaling, colloid, biological and organic foulingedsriefly described below.

2.5.3.1 Inorganic fouling/scaling

Inorganic fouling or scaling is caused by the acalation of inorganic precipitates
such as metal hydroxides in the feed water on thlonane surface. Precipitates are
formed when the concentration of ions in the feeateeds their saturation
concentration. Scaling is a major concern in RO BiRd Scaling fouling can be
controlled by acidifying the feed, making use ofmcoercial anti-scalants or by using

an ion-exchange water softener [58].

2.5.3.2 Particulate/colloid fouling

Particulate or colloid fouling can be defined as tleposition of particulate material,
e.g. suspended solids, colloids and microorganismshe membrane surface. Rivers
or lakes, which have a high concentration of sudpdrsolids and colloids, are prone
to cause particulate fouling. SDI is the most comiypaised parameter to predict
particulate fouling. A SDI > 3 means that partiteldouling is likely to be a
problem, and frequent, regular cleaning will bedezE[58, 67-69].

2.5.3.3 Biological/microbial fouling

Microbial fouling is a result of the formation ofdfilms on membrane surfaces.
Once the microbial matter (bacterial/algal/fungettaches to the membrane it starts
to multiply and produce biopolymers. The severitynacrobial fouling is largely
related to the characteristics of the feed watemé&membranes are very susceptible
to bacterial attack. Periodic treatment of the feeater with bactericide usually

controls biological fouling [58, 67-69].
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2.5.3.4 Organicfouling

Organic fouling occurs widely in membrane filtratiavith source waters containing
relatively high quantities of natural organic mat{BlOM). Surface water (lakes,
rivers) typically contains more NOM than ground &ratOrganic fouling is defined
as the chemical or physical adsorption of orgamimmounds onto the membrane,
which is usually followed by the formation of a ea@r gel layer at the membrane
surface. Filtration or carbon adsorption is usedctmtrol organic fouling, by

removing the organic material from the feed [58,687.

2.6 Strategiestoreduce membranefouling

In recent years many studies have been carriednoefforts to understand the
underlying factors that limit the performance obdss-flow membrane processes and
to find a solution to the flux decline of membrandst is caused by CP and
membrane fouling. Many techniques have been usel@t¢oease membrane fouling
and disrupt the CP layer in cross-flow MF and UFRnmheanes. These include the

following:

2.6.1 Pretreatment of feed water

Pretreatment is typically applied to the feed wat#or to its entering the membrane
system in order to minimize the membrane foulingteed membrane life and
improve the membrane performance. Figure 2-9 rifigs conventional pretreatment
systems of water. Conventional pretreatment indudeagulation, sedimentation,
filtration using sand and/or multimedia filtersmi softening and activated-carbon
adsorption. In these filters particles found in ther source water are agglomerated
and flocculated by chemicals such as ferric chigradum and polymers. Multimedia
filtration can trap and remove suspended solidefwater that pass through the
media. Biological fouling can be controlled by sgdi bisulphate addition and
chlorination. Organic fouling is controlled by piitration through granulated
activated carbon. Scaling is controlled by reducthg recovery or by adding
chemicals (e.g. acid and scale inhibitors). Coamra flocculation followed by
settling and/or filtration is a very effective peditment method for removing

colloidal and suspended matter.
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The selection of pretreatment methods is basetdefeed water quality, membrane
material, module configuration, recovery, and tksigkd effluent quality [70]. The

pretreatment process may consist of all or sontkeofollowing treatment steps:

Removal of large particles using a coarse strainer

Clarification (e.g. settling, MF, UF) with or with flocculation

Water disinfection with chlorine

Clarification and hardness reduction using limatmeent

Reduction of alkalinity by pH adjustment
Multimedia filtration

Reduction of free chlorine using sodium bisulphatactivated carbon filters

2.6.2 Pulsatileflow (flow destabilization)

One method to reduce membrane fouling and imprbeefltx is pulsatile flow, or
flow destabilizing. Oscillations and unsteady flgan introduce pulsations into the
feed space [21]. Finnigan and Howell [23] investégl the effect of pulsatile flow
on protein UF fluxes in a baffled tubular membragstem. They observed that the
permeate flux improved up to three-fold by the mpowation of periodically spaced
doughnut-shape baffles within the tubes. Howedllef24] reported that the filtration
performance for yeast cell harvesting was greatigroved by using an oscillatory
flow mixing technique, in both a tubular and a fiditeet membrane system. Gupta
and coworkers [25] investigated the effects of fifleguency and amplitude of the
pulsating flow on the flux when filtering apple ¢ei using ceramic MF membranes.
They reported a flux improvement up to 140% wheimgua pulsed feed flow at 1
Hz. Gupta et al. [22] found a permeate flux enharer@ of more than 50% during
helically baffled cross-flow MF.

2.6.3 Gassparging

Gas sparging refers to the creation of a gas-ligwmphase flow, at the membrane
surface, by the injection of gas bubbles into #edfstream. Air sparging has been
shown to reduce CP and fouling in membrane fibratiCui [71] showed that air-
sparging could reduce the CP layer and increaséiukéy up to 270% during MF

of yeast suspensions. Cui and Wright [72, 73] wsédbular membrane and dextran
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and bovine serum albumin (BSA), in cross-flow Upexments. They studied the
effect of gas sparging on permeate flux and mengrafection. The system was
tested over a range of operational parameterssftrambrane pressure, liquid cross-
flow velocity, gas sparging rate and feed concéioimaorientation) [72]. Cui and

Wright [73] They showed that significant improvertgewould be achieved at low
gas flow rates. Flux increases of up to 320% welgezed with gas sparging on the
feed side, compared to the case of single liquasphcross-flow UF. Laborie et al.
[74] reported that the permeate flux increased bgua 110% when using air

sparging during the UF of clay suspensions usinigwdiber membranes.

2.6.4 Ultrasound

Ultrasound is the waves passage through a mediumfraéiquency above 18 KHz.
Ultrasound has been widely used as a method fanitlg materials because of the
cavitation phenomenon [75]. Several researcherse havestigated the use of
ultrasound to reduce membrane fouling and enhamegé¢rmeate flux. Kobayashi
and coworkers [76-78] used an ultrasonic bathethuce membrane fouling. They
found that ultrasound is effective in reducing thembrane fouling as it led to
increased flux and improved membrane filtrationfgranance. Zhu and Liu [79]
found that ultrasound could increase the membrarémance by up to 200%.
Jianxin et al. [80] used ultrasound together witlstiing to clean a nylon MF
membrane. Cleaning using ultrasound together witishing can clean fouled
membranes and completely restore the original mangbmorphology. Jianxin et al.
[81] used three methods to clean fouled membramevaird flushing, ultrasonic
cleaning, and ultrasound together with forward tilng. They found that the
ultrasonic procedure can effectively not only detdeposition and growth of a
fouling layer on the membrane in real-time but alsonitor the progress of
membrane cleaning and evaluate the cleaning eféewss of the three cleaning

methods.

2.6.5 Chemical cleaning

Periodic chemical cleaning is still the most effextway to restore the initial flux of
a membrane and maintain the selectivity performaridee membrane system. The

frequency and type of cleaning is determined byfe¢leel water quality [37].
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The cleaning in place (CIP) method is most oftezdusr membrane cleaning. There
are many different cleaning chemicals that candm#l o remove membrane fouling
and restore the membrane flux. The types most cartyngsed are acids, alkalis,

chelatants, detergents and sterilizers [11, 12].

Caustic solution is typically used to clean membgariouled by organic and
microbial foulants [37]. Metal chelating agentscls as ethylenediaminetetraacetic
acid (ETDA), can also be used to clean membrandeddy organic foulants [13].
Acid cleaning agents, such as hydrochloric or ciacids, are used primarily for
removing common scaling compounds [14]. A numbefaofors affect the cleaning
efficiency of chemical cleaning: concentration ¢éaming chemicals, temperature

and length of the cleaning period [12].

2.6.6 Reversefiltration (backpulsing/backflushing)

Another technique that is used to reduce foulingaiskflushing and backpulsing [30,
32]. The term backflushing refers to low-frequempeymeate flow reversal, typically
once every 2-10 min, while backpulsing involves emsing the permeate flow
through the membrane from the permeate side tdee side for short periods of
time, typically less than one second (s), at higlgdency (typically once every few
seconds). In both cases the flow reversal dislodgeslifts the deposited foulants,

which are then swept away by the cross-flow.

A schematic of the backpulsing process for créms-filtration is shown in Figure
2-10. There are several parameters associatedbatkpulsing, Backpulse duration
is defined as the amount of time the filtrationteys operates under negative TMP,
pulse amplitude is defined as the absolute valuemaikimum TMP during
backpulsing, and backpulse interval is the duratibtime between two consecutive
pulses.

Cross-flow filtering with backflushing and backpulg has been extensively studied
by several groups for various membrane/foulantesygst Both have been reported to
be a most effective method for the reduction oflifmuand enhancing the net

permeate flux.
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Kroner et al. [82] used backflushing during theefiing of E. coil bacteria, using a
polycarbonate membrane with a cut-off of 20 k DadtoThey observed a 50%
enhancement in the net flux with backflushing Gos every 5 min). Matsumoto et
al. [83, 84] achieved up to a ten-fold flux increagith backflushing by reversing the
transmembrane pressure for 5 s every 3 min, fostyeaspensions. Nipkow et al.
[85] obtained an increase of about 42% in the patenux with backflushing of a
MF cell-recycle pilot scale system, used for thetowous cultivation o€lostridium

thermosulfurogens.

