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Abstract

This master’s thesis intends to find a strategy for floccoiatis pretreatment to
optimize crossflow microfiltration of polystyrene partiglguspended in deminer-
alized water. This is done by evaluating some propertiesoatillants. The in-
vestigated properties include structure, molecular wieighd charge density. The
evaluation is done by using three different polymers as @itzatt under crossflow
microfiltration on a model scale laboratory system. The p@ys in question are
Zetag 7631 (linear, high molecular weight), polyDADMAQgiar, low molecular
weight), and Zetag 7867FS40 (Cross-linked).

The polymer dosage used for the experiments is based on #igechatio (CR).
Three different charge ratios are used for each of the palyn@R 0.5, CR 1
and CR 2. The critical permeate flux is used as the evaluaticif because it
represents the highest flux for which no fouling occurs.

Itis concluded that the critical flux increases as the cheatie increases. Further,
using a high molecular weight linear polymer as flocculaneégithe best filtration
results and highest critical flux.






Danish Summary

Denne kandidatafhandling sgger at finde en strategi for tilgkkng som forbehan-
dling til optimere af tveerstrams-mikrofiltrering af polystn partikler suspenderet

i demineraliseret vand. Dette ggres ved at evaluere noglesggber for flokku-
leringsmidler. De undersggte egenskaber omfatter strukiniekylevaegt og lad-
ningsteethed. Evalueringen sker ved at bruge tre forskghagymerer som flokku-
leringsmiddel under tveerstrgms-mikrofiltrering pa et niskiga-laboratorie-system.
De anvendte polymerer er Zetag 7631 (lineaer, hgj molekysgt)y, polyDAD-
MAC (lineeer, lav molekyleerveegt) og Zetag 7867FS40 (tvaatbt)n

Den anvendte dosering af polymeren i forsggene er basetatipéngsforholdet
(CR). Tre forskellige ladningsforhold bliver brugt for hvaf de tre polymerer;
CR 0.5, CR 1 and CR 2. Den kritiske permeat flux anvendes sotuerirsgspa-
rameter, fordi den repraesenterer de hgjeste flux, hvor dersiker nogen fouling.

Det konkluderes, at den kritiske permeat flux stiger med igestle ladnings-
forhold, og at en lineaer polymer med hgj molekylvaegt som ilddadingsmiddel
giver de bedste filtreringsresultater med den hgjesteskeitpermeat flux.
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Chapter

Introduction

The industry is interested in having an efficient and fastw@tfor microfiltration
at the lowest possible cost. The cost increases as requitsrfog the pressure
and flow velocity increase. One of the bigger problems withrofiltration is the
fouling of the membrane, which leads to a slower filtration. pFevent fouling a
high crossflow velocity is often applied. However, this i atways enough, and
sometimes a pretreatment is necessary.

Previous studies have shown that the permeate flux in cressfigrofiltration
can be significantly increased by flocculation. It has begueud that fouling in
crossflow filtration in principle is caused by small part&cl€locculation results in
an increase in particle sizes and thereby increases theeperfiux [Chellappah
et al. 2008]. Flocculation is one available pretreatment methodever it is dif-
ficult to select the optimum strategy for the flocculation. stlvorks regarding
flocculation to enhance microfiltration have mainly invgated the effect of floc-
culation on limiting or steady state flux values, not critiparmeate flux denoted
Jorit [Chellappahet al. 2008]. The critical flux was first defined in 1995 in the
three papers [Fielét al. 1995], [Howell 1995] and [Bacchiet al. 1995]. The
main idea behind thé; is that below it, no fouling occurs. For further details see
Section 2.1.4 on page 6.

This thesis will focus otiFlocculation as Method for Optimizing Crossflow Micro-
filtration". This will be done by looking for a way to select the optimumattgy
for a specific flocculation. Polystyrene particles suspdndeemineralized water
will be used as model suspension for the filtration and flceaton.

Several different polymers are available as flocculant &ey differ in charge
density, molecular weight, and structure (linear, bradcleeoss-linked). The in-
fluence of the concentration/dosage of flocculant on thetyabif the suspension
to be filtrated will be investigated. This is done by usingethdifferent concentra-




Chapter 1. Introduction

tions. The concentrations are chosen on the basis of thgehatio between the
particles and the flocculant, hence making it possible togammthe result of the
filtration using different polymers as flocculants. Furttibe effect of the charge
density can be determined. The parameter used to evalugis the critical flux
Jrit. The effect of flocculant structure is also investigated.o Wifferent struc-
tures are selected; a cross-linked and linear. The effabeaiholecular weight on
the flocculation and the ability of the filtration is also istigated. This is done
by comparing experimental results from a filtrations usinggh My, flocculant
(Zetag 7631, Ciba) and a lok,, flocculant (polyDADMAC).