Kim and Chang [86] used periodic backflushing $eparating haemoglobin (MW
62,500) and dextran (MW 10,000) through hollow fibeembrane with a molecular
weight cut-off of 30 kD . For a backflushing ducati of 11.25 s, the optimum
frequency of backflushing to give maximum permegbilvas about 0.2 mih
Vigneswaran and coworkers [87] studied the cross-fMF of feed water from a
wastewater treatment plant. Membrane performanaesigmificantly improved after
periodic backflushing. The optimum conditions ot thackflushing were 1 min
backflushing frequency and 1 s pulse duration. kaka et al. [88] investigated the
UF of surface water using hollow fiber membranemlomed with backflushing.
They concluded that the backflushing pressure shdnd more than twice the
forward filtration pressure in order to maintaic@stant and high flux. Kennedy et
al. [20] reported results on the intermittent criews of a hollow fiber UF system
and found that the efficiency of backflushing wasren dependent on the
backwashing time than on the pressure. They @&ported that 100% of the flux
could be restored when backflushing was precedectds-flushing, while 95% of

the flux could be restored with backflushing alone.

Srjaroonrat et al. [89] reported that CP and faulean be controlled by periodic
backflushing during filtration of oil/water emulsis using ceramic membranes. They
found that the flux increased when backflushing eaplied, and the optimum
forward and reverse filtration times were 1 andbO7in, respectively. Bhave et al.
[90] found that high flux could be sustained ataglpulse interval of 1 min. In the

absence of backpulsing the flux decreased rapmltheé first 15 min of filtration.
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Mugnier et al. [91] also reported that the backflag process was very effective for
reducing membrane fouling. They obtained 100% im@neent of permeate flux
during zeolite filtration by cross-flow MF with blftushing.

Jones et al. [92] found that an optimum backputspliéude of 10 kPa and optimum
frequency of 0.01 Hz maximized the permeate fluxdmss-flow microfiltration of
solutions of kaolin clay containing hydrated aluormsilicate. Rodgers and Sparks
[93] performed a study to determine the effect efative transmembrane pressure
pulsing on solute rejection for an albumin (MW 6H)P and gamma-globulin (MW
159,000) mixture in UF through 100 KD nominal paige cellulosic membrane.
The solute flux was found to be two orders of magte higher than that without
pulsing; however, the observed retention of albuweas reduced from about 99% to
63%. Rodgers and Sparks [33] also studied the teffe¢ransmembrane pressure
pulsing on the CP boundary layer. Solutions of 18%ite serum albumin (MW
69,000) at pH 7.4 in 0.15 NaCl buffered solutionravdiltered in a cross-flow
module through cellulosic membranes. The opergpiregsures varied from 75 to
140 kPa, while the backpulsing pressure was 5 tkRB@ above the respective
operating pressures. The frequency of backpulsamped from O to 5 Hz. They
observed that the flux enhancement did not charifeam increase in the negative
pressure amplitude after a certain minimal valuedders and Miller [94]
determined the effect of backpulsing on transiésichindrance for BSA separation
by UF in an unstirred batch cell. They reportedremease in the sieving coefficients
for BSA when backpulsing was used in conjunctiothviiesh membranes.

Nikolov et al. [95] investigated the effect of thmackpulsing pressure on the
performance of a tubular UF membrane. They repottemt a synchronized

backpulse frequency of 5 Hz gave a permeate flakwas nearly three-fold higher
than in non-pulsed cases. Wenten [28] describediskeof the backpulsing process
to maintain high fluxes and increase protein traesion in beer filtration. He found

that with a backpulse duration of 0.1 s, the proteansmission increased from 68%
to 100% using a cross-flow MF membrane togetheh Wwackpulsing. Redkar and

Davis [32] varied the durations of the forward aederse portions of the backpulse
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cycle. A flux enhancement of 30-fold over the ldegn flux without backpulsing
was obtained under optimal conditions of a 0.5&kpalse every 5 s. Parnham and
Davis [31] observed an increase in the net flux nhige forward and backpulse
pressures were increased: more than ten-fold iseseia the net flux were found and
the protein transmission was improved from 60 t6%0under optimum operating
conditions of backpulsing (2.5 Hz pulse frequeneg 8.09 s pulse duration). Sondhi
et al. [96] observed increasing permeate flux upfite-fold and a 100% flux
recovery with backpulsing (0.5 s every 30 s), whikaring a chromiumhydroxide
suspension using cross-flow MF. Levesley and Hf&rgused of rapid backpulsing
for the recovery of a soluble enzyme, yeast alcotiehydrogenase, from a
suspension of homogenised bakers' yeast cells usicrgfiltration membrane. The
backpulsing conditions were fixed at a reversesira@mbrane pressure pulse of 0.1
s, applied every 1 s. An increase in solute trassiom of up to five times was
obtained, although the permeate flux was not imgddyy backpulsing.

2.7 Summary

As discussed above, a variety of methods has b&sthto reduce membrane fouling
for different membranes/foulants systems. Howewgpecific methods should be
selected for specific applications, since each opuktlnas its advantages and
disadvantages or limitations. Moreover the roushatting down of filtration plants
for chemical or mechanical cleaning, or both, Eaav and costly procedure. In this
study, in order to prevent or minimize membranelifguand thus maintain high
permeate flux during filtration operation, contihdzackpulsing on the permeate
space is used as an in situ cleaning method toowepthe efficiency of a 2.5 inch
spiral wrap UF membrane. The effects of differeatsp intervals, durations and
pressures, cross-flow rates and feed concentrati@ne investigated using organic
and inorganic foulants to determine the best badskpy conditions that give

maximum permeate flux in spiral wrap UF element.
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Chapter 3

Experimental



3.1 Experimental set-up
3.1.1 Crossflow UF experimental apparatus without backpulse

A basic cross-flow UF plant without a backpulsetwamd Labview control was built
by Hydrophil (Pty) Ltd- SA, for the Polymer Sciendastitute, Stellenbosch
University. A schematic of the experimental setiqigiven in Figure 3-1. The clean
water tank (R1) and feed tank (R2) were connecidtd three-way valve (V1). The
feed was pumped by a pump (Leader Pump, Model E&Jj60, Italy) through the
line (L1) to the cross-flow filtration element. Apisal wrap polypropylene UF
membrane element with 100 kDa MWCO was used inetlaperiments (UF-pHt,
Alfa Laval Company, Denmark). The characteristi€sthis element are given in
Table 3-1.

Table3-1: Characteristics of the GR40PP UF membrane masateent (UF-pHt,

Alfa Laval Company, Denmark)

Membrane characteristics Value Unit
Membrane surface area 0.6 “m
Flux on clean water 250-260 L/frh)
Feed spacer thickness 0..048 inch
MWCO 100,000 Dalton
Temperature limit 0-75 °C
pH range 2-10 -
Pressure limit for module 1-10 bar
Element length 17 inch
Outer diameter of element 2.5 inch

The permeate through the line (L2) and the retentatough the line (L3) are
eventually returned to the feed tank to prevenngkea in the feed concentration. In
the absence of the backpulsing two magnetic flonsaes (Burkert fluid control
system, Type 8045, SA) were used to measure therfites: the feed flow (FIT1)
and the permeate flow (FIT2) ( flow rate range 5000 L/h). A low flow rate
sensor (Burkert fluid control system, Type 80BA) was used to measure the
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Figure 3-1: Cross-flow UF experimental apparatus without batdgu

L egend:

Al: Feed pump

A2: Damper

A3: Cross-flow module

L1: Feed line

L2: Permeate line

L3: Retentate line

L4: Bypass flow line

V1/V3/V6/V10: 3-way valve
V245V 7/V8/V9: Proportional valve
PT1/PT2/PT3: Pressure transmitter

FIT1/FIT2/FIT3: Flow indicator transmitter
R1: Clean water tank
R2: Fouling solution tank

R3: Permeate tank
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permeate flow (FIT3) for a low flow rate range (@91L/h). The pressures on the
feed side (PT1), the permeate side (PT2) and teatete side (PT3) were recorded
using pressure transmitters (0-600 kPa; Model SALKA Instruments, Milnerton,
SA).

3.1.2 Crossflow UF experimental apparatuswith backpulse

The cross-flow UF plant shown in Figure 3-1, cold with the Labview
programme, was then modified as shown in Figure 8-damper (A2) was placed
before the element in order to protect the feed gpdiram oscillation flow. Two
temperature sensors (TT1) and (TT2) were placdtiernclean water tank (R1) and
feed tank (R2). The digital readouts were recoiidetie PC. The temperature in the

tanks was maintained using temperature controlitg¢A7) and (A8).

A backpulse unit was designed and attached on ¢hegate side of the filtration
element through the solenoid valve (VS1). The pnes$or the pulses was obtained
using a centrifugal pump (Provincial Pumps, Mod€IMLARA CEAM 70/3, SA),

together with a pressurized tank (R5) and a mapredsure relief valve (V11). A
pressure gauge (Pl4) measured the pressure oneduk side of the fast acting
solenoid valve VS1. The permeate liquid was usedead for the pump in the

pulsing unit.