This thesis consist of six chapters and they are arrangextdiog to the standard
for scientific papers. ChaptEf 2 gives a brief introductiortite theory behind
crossflow filtration and flocculation. The methods used ferahalysis are intro-
duced in Chaptéd3 and all the results are shown in Chiaptedpt€f’b contains a
discussion of the results and finally, Chaplier 6 presentgsmmcluding remarks.




Chapter

Crossflow Filtration, Fouling
and Flocculation

In this chapter the theory necessary to understand the mischs of crossflow
filtration, fouling and flocculation will be explained. To derstand flocculation it
is necessary to know something about the movement of pestigid which forces
make them floc.

2.1 Crossflow Filtration

Crossflow filtration is a filtration where the fluid that is ggito be filtrated (Feed)
is moving parallel to the membrane, hence crossflow. Becaluagressure gra-
dient drop over the membrane, the fluid flow through the men#(®ermeate).
The fluid and particles held back by the membrane (Retentatebe circulated
back to the reactor. The system is sketched in Figuide 2.1.

Feed
, Retentate
00 _©O 00 0 O O

O 0O o 00
O 000 0O 00 O O 00 O OO0 00 00

Permeate

!

Figure 2.1: Sketch of crossflow filtration, where the perragteted and retentate are defined.
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The permeate flux through the membrane is symbolizedidayd is described by

AP

= 2.1
Nd - Riot ( )

whereAP is the pressure drop across the membragds the dynamic viscosity
andR. is the total resistance of the flow.

2.1.1 Total ResistancéRqt

The total resistance consist of a sum of contributions fradfer@nt elements: the
the resistance from the membrane it4&4§,), the resistance due to blockage of the
pores in the membran@pp), the resistance due to adsorption to the membrane
(Ra), the resistance due to concentration polarizatigg,), and the resistance
due to the cakéR:) [Chellappahet al. 2008]. Fouling is characterized by an
irreversible decline in the flux [Cheryan 1998], i.e. an #&ddi of resistance that
cannot be removed. This is tliRa) and(Rpp). However some would saiRcp) is
fouling as well even though it reversible.

o
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Figure 2.2: Sketch of the types of blockage a crossflow fitinainembrane can be subject & is
concentration polarizationR, is absorption of particles to the membrari,;, is the blockage of the
pore by particlesR; is the formation of the filter cake of particles on the membranrface.

Figure[2.2 shows a sketch of the different types of resigtdimat can occur when
crossflow filtrating. First from the left is concentratiorosin, it is a up-concen-

tration of particles from the bulk phase towards the memér&econd from the

left is the absorption of particles to the membrane showrenTthe blockage of

the pore is shown and last the formation of a filter cake ofigag is shown. The

cake formation is a consequence of concentration pol&izatar the membrane
surface.

2.1.2 Steady State Flux

The steady state flux denotégl may at first seem identical to the limiting flux,
but that is not the case. The difference between the two isl{hs dependent on
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Flux

»Time

Figure 2.3: Flux at the stationary part is called the stedale $lux ().

the pressure whild, is not. Figurd 2.8 shows the flux as a function of tindg;
is indicated by a circle, and it is, as the name indicatesfltixeat the steady state
of the function. For every pressure there i&a The steady state flux is highly
dependent on time, a flux may seem steady over a short pemedthinutes) but
over a longer duration time (hours) that may not be the cab& dll depends on
how long it takes the specific suspension to obtain the maxifiouling/blockage
of a specific membrane at a specific pressure.

2.1.3 Limiting Flux

The membrane resistance is assumed to be constant, andcepeneid on the
feed. When filtrating pure water the flux will increase lingawith the trans-
membrane pressure. However, this is only the case for pulerwa flux profile
for a suspension will look differently because as explaime8ection 2. 111, the
membrane resistance is not the total resistance — whettififira suspension the
particles will add to the total resistance.

J

AP

Figure 2.4: The theoretical filtration preformed with purater and a suspension. The pure water line
is the straight one. The curve which bends off and becoméerstay is the suspension line. The flux
at the stationary part is called the limiting fluk{.

Figure[Z.4 shows the theoretical flux dependency one pressupure water and
for a suspension. The straight line shows the pure waterraniihie that bends off
shows the suspension. The stationary flux after the bend cfilled the limiting
flux J». The limiting flux is one of the oldest concepts in crossflowdiion. It
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represents the maximum stationary flux across the membrhee increasing the
transmembrane pressure for a given suspension and it caariee by changing
the crossflow or pretreatment of the feed [Bacddtial. 2006].

2.1.4 Critical Flux

Three different papers published in 1995 defineddhe for the first time. The
three papers are [Fielet al. 1995], [Howell 1995] and [Bacchiet al. 1995].
They each had their own approach for this phenomenon, budrifieal flux Jerit
was essentially defined in two different ways. Eithettesflux at which the trans-
membrane pressure curve starts to deviate from a straigletdr asthe flux for
which the first irreversible fouling appearghe first definition of the two is de-
veloped by [Fieldet al. 1995] and it can be experienced in two different forms, a
strong and a weak form.

Js I

AP AP

>

A B

Figure 2.5: Two different definitions of the critical flux Ah€ strong form B: The weak form.

Figure 2.5 illustrates [Fieldt al. 1995] two forms of critical flux. Figure A shows
the strong form, and it is only affected by the resistancesddifrom the formation

of a cake or gel layer. The slope of the straight par: d’ . Figure B shows

the weaker form. This form is also affected by the resistater@ved from the

formation of a cake or gel layer but at the beginning of theegxpent there is
a quick adsorption to membrane. That is why the straight phthe curve is

lower for the weaker form, and the slopeﬁim [Bacchinet al.2006]. When

a critical concentration is reached within the membranenbauy layer, this can
be defined as the critical flux. It can be viewed as the flux foictvithe drag

force is larger than the thermodynamic forces that keep #récpes away from

the membrane surface. When the pressure is so high that thexXteeds the
critical flux and particles form a deposit on the membrare ds gel layer [Aimar
& Bacchin 2010].
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//

A B C

Figure 2.6: The three figures show three different types bfrper structure. A: Linear polymer. B:
Branch polymer. C: Cross-linked polymer.

2.2 Polyelectrolyte, Flocculation and Colloids

The fouling can be decreased if the particle size is incobagech can be obtained
by flocculation. If the particle size increases then it isuglble that di; can be
increased as well. Flocculation is when using a polyel&aido bind particles
together in flocs. In solution polymers adopt a random cailfiuration. Hence,
even though they might be up to 0@ long, the net diameter might only be
around Jum. When a polyelectrolyte is in solution the charge groupekeach
other, and hence the structure have a larger diameter. Tteeaentration in the
solution influences the structure of the polyelectrolytee Tons in the solution can
screen the charged polyelectrolyte groups from each osinelrhence the higher
the salt concentration the smaller the diameter of the pehguil [Gregory 2006].
Flocculants/polyelectrolytes are added in the form of atsah (usually 0.1 - 1
percent) to give the required final concentration in theiglarsuspension. The
final concentration is often in the order of fig thus the polymer solution might
be diluted up to a thousand times. To ensure a uniform digtab of polymer in
the suspension, an intense mixing is necessary [Grego§]2@¢hen the mixing
are insufficient, local overdosing can be experienced ahdrareas can experi-
ence lack of polymer. Overdosing can lead to excess adsarptipolymer which
may result in destabilization of the particles. This can reason why residual
fine particles exist and can cause after-flocculation.

Polymers can have different structures; they can be libeanched or cross-linked
in a network, see Figufe 2.6. However, nearly all efficiertdldants have a linear
structure [Gregory 2006].

2.2.1 Flocculation

When polymers are adsorbed to the surface of the particleatiept a more re-

stricted conformation than the random coil in the suspensius some entropy is
lost. For this reason, there must be favorable interactienseen the polymer seg-
ment and the particle surface. Below, three different tyyféavorable interactions

are described [Christensehnal. 2009], [Gregory 2006].
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Charge neutralization This happens when a charge flocculent is adsorbed to a
particle surface of the opposite charge and the chargesatieat When the
flocculate is small relative to the particle and when the et is evenly
distributed on the surface of the particle a homogeneousctenh of the
surface charge will take place. This lowers the repulsieetebstatic forces
between the particles, and once sufficiently reduced thmacsitte van der
Waals forces will dominate: this will result in a weak aggatgn of the
particles.