The backpulsing was achieved using two fast actmignoid valves: one normally
closed (VS1) placed after the pressurized tank @t the other normally open
(VS2) placed in the permeate space. The two salemalves have a minimum
switching time of 25 milliseconds and were operaaée@4 volt power supply. The
switching of the solenoid valves is controlled bg tanalogue output of a computer,
which gives a variable pulse interval (1 to 1519l pulse duration (0.1 to 0.5 s), and
was connected to control terminals of a solid-statay that was connected to a 24
volt power supply. Note that during forward (norjndiltration the solenoid valve
VS2 is open and solenoid valve VS1 is closed. Durbackpulsing (reverse

filtration) solenoid valve VS1 is open aritie solenoid valve VS2 is closed.
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Figure 3-2: Cross-flow UF experimental apparatus with backguls

L egend:

e Al: Feed pump e L1: Feed line » Pl4: Pressure indicator

e A2: Damper * L2: Permeate line e FIT1/FIT2/FIT3: Flow transmitter
* A3: Cross-flow module * L3: Retentate line * R1: Clean water tank

* A4: Backpulse pump » L4: Bypass flow line * R2: Fouling solution tank

« AS5: Electronic balance * V1/V3/V6/V10: 3-way valve * R3: Permeate tank

« AG6: Terminal data acquisition * V2/V4/IV5/NVTIV8IV9: Proportional valve ¢« R4: Overflow permeate tank

« A7/A8: Temperature control circuit « VS1/VS2: Solenoid valve * R5: Pressurized tank

« A9: PC for data acquisition by * PT1/PT2/PT3: Pressure transmitter e TT1/TT2: Temperature transmitter

Labview programs
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All sensor signals were transferred to the PC viarminal data acquisition device
(model # SCB-68, National Instrumental, SA). Theirmaperating variables and
pulse shape generated during filtration operatios monitoring by a computer
program running under Labview software. As candmnsn Figure 3.3, the graphic
interface Labview window on the PC shows the dagmihg time of pulse intervals,
pulse durations and operating parameters (i.e, fedentate and permeate pressure,
feed flow rate, temperature of feed and permedteg. interface panel of Labview
(see Figure 3.3) also shows two charts. The top ghrevs the amplitude as a
function of time. It shows that the pulse duratiman be defined from where the
pressure starts to rise to the sharp drop. Thig elfeo shows two curves: the upper
curve (white) is the primary pulse in the permestace, while the lower curve (red)
is the secondary pulse, as observed at the inptlteofeed space. The second chart,
at the bottom of the PC screen, shows the curvespefating parameters as a

function of filtration time.

3.1.3 Flux measurement during backpulsing

When the backpulsing was applied the permeate dukd not be measured using
flow meters (FIT2) and (FIT3) due to the fluctugtineading and pulsing liquid.
Therefore both of permeate flow and liquid pulseeneollected in the permeate tank
(R3). At the top of the permeate tank a weir wadtkand connected with an
overflow pipe to break the waves that were gendratethe surface of the permeate
tank during backpulsing. The overflow (net permdhie) was drained into a small
tank (R4) on the electronic balance (CBK32, Adanuifpent, SA). The electronic
balance was connected to the PC using a RS232wloith converted the output
signal into a flow rate, and which was recordedha PC every minute. The net
permeate flux was then calculated (using eq.3.1ylibiing this flow rate by the
membrane surface area. All the data collected wecerded in the PC into a

Microsoft Excel 2000 spreadsheet.

J = % (3.1)

where:J is the net permeate flux L/nh), Qo is the net permeate flow (L/h) aAds

the membrane surface area of the membrane uskis istady (0.6 7).
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3.2 Membrane preparation

The spiral warp PP membrane was obtained fromupplier in dry form and had to
be cleaned and disinfected before use accorditfgetiollowing procedure:
- Clean hot water (50-5%C) was circulated through the membrane for 5 min at
100 kPa feed pressure and 1000 L/h feed flow rate
- Caustic was added slowly to the feed water to aehéepH of 10.5-11.
- The feed solution was recirculated thruoght thenelet for 30 min.
- The alkaline feed solution was flush out using cleater, until a neutral pH
was achieved.
After completion of the cleaning of the elemente ttlean membrane flux was

measured, it was found to be between 250 and 28¢.h).

3.3 Feed solutions
3.3.1 Organic solution (Dextrin)

Dextrin from corn (CAS # 9004-53-9) was obtainednir Sigma-Aldrich SA.
Dextrin solutions were prepared in RO water in emtiations of 250, 500 and 750
mg/L. Each solution was freshly prepared immedyapeior to each experimental

run.

3.3.2 Inorganic suspension (Kaolin)

Inorganic suspensions of kaolin were prepared byingi different quantities of

kaolin (Serina Trading, SA) with RO water to obt&imal concentrations of 100, 300
and 500 mg/L. A kaolin suspension was continuotsked to prevent settling of the
kaolin in the feed tank (R2). The physical and cizaiproperties of kaolin are given
in Table C-1.

34 Crossflow UF experimental procedures
In all these cross-flow UF experiments a 2.5 inphiad wrap UF element (100,000
MWCO) was used. The feed pressure was set at 180akE the temperature was

maintained at 27+0.%C in the R1 and R2 tanks hence normalization of fas not

required. The feed flow rate could be adjusted tesired value by using valves V2
and V5. Experiments were carried out using pulservals of between 1 and 15 s,
pulse duration of between 0.1 and 0.5 s, and bds&mressure pulses of between
100 and 150 kPa. All pressures references reporttus thesis are related to gauge
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pressures). Both permeate and retentate were eecymck to the feed tank to
maintain the concentration of the feed solution.sMof the experiments were

repeated twice to ensure the reproducibility ofékperimental results.

Each experiment commenced with RO water being lated through the system for
30 min to obtain the clean membrane flux. Backmglsivas then started and the
difference in the flux due to water flowing in theverse direction (loss of flux
during backpulsing) noted over the next 30 min. Téed was then changed from
clean water to foulant solution by using the thnesr valve (V1), with continual
backpulsing. The decline in permeate flux due te thembrane fouling was
observed and the steady-state flux was measuredao8eh filtration period. Then
the feed was changed back to clean water, withh#tokpulsing still on (backpulse
cleaning) for 30 min, to remove the fouling layerdato wash the concentration
polarization layer out of the filter. At this poitite retentate was not recycled back to
the feed in order to avoid contamination of theaolevater in the tank (R1). The
backpulsing was then switched off and the changeermeate flux was determined
over the next 30 min. After each run CIP was cdrpat to restore the initial clean

membrane flux.

3.5 Chemical cleaning of the membrane element

Backpulsing is a good method for fouling preventard/or reduction but it cannot
completely remove the fouling. Therefore chemidahning also needs to be done to

restore the initial membrane flux.

The chemical cleaning agents used in this studyewealcium hypochlorite
(CaClLO,) as disinfectant, ethylenediaminetetracetic aBiBA) as metal chelating
agent, and sodium lauryl sulphate (SLS) as an anismrfactant. These cleaning
agents are the most common compounds in commete@hing products used for
organic-fouled membranes [98, 99]. The G&&| EDTA and SLS were purchased
from Protea Chemicals (Cape Town, SA) and used wahfurther purification.
Solutions were prepared in the feed tank (R1) uBi@gwater to which 0.1% EDTA,
0.1% SLS and 0.01% Cafl, were added.

The procedure for the CIP cycle involved the stegped below:

- Drain the system completely before CIP is carried o
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Circulate the cleaning solution through the systdnhow feed pressure (50
kPa) and a cross-flow rate of 1000 L/h.

Soak the membrane for 1 h in order to swell/dissoleulants on the
membrane surface.

Circulate the cleaning solution through the systna feed pressure of 50
kPa and feed flow rate 1000 L/h, while backpulswith permeate (0.1 pulse
duration, 3 s pulse interval and 100 kPa pulsespre$ for 1 h.

Rinse the system with RO water from the feed t&1K) to remove all traces
of the cleaning solution and measure the clean mamebflux. (In all the
experiments it was found to be between 250 and_2@@.h)).

Repeat the CIP if the restoration of flux was radts$actory.
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Chapter 4

Results and discussion



4.1 Introduction

In this chapter, the effects of varying pulse in#ds, pulse durations, backpulse
pressures, cross-flow rates and feed concentrati@ne investigated using organic
and inorganic foulants, to determine the best balskp conditions that give the

maximum permeate flux in a spiral wrap UF element.

4.2 Organicfoulant (dextrin)
4.2.1 Experimentswithout backpulsing

Figure 4-1 shows the change in the net permeatenfitn time, without backpulsing,
for a 500 mg/L dextrin feed solution at a feed pues of 100 kPa and a flow rate
1000L/h. In this experiment the RO water was circulatewugh the system for 30
min and the clean membrane flux measured. Thernfebe was changed to the
dextrin solution using the three-way valve (V1) andery rapid flux decline was
observed, from an initial value of about 260 Li(m to about 110 L/(fh), within
the first 5 min. this was followed by a gradual ldex until a steady-state flux value,
which was between 25 and 27 LAh), was reached after 90 min of fouling
operation. The initial rapid decline in the perneediix is a result of the rapid
deposition of dextrin particles on the membranéaserwhich blocked or constricted

the membrane pores.

360
—— Net permeate flux without backpulsing

300 "~ Clean wa_ter _
=== Dextrin solution

i

240

180

120

Net permeate flux [L/(m>.h)]

oo ineRTERs = g e X

60

o 6 1m0 10 210 0 3%

Time [min]
Figure 4-1: Net permeate flux through a polypropylene spinabp membrane
module as a function of time. (Feed pressure 108, kioss-flow rate 1000 L/h,

temperature 27+0.5C , and dextrin feed solution 500 mg/L.)
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4.2.2 Effect of pulsedurationsand intervals on the per meate flux

All experiments were run using 500 mg/L dextrinthwithe backpulse duration
varying from 0.1 to 0.5 s and the backpulse intewaaying from 1 to 15 s. In all
cases the backpulse pressure was 150 kPa. Therfessure was fixed at 100 kPa
and the feed flow rate at 1000 L/h.