Electrostatic patches This happens when the flocculent is comparable in size to
the particle. The polymer gets adsorbed on the surface gfdhtecle in a
mosaic pattern. If the distance between the charges on fmeppis less
than the distance of the surface charge of the particle, ¢aéionic paths
form on an anionic surface. Interactions between such attisincovered
regions on other particles add an electrostatic contobuib the attractive
forces.

Inter-particle bridging This occurs when the flocculent exceeds the size of the
particle. Adsorbed polymer chains may reach far into th& biitthe sus-
pension and thus form bridges to other particles.

When polymers are adsorbed they adopt an equilibrium cordtion. The dy-
namics of this process is not yet well understood, but foglohained polymers
it can take several seconds or more to achieve the equitibcinformation. This
may have an imported influence on the kinetics of the flocmrat The mix-
ing causes collision between particles with adsorbed pehend without, which
leads to flocculation. However, the mixing conditions alaose breakage of the
flocs [Gregory 2006]. It is generally accepted that the aggafien rate is a balance
between floc formation and breakage, and hence the stattiibe floc influences
the particle size distribution [Jarvét al. 2005].

2.2.2 Colloids Stability

The stability of a floc depends on the strength and numbertef-particle bonds
between the particles and polymers. The strength of a flaarisidered the energy
required to break flocs under tension, compression, or sttezss. Figuré 217
shows two types of floc breakage: large scale fragmentatiolenutensile stress
and surface erosion under shear stress. The surface eoagieas an increase in
the smallest size particles [Jaretal. 2005]. This is very undesirable because the
small particles foul the membrane during filtration.

During crossflow filtration the suspension is in constant emegnt, thus the flocs
are exposed to stress. This can either be a turbulent flowjvdaiuses the particles
to whirl or a laminar flow where all particles are moving inasght lines parallel
to the walls of the tube.
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(1) Large Scale Fragmentation
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Figure 2.7: Floc breakage cause by tensile stress (lardge fsagmentation) and shear stress (surface
erosion). This figure is taken from [Jangsal. 2005].

Reynolds found a dimensionless number that can be used tactegze the flow.
The number is therefore called Reynolds number (Re) and eaxjressed by

_ oD

Re (2.2)

wherep is the density of the fluidy is the average velocity of the flui@ is the
diameter of the pipe/tube anylis the viscosity of the fluid. When Re is lower
than 1500 the flow will be laminar and when it exceeds 3000 the Will be be
turbulent. In the range 1500 to 3000 the flow is laminar with@easing tendency
for turbulence [Clemeret al. 2004].
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Chapter

Experimental Design

This chapter contains a description of the experimentsected in this thesis and
an explanation for the design of the experimenters. Firgbgreriment overview
is given where all conducted experiments are presented, excharacterization
methods for the polymers and particles are introduced. Bheyresented in the
same order as in the result chapter. Finally, the filtratigstesn on which the
experiments are conducted is introduced.

3.1 Experimental Overview

This thesis examines different parameters for optimizirgsflow filtration. The
optimum filtration rate is obtained at the critical flux. Thigher the critical flux
the higher the filtration rate and this is desirable. Pokgstg particles are used
in this thesis as model material, an they are flocculated taimla higher critical
flux. The main question is then how does the polymer and itpgutees influence
the filtration. The properties in question are charge, dgnsiolecular weight,
and the structure of the polymer. Three different polymesg@sted to answer the
guestion.

Zetag 7631, CibaA long linear polymer. When mentioned later in the thesis it
will be referred to as the "Long polymer" due to its structure

Zetag 7867FS40, CibaPoly(acryloxyethyltrimethylammonium chloride-co-akry
amide). When mentioned later in the thesis it will be reférte as the
"Cross-linked polymer"” due to its structure.

Cat floc (low) Poly(diallyldimethylammonium chloride) has very low molgar
weight 35wt.% in water.CgH16CIN is a short linear polymer. The polymer

11
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is also known as polyDADMAC. Itis from Sigma Aldrich produti| Ger-
many. CAS: 26062-79-3 Batch: 07528 BH. When mentioned latéhnis
thesis it will be referred to as the "Short polymer" due tcsitsicture.