Each experiment commenced with a flow of clean wébe 30 min and then
measuring the clean membrane flux. The backpulsiag then switched on and the
difference in the flux due to water flowing in tiheverse direction noted over the
next 30 min. Figure 4-2 depicts the permeate fluxird) the repeated cycles of
forward and reverse filtration. Cyclic operationemployed in which a period of
forward filtration of durationt; is followed by a period of reverse filtration
(backpulsing) of duratiort,. The flux loss during backpulsing was calculated

according to the following relationship:

b Tl

Flux loss dueto backpulsimy :(t b ] x J, (4.1)

whereJ, is the clean membrane flux .

The flux losses at pulse duration 0.2 s and pulevial 3 s can be calculated using
eq. (4.1):
t,=0.2's i = 2.8 s andl, = 259 L/(nf.h)

The flux loss is 17.3 L/(foh), which is agreement with an experimental vdkee
Table A-1). The calculation of the flux loss at diffet pulse intervals and pulse
durations is reported in appendix A.
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Figure 4- 2: Schematic of backpulsing and permeate flux durgpgated cycles of

forward and reverse filtration.
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Figures 4-3 and 4-4 show the influence of the balde duration and backpulse

interval on the permeate flux. In all cases thepseimeate flux declined rapidly after

commencement of fouling and then gradually declioedr time due to growth of

fouling layer. This initial rapid decline in the peeate flux is believed to be a

combination of irreversible fouling (pore bkieg, pore adsorption) and initial

reversible fouling (fouling layer deposition) oretimembrane surface. After about

180 min of fouling operation an apparent steadtedtax was reached.

It will later be shown that backpulsing appearséoeffective in limiting the long-

term fouling that occurs due to the build-up of foeling layer on a membrane

surface, this behavior is similar to what was régbiby Rodgers and Miller [100].

They found that when filtering a binary protein noibe, backpulsing was not

effective in completely eliminating the initial fllmg that was due to pore adsorption

and a fouling layer on the membrane surface.

The steady-state fouled membrane flux with contirnzadkpulsing at different pulse

intervals and durations, and the percentage ofltbkeimprovement, are shown in

Table 4-1.The percentage of the flux improvement ttughe backpulsing was

calculated according to the following relationship:

% Flux improvment= % x100

(4.2)

where Js is the steady-state fouled membrane flux with iomal backpulsing (at

300 min) Js, is the steady-state fouled membrane flux withoukpalsing andl, is

the clean membrane flux (directly after a CIP).

Table 4-1:

Steady-state fouled membrane flux with continuatkipalsing and

percentage flux improvement at different pulserivaés and durations

Js Flux improvement

Pulse L/(m?.h) %
duration Pulse interval (s) Pulse interval (s)

S

() 1 3 5 10 15 1 3 5 10 15
0.1 90.3 | 932 | 806 255 267 21

0.2 86.7 | 101.4| 87.| 843 79.0 242 3000 24 23. 2.2
0.3 - 943 | 88.6| 88.0| 714 271 24 24 18.1
0.5 - - 62.7 | 75.2| 792 147 196 21
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Figure 4-3: Net permeate flux as a function of time for differ@ulse intervals: (a)
pulse duration 0.1 s and (b) pulse duration 0.BacKpulse pressure 150 kPa, feed
pressure 100 kPa, temperature 27£@5cross-flow rate 1000 L/h and dextrin feed

solution of 500 mg/L.)
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Figure 4-4. Net permeate flux as a function of time for diéfiet pulse intervals: (a)
pulse duration 0.3 s and (b) pulse duration 0.BacKpulse pressure 150 kPa, feed
pressure 100 kPa, temperature 27£@5cross-flow rate 1000 L/h and dextrin feed

solution of 500 mg/L.)
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The results in Figure 4-5 clearly show that whenkpatsing is used, whatever the
backpulsing conditions, the net permeate flux iases compared to in the non
pulsing case. It was also observed in these expetsrthat the steady-state fouled
membrane flux with continual backpulsing increagéh an increase in the pulse
interval and an increase in the pulse duratiom tleaches a maximum value, and
then decreases with a further increase in the potseval and an inecrease in the
pulse duration. This is because for the shorterepuierval (i.e.1 s) and longer pulse
duration (i.e. 0.5 s), less permeate flux is coldaduring forward filtration (loss of

permeate flux during the backpulsing), while a lengulse interval (i.e. 15 s) and
shorter pulse duration (i.e. 0.1 s) gives a ch&oca reversible fouling layer to build

up on the membrane surface, which results in aedserin the permeate flux.

—&— Pulse duration 0.1 s
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30 —4A— Pulse duration 0.3 s

O
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Figure 4-5: Effect of backpulsing on the steady-state fouleeimorane flux at

different pulse intervals and pulse durations.

As can be seen from Figures 4-3 and 4-4, the maximalue of a steady-state
fouled membrane flux (at 300 min) was 102 L7m (40% of the clean membrane
flux). This was obtained when the pulse duration $\®as applied at a backpulse
interval of 3 s. This represents a three-fold impraent over the steady state flux

with no backpulsing.
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The membrane was then cleaned by changing the éhetibs from dextrin solution
to clean water and applying continual backpulsingird) the period between 300
and 330 min. The backpulse was switched off atghbiat. The flux declined slightly
and then reached the steady-state (because of gbthe residual foulant in the
system and in the element). Table 4-2 shows thevesed clean membrane flux
(after cleaning the membrane with BP and clean nvaiée percentage recovery of

the clean membrane flux can be determined by thaxfimg equation:

% J, :j—fxloo (4.3)
(0]

where J, is the clean membrane flux (directly after a CIRY & is the recovered
clean membrane flux after cleaning the membranle backpulsing and clean water.
Figure 4-6 shows that the backpulsing is effectorecleaning the membrane. In the
best case the permeate flux increased up to 16t?h) (63% of the clean

membrane flux).

Table 4-2: Recovered clean membrane flux after changing éesel from dextrin
solution to clean water and applying continual Ipat&ing during the period
between 300 to 300 min

Jr J
Pulse L/(m?.h) %
dugion Pulse interval (s) Pulse interval (s)
1 3 5 10 15 1 3 5 10 | 15
0.1 154.3 | 150.8| 140.4 - - 60.1 59.4 551
0.2 153.5| 161.2| 1523 1304 1237 602 63.2 5P.7.2 549.7
0.3 - 152.1 | 147.9| 1334 1085 - 59/6 580 5.1 43.1
0.5 - - 115.6 | 123.4| 120.5 - - 451 482 47.0
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Figure 4-6: Recovered clean membrane flux after changing ¢leel from dextrin
solution to clean water and applying continual Ipad&ing during the period
between 300 to 300 min.

50



4.2.3 Effect of backpulse pressure on the per meate flux

Backpulse pressure is one of parameters that tsigndicant influence on foulant
removal and enhancement of the net permeate flusingluplant operation.
Experiments were performed using a dextrin conceatraf 500 mg/L at 1000 L/h
feed flow rate. The feed pressure was fixed at ¥ Khe backpulsing was applied
at 0.2 s pulse duration and 3 s pulse intervalngughree different backpulse
pressures (100, 125 and 150 kPa). Transmembrassupee(TMP) is defined as the
difference between the average feed-side pressutettee average permeate-side
pressure. The observed peak in the TMP values feethackpulse pressures were
about 0, 25 and 50 kPa above the pressure in #t dpace, respectively. Hence
reverse flow occurs and is observed as a transiegative TMP due to the peak

pulse pressure.

The effect of backpulse pressures on net permaatasishown in Figure 4-7. The
steady-state fouled membrane flux (at 300 min) eased significantly with
increasing backpulse pressure. However, significaprovements over the results
for backpulse pressures of 100 and 125 kPa in ¢h@ermeate flux were seen at a
backpulse pressure of 150 kPa, where the steaty-dtauled membrane flux was
about 102 L/(rfih), approximately four-fold higher than when nalaulsing was
applied. When the backpulse pressure of 100 kRa I@Wwest backpulse pressure
used in this study) was used, the steady-state gaenflux obtained was only 65
L/(m?.h) (25% of the clean membrane flux). At this preesno backflow occurred
and the membrane was only vibrated, which can sbakeeel the fouling layer on

the membrane surface.

Figure 4-7 also shows the results of cleaning efrttembrane with clean water and
backpulsing during the period between 300 and 380 frhe backpulse was then
switched off and the net permeate fluxes (&ti®&) were about 63%, 52% and
45% of the clean membrane flux, obtained at badepressures of 150, 125 and
100 kPa, respectively. These results clearly shwav & high backpulse pressure is
more effective for cleaning the membrane and redpucnembrane fouling than a

low backpulse pressure.
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Figure 4-7: Net flux as a function of filtration time with bgaulsing at different
backpulse pressures. (Feed pressure 100 kPa, wmomee27+0.5°C, 3 s pulse
interval, 0.2 s pulse duration, 1000 L/h crossvflate, dextrin feed solution 500
mg/L.)
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4.2.4 Effect of cross-flow rate on the per meate flux

It has been shown in the previous sections thaepduration, pulse interval and
backpulse pressure all affected the net permeaxe Tlhe feed flow rates and thus
the cross-flow velocity also affect the membranalif, and therefore the net
permeate flux through the membrane.

Feed flow rates of 500, 1000 and 1500 L/h were stigated (using the operating
parameters: 100 kPa feed pressure and 500 mg/lidéeged concentration). The
backpulsing was applied by fixing the pulse duratipulse interval and backpulse
pressure at 0.2 s, 3 s and 150 kPa, respectivibl effects of cross-flow rates on net
permeate flux in the presence and absence of beikgus shown in Figure 4-8.
Note that the higher the cross-flow rate appliedht®e membrane the higher the
permeate flux observed in both cases, with andaowittbbackpulsing. This can be
explained by the high flow rate generating highastrates at the membrane surface,
which act to reduce both fouling formation and toemcentration polarization layer
on the membrane surface [101]. Furthermore in #kulsing case the steady-state
fouled membrane flux (at 300 min) increases up walae of about 112 L/(frh) at
1500 L/h feed flow rate. This is due to the effe€ttioe increased cross-flow
combined with the effect of backpulsing. Note thigth cross-flow rates not only act
to sweep foulant away after it has been lifted tfé membrane surface by
backpulsing, but may also help to remove foulardsfthe membrane surface.

Figure 4-8 also shows the results of cleaning efrttembrane at different feed flow
rates by using clean water with backpulsing fon@8 (period between 300 and 330
min), and then switching off the backpulsing foe thext 30 min. It was found that
the net permeate fluxes (at 360 min) at the theed flows were similar, they were
about 58%, 63% and 59% of the clean membranedlixefeed flow rates of 500,

1000 and 1500 L/h, respectively.
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Figure 4-8: Net flux as a function of filtration time with bgaulsing at various

cross-flow rates. (Feed pressure 100 kPa, backpuéssure 150 kPa, temperature

27+0.5°C, 3 s pulse interval, 0.2 s pulse duration, dexXaed solution 500 mg/L.)
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4.25 Effect of dextrin concentration on the per meate flux

The effect of different dextrin feed concentratioBS0, 500 and 750 mg/L, on the
permeate flux was also investigated, with and withmackpulsing. In all cases the
experiments were performed using the following epeg conditions: 100 kPa feed
pressure, 1000 L/h feed flow rate, and backpulsipglied at the best conditions,
namely 0.2 s pulse duration, 3 s pulse interval H@l kPa backpulse pressure. The
effects of different feed concentrations on the petmeate flux with and without
backpulsing are shown in Figure 4-9. In both casethy and without backpulsing,
the higher feed concentration resulted in a lowetrpermeate flux. This result is to
be expected, as the higher dextrin concentratiomostl certainly forms a thicker
fouling layer, which offers a higher resistancetlie permeate flow, resulting in a
reduction of the flux through the membrane. Whemddswer dextrin concentration
the fouling layer forms a thinner, which offersaver resistance to the permeate
flow. As can be seen in Figure 4-9, the steadyediatled membrane flux (at 300
min) of all dextrin solutions increased consideyaibl the presence of backpulsing,
the net permeate flux increased by 2.5-fold 8-fohd 3.5-fold over the non pulsing
case, for the 250, 500 and 750 mg/L dextrin sohsj respectively.
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Figure 4-9: Net flux as a function of filtration time with anaithout backpulsing
using different feed concentration. (Feed presdbfekPa, temperature 27+03 3

s pulse interval, 0.2 s pulse duration and 1000ckaiss-flow rate).
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Figure 4-9 also shows the result of cleaning ofrtteanbrane, done by changing the
dextrin solution to clean water, using backpuldmgthe period of time from 300 to
330 min, and then switching the backpulsing off tiee next 30 min. It was found
that the net permeate flux was at about 68%, 6386856 of the clean membrane

flux in the cases of feed concentrations of 25@, &dd 750 mg/L, respectively.

4.3 Inorganic fouling (kaolin)
4.3.1 Effect of pulsedurationsand intervalson the permeate flux

Figures 4-10 to 4-12 show the experimental dataebfpermeate flux versus time for
experiments performed with and without backpulsiAd. the experiments were

performed at a fixed feed pressure of 100 kPa &b@ 1/h feed flow rate, using 300
mg/L of kaolin in RO water as an inorganic foulant

The backpulsing experiments were carried out akedfbackpulse pressure of 150
kPa, with pulse durations ranging from 0.1 to Oahd pulse intervals ranging from
1 to 10 s. The flux losses due to backpulsing deriht pulse interval and for

different pulse durations were calculated using(4d.). (See Appendix A.)

Each of the results shown in Figures 4-10 to 4sl@hiaracterized by a moderately
fast decline in the net permeate flux after commeerent of fouling, then reaching a
near steady-state flux after about 150 min. Thisabiein has been observed and
confirmed by several researchers [65, 102]. Thisaindecline in permeate flux
results primarily from the fast deposition of kaotin the membrane surface, and the
subsequent building of a fouling cake layer. Thesailts were not too similar to the
previous results (see Figures 4-3 and 4-4), becaitbedextrin foulant the steady-

state flux was reached more rapidly than in the cdshe kaolin suspension.

The net steady-state fouled membrane flux with oorali backpulsing at different
pulse intervals and durations, and the percenfagechange are shown in Table 4-3.
The percentage of the flux change due the backpulsas calculated by using eq.
(4.2).
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Table 4-3: Steady-state fouled membrane flux with continuatkpalse and
percentage flux change at different pulse interaals$ durations

Js .
Flux improvement
L/(mZh) o
0
Puls_e Pulse interval (s) Pulse interval (s)
duration
(s) 1 3 5 10 1 3 5 10
0.1 123.2 126.3 113.4 - 25.2 27.1 21.9 -
0.2 - 126.6 131.9 124.3 - 27.2 29.2 26.2
0.3 - 117.2 120.8 108.4 - 24.3 25.8 20.9
360 — —&— Pulse interval 1s
—O0— Pulse interval 3s
| A— Pulse interval 5s
r--» Clean water & BP off — Nopuse
300
g ,~-* Clean water & BP on
] ' i - -* Kaolin suspension & BP on
240 -
->Cleanwater & BP on

-*Clean water & BP off

DY
A

Net permeate flux [L/(m2h)]

i
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Figure 4-10: Net permeate flux as a function of time for pulseation 0.1 s at
different pulse intervals. (backpulse pressure &B@, feed pressure 100 kPa,
temperature 27+0.%C, and cross-flow rate 1000 L/h, kaolin feed susmen300
mg/L.)
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Figure 4-11. Net permeate flux as a function of time for putkegation 0.2 s at
different pulse intervals. (backpulse pressure kB@, feed pressure 100 kPa,
temperature 27+0.8C, and cross-flow rate 1000 L/h, kaolin feed suspmn 300
mg/L.)
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Figure 4-12: Net permeate flux as a function of time for putkegation 0.3 s at
different pulse intervals. (backpulse pressure kP&, feed pressure 100 kPa,
temperature 27+0.8C, and cross-flow rate 1000 L/h, kaolin feed suspmn 300

mg/L.)
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Figure 4-13, shows that the backpulsing techniguighly effective in enhancing
permeate flux and reducing membrane fouling fortlad backpulsing conditions
used in this study, but there was an optimum ferlthckpulsing conditions. For the
shorter backpulse interval, less permeate fluxoifected during forward filtration

(loss of permeate during the backpulsing), wherggsificant fouling and flux

decline occurs during longer backpulse intervalgttiermore, longer backpulse
durations are not preferable due to unnecessarggate loss. Very short backpulse
durations are also undesirable because the baekpailsoo short to remove the

foulant layer effectively.
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Figure 4-13: Effect of backpulsing on steady-state fouled memdéifaux at different
pulse intervals and pulse durations.
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As shown in Figures 4-10 to 4-12, the maximum vadfiehe steady-state fouled
membrane flux with continual backpulsing was 136r/h) (at 300 min), achieved
at a pulse interval of 5 s and pulse duration &f €. This is 1.5-fold greater than

without backpulsing.

The membrane was then cleaned by changing the fekdios from kaolin
suspension to clean water and using continual hdsikg was applied during the
period between 300 and 330 min. Table 4-4 tabutheslean membrane flux (after
cleaning with backpulsing using clean water) arelghrcentage of clean membrane

flux recovery (determined using eq. 4.3).

Table 4-4: Recovered clean membrane flux after changing tee feom dextrin
solution to clean water and continual backpulsingrd) the period between 300 to
300 min

J5 &
L/(m*.h) %
Pulse _ .
duration Pulse interval (s) Pulse interval (s)
(s)
1 3 5 10 1 3 5 10
0.1 168.8 | 166.8| 162.9 - 66.1 65.1 64.6
0.2 - 169.9 | 181.9| 165.6 - 67.2 71.1 65.1
0.3 - 162.4 | 171.8| 165.9 - 64.2 67.3 65.0

Figure 4-14, shows that the backpulsing is effector cleaning the membrane. In
the best case the net permeate flux (at 360 morgased up to 71% of the clean
membrane flux after, using the pulse conditions fulse interval and 0.2 s pulse

duration.
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Figure 4-14: Percentage of clean membrane flux recovery aftangimg the feed
from dextrin solution to clean water and continbakkpulsing during the period
between 300 to 300 min.
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4.3.2 Effect of backpulse pressure on the permeate flux

Experiments carried out to investigate the effediaxfkpulse pressure using a kaolin
concentration of 300 mg/L , a feed pressure of #@8 and a feed flow rate of
1000 L/h. Backpulsing pressures of 100, 125 arfdl KF%a were investigated at a
fixed pulse duration of 0.2 s and pulse intervab af The observed peak TMP values
were 0, 25 and 50 kPa above the pressure in tliksjegce for backpulse pressure
100, 125 and 150 kPa respectively. The effect okfnalse pressure on the permeate
flux is shown in Figure 4-15. The backpulse pres$ia® a significant influence on
the permeate flux. The net permeate flux decreasigll eecreasing backpulse
pressure. Note that at a backpulse pressure okRA(Qnet peak pressure value = 0),
although there was no reverse flow of permeateptmbrane was vibrated, which

peeled the fouling layer off the membrane.