By choosing a long straight polymer and a short straight mpelythe result will

show if the molecular weight of the polymer makes a diffeeenBut when us-
ing two different polymers their charge densities are aifferént. To overcome
this problem the polymer dosage is based on charge ratio (@REquatior, 3.1).

When the dosage is relative to the particle charge presealsa allows deter-
mination of the effect of the charge for the flocculation meg [Christensen &
Keiding 2008].

MpolOpol
MpartOpart

CR= (3.1)

whereo o andopart are the charge densities for the polymer and the partiates, a
Mpol andmpgt are the masses of the polymer and the particles, respgctivath

of the polymers are tested at three different concentratidime polymer dose is
given by a charge ratio defined by the added cationic polyrarge divided by
the anionic charge equivalent for the particle surface.

| CRO5 | CR1 | CR2

Long Polymer 1.6mg/l | 3.2mg/l | 6.3mg/I
Cross-linked Polymer | 4.7mg/l | 9.5mg/l | 19.0mg/I
Short Polymer 2.2mg/l | 44mg/l | 8.9mg/I

Table 3.1: Concentration equivalent to the charge densitgdch of the three polymers.

Table[3.1 shows the three different charge ratios and thiz@guat concentrations
for each of the three polymers. As seen in Tablé 3.1 the thHresen charge ratios
are 0.5, 1, and 2. The concentrations are calculated fromatiemli3.1, the charge
densities of the polymers are determined in Sedfioh 4.Ichihege densities of the
particles are found in Secti¢n 4.2, and the concentraticheparticles which is

159/l

0.4L/min | 0.6L/min
Water v v
Model Particles v v
Long polymer v v
Cross-linked polymer v -
Short polymer v -

Table 3.2: This table shows which experiments are condweitdwhich of the crossflows. When one
of the polymers is checked off it an experiment is conductedch for the charge ratios.

12



3.2. Polymer Characterization

All the experiments is named after the following conventidie names consist
of three parts; the first part tells which polymer is used. Tdreg polymer is
calledLong the experiments with demineralized water are caliater, and the
experiments with the model particles are caléfloc The experiments with the
cross-linked polymer are call€gfossand the ones with the short polymer is called
Short The next part of the name is determined by which CR is usedtentast
part of the name is determined by the crossflow velocity. Tdmaecould e.g. be
Long0506or Unfloc04

3.2 Polymer Characterization

A small amount of flocculant solution is diluted i 100 m| deevialized water. Af-
terwards a cationic polymer is added in excess (for prefograiback titration). If
there is any negative charge presentin the solution it wibbund. The remaining
of the cationic polymer and positive charge flocculant ingbkition will titrated
back with a negative charge polymer. Spectrophotometrgésiio observe this
titration. This is possible when adding a an indicator to gbkition. Toluidine
blue changes color to red when in a complex with PVS. The ah@émgolor can
be detected with the spectrophotometry when measuring@laance at 620nm
[Kam & Gregory 1999].

Figure 3.1: Color change of the titration when using Toluidblue as indicator. To the right is the
color (blue) in the beginning of the titration and the follog beakers contain more and more PVSNa.

Figure[3.1 shows the color change of Toluidine blue when imglex with PVS.
The blue color at the left is the starting color of the titoatiand the pink color on
the right is the ending color.

After having preformed a colloid titration the charge dénsian be calculated
from

N(PV SN&jing — PV SN@ampid
Vsamplucsam ple

Osample= (3.2)
whereasampid meq/|] is the charge density of the investigated flocculant rigl

the normality of the PVSNa solutidid.25meq/1). Vsampleis volume of the added
flocculant solutionCsampleis the concentration of the added flocculant solution,
PV SNajing is the added volume of PVSNa at the endpoint of the titratibtne

13



Chapter 3. Experimental Design

blind sample, an®V SNaampieis the added volume of PVSNa at the endpoint of
the titration of the sample.

3.2.1 Analytical Approach

A small amount of a solution of the flocculant (the volumen etegp on which
polymer and which concentration the solution is) is addetD@ml of demineral-
ized water while stirring. Then 5ml of Cat-floc.@ g/I solution of poly(diallyl
dimethyl ammoniumchloride), lowl,,, 20wt% in water Sigma Aldrich CAS.no:
26062-79-3 Batch:31597MJ)is added while stirring at 3@d.rjphe stirring is con-
tinued for 30 sec and then the velocity is decreased to 15@opé® sec. Next, 2ml
Toluidine blue (01 g/l) solution is added. The titration can now begin. Th2d|
PVSNa(Poly(Vinylsulfonic acid, sodiumsalt)25.%4 in water from Sigma Aldrich
Bach:002227ED-505) is added 1jiGat a time. The absorbance is measured at
620nm. After each measurement the sample is poured backimtoeaker. The
same procedure is preformed on blind sample of 100 ml of deralized water.