The maximum value of the steady-state fouled menabflux (at 300 min) of 135
L/(m?.h) was observed at a backpulse pressure 150 KPa,flulse duration and 5 s
pulse interval. This is a 1.5-fold increase in tbag-term flux, compared to that

without backpulsing.

The results also show the effect of different batd@yressures when cleaning the
membrane by replacing the kaolin suspension widarclwater and backpulsing

during the period between 300 and 330 min. The haskpwas then switched off

and the net permeate fluxes at 360 min were abbUt, 7% and 58% of the clean
membrane flux, obtained at backpulse pressures 5ff, 125 and 100 kPa,

respectively. These results clearly show that thekfnsise pressure has significant
influence on the extent of flux restoration, as wlas case with dextrin (Section

4.2.3).

4.3.3 Effect of cross-flow rate on the per meate flux

The cross-flow rates of 500, 1000 and 1500 L/h weakestigated at operation
conditions of 100 kPa feed pressure, 300 mg/L kaotincentration. Backpulsing
was applied at 150 kPa backpulse pressure, 0.2lse mluration and 5 s pulse
interval. The effect of the cross-flow rate on thermpeate flux with backpulsing is

shown in Figure 4-16.
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Figure 4-15: Net permeate flux as a function of time of filtost with backpulsing at
different pressure pulses. (pulse interval 5 slsgpduration 0.2 s, feed pressure 100
kPa, temperature 27+0%, 1000 L/h cross-flow rate, kaolin feed suspems360
mg/L.)
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Figure 4-16: Net permeate flux as a function of filtration tim&h backpulsing at
various cross-flow rates. (Feed pressure 100 kRakpwlse pressure 150 kPa,
temperature 27+0.5C, pulse interval 5 s, pulse duration 0.2 s, kadied

suspension 300 mg/L.)
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The higher cross-flow rate is more effective in @dg membrane fouling and
enhancing flux. This can be explained by the higissiflow rate generating a higher
shear rate at the membrane surface. The maximune wdlthe steady-state fouled
membrane flux of 143 L/(fth) which was 57% of the clean membrane flux, was
observed at cross-flow rate of 1500 L/h. At the lowss-flow rate of 500 L/h the
permeate flux was found to be only 123 LI([m) (49% of the clean membrane flux).
This was expected, as decreasing the cross-flowmidteeduce the shear rate at the
membrane surface, which leads to increased caker l&kyrmation and lower

permeate flux.

Figure 4-16 also shows the effect of the threeszflusv rates on membrane cleaning
using clean water with backpulsing, during the @eof time from 300 to 330 min,
(after which the backpulsing was switched off). Tpermeate flux (at 360 min)
could be maintained at 64%, 71% and 75% of thencteambrane flux for cross-
flow rates of 500, 1000 and 1500 L/h, respectively.

4.3.4 Effect of feed concentration on the per meate flux

The effect of three different concentrations of kagluspensions, namely 100, 300
and 500 mg/L, on the permeate flux were investajatgth and without backpulsing.
In each case the experiments were run under thenviolg operating conditions: 100
kPa feed pressure and 1000 L/h cross flow rate.bHo&pulsing was applied at 150
kPa backpulse pressure, 5 s pulse interval and pu2se duration.

The effect of feed concentration on the permeate fluth and without backpulsing,

is shown in Figure 4-17. In both cases, with antheut backpulsing, the higher feed
concentration resulted in a faster decline of teameate flux. This result is to be
expected, as at low kaolin concentration the calerlis thin and its removal does
not result in a large reduction of the peradhlx, whereas at the higher kaolin
concentrations a thick cake layer forms, and thgl$ to an increase the membrane

fouling, resulting a greater decline in the perradhix.

As can be seen in Figure 4-17, the steady-statedauembrane flux (at 300 min) of

all kaolin suspensions increased considerablyerptiesence of backpulsing.

66



0 Kaolin concentration 100 mg/L
360 — Kaolin concentration 300 mg/L
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Figure 4-17: Net permeate flux as a function of filtration timeth backpulsing

using different kaolin feed concentrations. (Feadspure 100 kPa, backpulse
pressure 150 kPa, pulse interval 5 s, pulse dur&id s, temperature 27+ 06 and
1000 L/h cross-flow rate.)
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The net permeate flux was increased 1.3-fold, 1d-émd 1.6-fold over the non

pulsing case, for the 100, 300 and 500 mg/L kaslispensions, respectively.

Figure 4-17 also shows results of membrane cleabiypgchanging the kaolin

suspension to clean water, using backpulsing @t8@30 min), and then switching
off the backpulsing. It was found that the net pmate flux can be maintained at
about 82%, 71%, and 64% of the clean membraneifitke cases of kaolin feed

concentrations of 100, 300 and 500 mg/L, respdgtive
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Chapter 5

Data analysis and identification of
critical parameters affecting the

membr ane flux



51  Experimental design

Several methods are available for the design ofemxgnts to optimize the
processing parameters. They include simple singi®fa by single-factor
approaches, the full factorial and fractional-faeto approaches and Taguchi
experimental designs [103,104]. A full factorialsdg of experiments will include
all possible combinations of the factors involvadaistudy, resulting in a very large

number of trial runs that are time consuming arstlgo

A statistical approach was developed by Taguchiethuce costs, improve quality,
and achieve robustness [105,106]. The Taguchi methaa technique that can
substantially reduce the number of experimentas.ritncan also be used to analyze
the significance of each control factor. In the Tagumethod, responses are
measured at selected combinations of the contotbrfdevels. Each combination of
control factor levels is called a run and each messan observation. In essence, the
Taguchi method uses the signal-to-noiS&\[ ratio to analyze the experimental data

and find the optimal factor combination [105].

Based on results of preliminary investigation perfed in Chapter 4, this chapter
focuses on evaluating the main effects of the balskepfactors and feed flow rate on
membrane flux, while all other process factors. (temperature, feed pressure,
foulant concentration and membrane design) were¢ éapstant. Four factors were
selected and varied at three levels. In Table $4,factors A, B, C, and D are
denoted: the pulse interval, the pulse duratioa,thickpulse pressure and feed flow
rate, respectively. Table 5-1 also shows the valtesthe three levels of
experimental settings. Based on results of thénpireary investigation (see Section

4.2.1), the following levels were selected:

1- The pulse duration was varied between 0.1 and 0.3 s.

2- The pulse interval was varied between 1 and 5 s.
3- The backpulse pressure was varied between 100 &nkiPkb
4- The feed flow rate was varied between 500 and 1360 L

In this work, the L9 orthogonal array with four faxs and three levels for each
factor, where only nine experiments are requiresteiad of 81 experiments, was

selected. An orthogonal array has the balancingesty that, for each pair of
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columns, all factor level combinations occur an agmumber of times. In a L9

orthogonal array there are nine factor level comatams for each pair of columns,
and each combination occurs once. Table 5-2 shaavstémdard L9 orthogonal array
of the nine experiments to be used. Each experimsebased on a combination of
level values. Each three-level factor has two degoédreedom (DOF) and the DOF
equals the number of levels minus one. TherefaeeDIOF required for four factors,
each at three levels, is eight (8 = 4x(3-1)).

Although it is accepted that interactive effectbAmen the factors may influence the
outcome of results, the Taguchi method (as apiexd) would not be able to verify
such effects. As much, the aim of this limited istatal analysis was merely to
highlight the relative prominence of the four imiamt factors, thus contextualizing

the observations made in Chapter 4.

Table 5-1: Design factors and their levels used in the Tagomethod

) Low level | Mid level High level
Design factor Symboal
1) @ ©)
Pulse interval A 1s 3s 5s
Pulse duration B 0.1s 0.2s 0.3s
Backpulse pressure C 100 kPa 125 kRa 150 kka
Feed flow rate D 500 L/h 1000 L/h 1500 L/h

Table5-2: Standard L9 orthogonal array used for the Taguchinatein this study

Control factors
Run

(@)
W)

©| o N o g M W N R
w| w| wl N NN R R R B
w| N R W N R W N R R
N R W R w N W N R
R W NN R W W N R
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5.2 Resultsand discussion

The results of the nine final runs, using Dextrituson with different combinations
of the four factors, are shown in Appendix B. Twepenses are observed for these

experiments:

*  The steady-state fouled membrane flux with contisuoackpulsingJs), which
was measured after 300 min of filtration operation.

. Recovered clean membrane flux after cleaning teenbmane using RO water
while backpulsingJ;), measured after 360 min of filtration operation.

The measured responses are presented in Table 5-3.

Table5-3: Experimental results of Taguchi orthogonal array L9

Factors Responses
Run A B C D Js Ji

(s) (s) (kPa) (L/h) L/(m2h) | L/(m?h)
1 1 0.1 100 500 56 118
2 1 0.2 125 1000 85 155
3 1 0.3 150 1500 83 159
4 3 0.1 125 1500 88 150
5 3 0.2 150 500 96 158
6 3 0.3 100 1000 64 125
7 5 0.1 150 1000 82 149
8 5 0.2 100 1500 58 120
9 5 0.3 125 500 81 146

5.2.1 Thesignal-to-noise (S/N) ratio analysis

Taguchi Methods use the signal-to-noiS#N ratio to analyse the test run results,
because th&/Nratio represents both the average (mean) andticarigcatter) of the
experimental results. In order to evaluate thaugrice of each of the selected factors
on the response, ti®&Nratio for each factor had to be calculated. Iis $tudy the

S/N ratio was chosen according to the criteribwe-larger-the-betterin order to
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maximize the responses. TI®N ratio for the-larger-the-bettertarget for two

responses was calculated as follows:
lon 1
SIN 1g = -10 [[bg[ﬁziﬂ?] (5.1)
|

where S/N+1g is the-larger-the-better signal-to-noise ratyp,is the individually
measured response value (experiment result)naisdthe number of measurements

taken in one test run.

The S/N 1g ratios for the two responsdsandJ; are shown in Table 5-4. The effect

of each process factor on tB&\ g ratio at different levels for each response can be
separated because the experimental design is oriabgrhe averages of tI&N 15

ratios at different levels of the process paranseter J; andJ, are summarized in

Table 5-5.

Figure 5-1 shows the averad®Nrtg ratio graph for the steady-state fouled

membrane flux with continuous backpulsiidg) @nd the recovered clean membrane

flux after cleaning with RO water and backpulsidg.(It can be noticed from this
figure that the pulse pressure (C) is the most maod factor affecting the responses:
the maximum value of response is at the highed#l lef/pulse pressure (C3). This
result is to be expected, as the higher pulse press the most effective factor in
removing foulant. The minimum value of the respoissat the lowest level of pulse
pressure (Cl) 100 kPa. At this pressure the membranonly vibrated and
membrane cleaning is not effective. It can alssd&en in Figure 5-1 that the pulse
interval (A) and pulse duration (B) have a lowetevant effect within the
experimental limits, while the feed flow rate (Ojosvs the lowest effect among the

four factors considered here.

For the low level of the pulse interval (Al), lgssrmeate flux is collected during
forward filtration (loss of permeate during baclkgng), whereas fouling and flux
decline occurs at the high level of pulse inte#8). Furthermore, the high level of
pulse duration (B3) is not preferable due to unasagy permeate loss. The low level
of pulse duration (B1) is too short and not suéfiti to remove the foulant layer

effectively.
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Table5-4: S/N g ratio for responsedandJ;

S/Ntg ratio
Exp. No.
ForJg ForJ,
1 44.5 50.9
2 48.1 53.4
3 47.9 53.8
4 48.4 53.1
S 49.2 53.52
6 45.7 51.48
7 47.8 53.01
8 44.8 51.13
9 47.7 52.83

Table 5-5: AverageS/N 1g ratio for each level of the process variables

Js Jr
Process variables

Level 1| Level 2| Level 3| Level 1| Level 2| Level 3
Pulse interval (A)| 46.85 47.76 46.78 52.63 52.6¢ 52.3
Pulse duration (B) 46.92 47.38 47.10 52.35 52.66 52.6
Pulse pressure (C) 44.99 48.09 48.31 51.20 53.04 53.3
Feed flow rate (D) 47.14 47.21 47.06 52.44 52.61 52.5
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Figure 5-1: AverageS/N g ratio graphs for: (a) steady-state fouled membfane
with continual backpulsingJ, and (b) recovered clean membrane flux after

cleaning the membrane with RO water and backpulSig
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5.2.2 Regression model

Regression analysis using a spreadsheet prograrorgddift Excel, 2003) was
applied for data analysis and to develop simpleession models for both the fouled

membrane fluxJs) and recovered clean membrane fldy. (
By applying linear regression, the following lineaodel equations were generated:

Js=9.25-025A+3.33B+055C (5.2)
J=53.97-1.42A+21.67B+0.69C (5.3)

Note that D was omitted from these equations, sitsceoefficient turned out to be
very close to zero (see Tables 5-6 and 5-7 beldwgwever, this does not imply that

feed flow rate has a less significant effect ox thian the other three variables.

Table 5-6 Estimates of the regression coefficientJ response.

Coefficients Etr?r(])?ard t Stat P-value Lower 95%  Upper 95%
Intercept 9.25 25.69 0.36 0.74 -62.08 80.58
Pulse interval (A) -0.25 2.14 -0.12 0.91 -6.20 5.70
Pulse duration (B) 3.33 42.87 0.08 0.94 -115.68 322
Pulse pressure ( C) 0.55 0.17 3.23 0.03 0.08 1.03
Feed flow (D) 0.00 0.01 -0.16 0.88 -0.03 0.02

Table 5-7 Estimates of the regression coefficientJy response.

Coefficients Eﬁg‘:ﬁrd t Stat P-value Lower 95%  Upper 95%
Intercept 53.97 22.52 2.40 0.07 -8.55 116.50
Pulse interval (A) -1.42 1.88 -0.75 0.49 -6.63 3.80
Pulse duration (B) 21.67 37.58 0.58 0.60 -82.66 .ae6
Pulse pressure ( C) 0.69 0.15 4.57 0.01 0.27 1.10
Feed flow (D) 0.00 0.01 0.31 0.77 -0.02 0.02

Tables 5-6 and 5-7 show the estimates of the rdgresefficients and other
important statistical values, such as healuefor the individual coefficients and the
confidence intervals. If thB-valueis very small (less than 0.05) then the individual
terms in the model have a significant effect onrtrggonse. Based on this, it is clear

that the main effect factor is pulse pressure (@jle the effects of pulse interval
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(A) and pulse duration (B) on membrane flux aregnigicant. Although the feed
flow rate (D) has a more notable effect than puhderval and pressure, it is still
small compared to the effect of pulse pressuremust immediately be stated here
that these observations are only valid and of valueonsidered inside the

experimental boundaries selected for pulse pressueszval and duration.

Figures 5-2 and 5-3 show the relationship betwberattual and predicted values of
Js andJ, modelsrespectively. These figures indicate that theseafimegression
models are adequate, because the residuals inr¢lécton of each response are

rather small.

53 Summary

In this Chapter the Taguchi method was applied &ntifly the influential factors
backpulsing that give maximum permeate flux in @pwrap UF element. An
orthogonal array with four factors was selectedtiStical regression analysis of
results indicates that the pulse pressure hastfedt contribution to the total sum of
squares and correspondingly has a major influemcéhe membrane flux. Pulse
interval and pulse duration have negligible effemtsl, in comparison, cross-flow
rate has a weak effect on the membrane flux. Ittiesioted that these observations
are only valid within the experimental boundariess identified during the

preliminary investigation.
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Chapter 6

Conclusions and recommendations
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6.1 Conclusions

A spiral wrap UF plant was modified to include akaulsing unit. Control of

the pulse shape was eventually achieved as a s@eate function. The pulse
shape and the UF plant were successfully controleedi monitored by a
Labview program. It was now possible to determitierleffects of the backpulse
interval, duration and pressure, feed flow rate &t concentration on the

permeate flux, using organic and inorganic foulants

It was found that in both cases of fouling with amg (dextrin) and inorganic
(kaolin) foulants, backpulsing was not effective aampletely removing the
initial fouling due to both pore adsorption andoaling layer on the membrane
surface. Backpulsing appeared to be effective amlgreventing the long-term
fouling that occurs due to the build-up of a foglitayer on the membrane

surface.

However, the use of continuous backpulsing prowvede highly effective in
reducing membrane fouling and enhancing permeate finder all the
backpulsing conditions used in this study. Optimbackpulse conditions were
identified. For the shorter backpulse intervals.(iL s) less permeate flux was
collected during forward filtration (loss of pernmedlux during the backpulsing),
whereas significant fouling and flux decline ocewdrrduring longer backpulse
intervals (i.e. 15 s). Furthermore, longer backpwarations (i.e. 0.5 s) were not
preferable due to unnecessary permeate loss. Wery Isackpulse durations (i.e.
0.1 s) were also undesirable because they wershond to remove the foulant

layer effectively.

The optimum backpulsing duration and interval weletermined for each
foulant. These were as follows: 0.2 s pulse donatind 3 s pulse interval for
dextrin solutions, and 0.2 s pulse duration and pulse interval for kaolin
suspensions. The net permeate fluxes achieved latkpulsing under these
conditions were as high as 3-fold and 1.5-fold greghan the saturation flux

values recorded during the non pulsing case fotroheand kaolin, respectively.
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6.2

The backpulse pressure was found to have a signtfiofluence on the permeate
flux. The permeate flux increased significantly lwiincreasing backpulse
pressure. A significant improvement in the permdlabe was observed when a

backpulse pressure of 150 kPa was used, compafdiDtbPa.

The operating parameters such as feed flow ratefeed concentration were
investigated with and without backpulsing. It wasrid the higher the cross-flow
rate applied to the membrane the higher the saarpermeate flux observed in
both cases, with and without backpulsing. The cotradon of the feed was
found to have a significant influence on the permefux. The higher feed
concentration resulted in a lower permeate flubath cases, with and without

backpulsing.

Flux recovery after operation, applying backpulsivith clean water, was found
to be quite effective. The permeate flux could ¢gtly to be recovered from 40%
to 63% and from 54% to 72% of the original cleamrbeane flux, for the feed

solutions of dextrin and kaolin respectively.

Statistical analysis of data revealed that thesgouiressure had the strongest
effect on the net membrane flux. Pulse interval gndse duration have
negligible effects and, in comparison, cross-flaterhas a weak effect on the
membrane flux. It must be noted that these obsenstre only valid within the
experimental boundaries, as identified during tfeipinary investigation.

Recommendations

Optimize the backpulsing in a spiral wrap plant d@eration periods of several

days, weeks or months.
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Investigate the effect of the backpulse technigugh@ performance of MF/UF
membranes in different types of membrane modulgs écapillary membrane

module).

Backpulsing has been identified as a promising @gugr to combating fouling in
membranes. In principle, it can be used on-lineweleer, these conclusions have
been based on small-scale laboratory studies, wiagk not taken the economic
feasibility of the approach into account. Furthdudges should include
assessment the of economic viability and technitesibility of using
backpulsing on a larger-scale to minimize foulingrembrane filtration plants.
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Appendix A
Flux loss due to backpulsing for cross-flow
UF element
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A.1l Flux lossdueto backpulsing for cross-flow UF element (Dextrin case)

Flux losing due to BP = Clean membrane flux withBBtClean membrane flux with BP

Table A-1: Flux loss experimentally due to backpulsing (BP)

Avg. clean membrane flux without BP Avg. clean membrane flux with BP Flux losing due to BP
Pulse L/(m?.h) L/(m2.h) L/(m?.h)
duration Pulse interval (s) Pulse interval (s) Pulse interval (s)
(s) 1 3 5 10 15 1 3 5 10 15 1 3 5 10 15
0.1 257.1 262.0 258.9 - - 231.2 253.1 25411 - - 825. 8.9 4.8 - -
0.2 259.7 259.2 265.6 265.6 266.4 2034 242\9 256.2 259.6 262.7 56.3 16.2 9.4 6.1 4.1
0.3 - 265.0 262.3 264.9 261.4 - 241.4 2448 2566 56.2 - 23.6 17.5 8.4 4.9
0.5 - - 264.1 262.8 260.6 - - 233.9 250.5 252.6 - {4 30.2 12.3 7.9
Table A-2: Comparison of flux losing due to backpulsing betwegperimental values and calculated values
Pulse interval (1 s) Pulse interval (3 s) Pulse interval (5 s) Pulse interval (10 s) Pulse interval (15 s)
Pulse Flux loss due to BP Flux loss due to BP Flux loss due to BP Flux loss due to BP Flux loss due to BP
duration L/(m2h) L/(m2h) L/(m2h) L/(m2h) L/(m2h)
(s) Calculated| Experimental | Error | Calculated| Experimental | Error | Calculated| Experimental | Error | Calculated| Experimental | Error | Calculated| Experimental | Error
value value % value value % value value % value value % value value %
0.1 25.7 25.8 0.4 8.7 8.9 2.2 5.2 4.8 6.9 - - - - - -
0.2 51.8 56.3 8.7 17.3 16.2 5.9 10.6 9.4 1114 5.3 .0 6 11.9 3.6 4.1 13.8
0.3 - - - 26.5 23.6 10.8 15.7 17.5 10.9 7.9 8.3 48 5.2 4.9 6.2
0.5 - - - - - - 26.4 30.2 14.3 13.1 12.3 6.5 8.7 97. 9.2
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A.2 Fluxlossdueto backpulsing for cross-flow UF element (Kaolin case)

Flux losing due to BP = Clean membrane flux withBBtClean membrane flux with BP

Table A-3: Flux loss experimentally due to backpulsing

Avg. clean membrane flux without BP

Avg. clean membrane flux with BP

Flux losing due to BP

Pulse L/(m?P.h) L/(mP.h) L/(m*.h)
duration Pulse interval (s) Pulse interval (s) Pulse interval (s)
(s) 1 3 5 10 1 3 5 10 1 3 5 10
0.1 255.6 252.3 251.3 - 2321 2411 24517 - 236 1 9. 5.6 -
0.2 - 255.7 252.9 2594 - 237.2 242.2 2541 - 18/5 10.8 5.4
0.3 - 255.9 254.1 257.7 - 231.2 238.3 2509 - 24(7 15.8 6.7

Table A-4: Comparison of flux losing due to backpulsing betwegperimental values and calculated values

Pulse interval (1 s) Pulse interval (3 s) Pulse interval (5 s) Pulse interval (10 s)
Pulse
) Flux loss due to BP Flux loss due to BP Flux loss due to BP Flux loss due to BP
duration ) ) ) )
L/(m“.h) L/(m“.h) L/(m“.h) L/(m“.h)
S
) Calculated Experimental | Error | Calculated Experimental | Error | Calculated Experimental | Error | Calculated Experimental | Error
value value % value value % value value % value value %
0.1 25.6 23.6 8.3 8.4 9.1 7.7 5.2 5.6 713 - - -
0.2 - - - 17.2 18.5 7.2 10.3 10.8 4. 5.18 54 4.7
0.3 - - - 25.6 24.7 3.5 154 15.8 2. 7.71 6.7 14.3
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Appendix B

Experimental data used for Taguchi orthogonal array L9
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Figure B-1: Net permeate flux in run #1: 1 s pulse interval, 8 pulse duration, 100 kPa pulse
pressure, 500 L/h. (Feed pressure 100 kPa, teroper2f+0.5C, dextrin feed solution (500 mg/L).
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Figure B-2: Net permeate flux in run #2: 1 s pulse interval 6 pulse duration, 125 kPa pulse

pressure, 1000 L/h. (Feed pressure 100 kPa, tetnpe/+0.5°C, dextrin feed solution 500 mg/L).
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Figure B-3: Net permeate flux in run #3: 1 s pulse intervaB 6 pulse duration, 150 kPa pulse
pressure, 1500 L/h. (Feed pressure 100 kPa, tetnpe2/+0.5'C, dextrin feed solution 500 mg/L).
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Figure B-4: Net permeate flux in run #4: 3 s pulse interval, ® pulse duration, 125 kPa pulse
pressure, 1500 L/h. (Feed pressure 100 kPa, tetnpe/+0.5°C, dextrin feed solution 500 mg/L).
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5. Net permeate flux in run #5: 3 s pulse interval 6.pulse duration, 150 kPa pulse
500 L/h. (Feed pressure 100kPa, tempe2itt0.5°C, dextrin feed solution 500 mg/L).
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Figure B-6: Net permeate flux in run #6: 3 s pulse intervad, ®pulse duration, 100 kPa pulse

pressure, 1000 L/h. (Feed pressure 100kPa, teroper2if+0.5°C, dextrin feed solution (500 mg/L).
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Figure B-7: Net permeate flux in run #7: 5 s pulse interval, ® pulse duration, 150 kPa pulse

pressure, 1000 L/h. (Feed pressure 100 kPa, tetnper+0.5°C, dextrin feed solution 500 mg/L).
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Figure B-8: Net permeate flux in run #8: 5 s pulse interval 6.pulse duration, 100 kPa pulse
pressure, 1500 L/h). (Feed pressure 100 kPa, teuper27+0.5C, dextrin feed solution 500 mg/L).
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Figure B-9: Net permeate flux in run #9: 5 s pulse intervaB 6 pulse duration, 125 kPa pulse
pressure, 500 L/h. (Feed pressure 100 kPa, teroper2f+0.5C, dextrin feed solution 500 mg/L).
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Appendix C

Materials and equipment
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C.1 Material properties

Table C-1: Physical and chemical properties of kaolin

Physical properties Typical value
Particle size distribution < 10 micron 83%
< 2 micron 60%
Mean particle size (D50) 1.5 micron
Residue ( < 45 micron) 2.1%
Reflectance (Elrepho R457) 79% (off-white in calou
Fired reflectance (Elrepho R457) 81%
Green shrinkage (%) 2.41
Fired shrinkage (%) 12.2
pH value 7-8
Specific gravity of Kaolin mineral 2.60
Mohs hardness 2.0-2.5
Moisture content 3%
Oil absorption (linseed oil) 45 ml/100g
Chemical analysis Typical value
Sio, 46.12%
AlL,O; 37.86%
Fe0s 0.28%
TiO, 0.55%
CaO 0.16%
MgO 0.18%
Na,O + K,O 0.58%

Table C-2: Properties of dextrin

Type Type |

Form Powder

Total impurities < 5% Reducing sugar
Colour Off-white to yellow
Water insoluble Not more than 10%
Alcohol soluble Not more than 0.5%
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C.2 Equipment

Equipment

Specifications

Feed pump (Al)

* Ecoject pump, Model R90
« Delivery: up to 24 mih.

e Head: up to 38 m.

* Power up to 0.6 kW

Backpulsing pump (A4)

« Stainless steel threaded centrifugal pump

« Delivery: up to 31 fh.

* Head: up to 62 m.

* Maximum operating pressure: 8 bar.

» Temperature of pumped liquid: -10 °C to 85 °C.
» Single-phase 220-240 V.

* Power up to 3 kW.

Solenoid valve (VS1,VS2

e Type No: MK10

e Orifice: 10 mm

* Port connection: G1/4 -G3/4.
e Pressure: 0-40 bar.

Pressure transmitter
(PT1,PT2,PT3)

* Model S-10

* Pressure: 0-10 Bar.

» Signal output: 4-20 mA.

» Power supply: 10-30 V DC (3-wires)

Flow indicator transmitter
(FIT1, FIT2)

* Type 8045

» Stainless steel sensor

* Measuring range: 0.2 to 10 m/s

e Pressure range: 2-10 bar

e Temperature : -10 to 11C

* Power supply: 18-36 V DC filtered and regulateahiBes)

Feed tank R1, R2

Plastic tank, 200 L

Permeate tank (R3)

Plastic tank, 50 L
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