3.3 Model Particles

The model particles consist of polystyrene and they arecqmately spherical
and uniform in size. The synthesization of the particlesoisanpart of this thesis,
and they are made a priori. The suspension concentratibriiefore determined
before use. This is done according to Danish Standard 204. cbhcentration

is determined to 384 g/l. Before the suspension is used it is diluted to a con-
centration of 15g/I. There are two reasons for this; first of all two other report
[Holm 2009] and [Andersen & Nielsen 2007] have suspensioosrad this con-
centration experimenting on the exact same system. Segdhelamount of par-
ticles was limited and had to suffice for the entire measurgiwempaign.

The particles have an negative charge surface, to estimataégative the surface
is, a collide titration is performed and the zeta potentiaheasured. The particle
size distribution is also measured.

3.3.1 Polymeric Titration

The charge density of the styrene particles is essentiahwheosing the ratio be-
tween the polymer flocculant and the particles. The chargsitiefor particles is
found by using polymeric titration and the approach is a®v¥ahg: Mix reagent
A; a 0.25¢g/L poly(diallyl dimethyl ammoniumchloride)solution. 25 naf dem-
ineralized is transferred to 2050 mL beakers. 50L of the styrene suspension
is transferred to each of the beakers. Thgotential is measured on sample no.
0. Add 10uL of reagent A to sample no. 1, stir sample and measure theppeta

14



3.3. Model Particles

tential. Add 13uL of reagent A to sample no. 2, stir the sample and measure the
(-potential etc.

The charge density can be calculated from

ViolyCpoly Opoly (3.3)
Vsam plecsam ple

whereVpgly is the volume of added reagent A a@g,y is the concentration of
poly(diallyl dimethyl ammoniumchloride) in reagent 8oy is the charge density
of poly(diallyl dimethyl ammoniumchloride) which is. B medg [Christensena
et al.2009].

Polymeric titration is an analytical approach to obtain #e¢a potential for an
unknown substance. The principle in this analysis is to meathel-potential
(on the ZetaMaster) of the negative particles after addmdgrsown amount of
positive polymer to the solution. The polymer in this caspedly(diallyl dimethyl
ammoniumchloride). The charge density of the polymer isskmand hence the
change density of the particles can be determined from theuatrof polymer
added when the zeta potential of the solution becomes zero.

Ostyren=

Zeta Potential Measurement

The zeta potential measurements are preformed on the ZstaMMalvern In-
struments). It is done by subjection the suspended pasticlan electric field. In
a constant electric field, the particles drift at a constafdgity, the electrophoretic
mobilities (). Through the velocity, the Zeta Potential can be deterthineus-
ing Smoluchowski approximation

-
(= tacte (3.4)

Wheregq. is the di-electric constant of the solvent amthe viscosity. The deter-
mination is done by a software program supplied by the MalWestruments.

3.3.2 Patrticle Size

The ZetaMaster is also used to measure the particle sizédtsdn. This is done
by inserting a cuvette with a suspension of particles dilintedemineralized water
to an appropriate concentration into the ZetaMaster. I$ dg@amic light scatter-
ing (DLS) to measure the mobility (the diffusion constady)(of the particles. The
appropriate concentration is found by adjusting the cotmaéon of the sample so
it is detectible by the DLS. The diffusion constant is detiewex by a autocorrela-
tion function and under the assumption that the particlespherical the particle
diameter can be found by using the Stokes-Einstein equation

kT
~ 3mdp

(3.5)
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Chapter 3. Experimental Design

wheren is the viscosity[T is the temperature ardis Boltzmans constant [Atkins
& De Paula 2006]. If the particles are not spherical, the mieparodynamic
diameter @p) is found. All the data is the average of five individual measuents.
The ZetaMaster can measure particles in the range 10 hpm.

3.4 Flocculation

When adding a polymer flocculant to a particle suspensioa,iritention is to

flocculate the particles. The different types and concéntra of polymer used
for the experiments is found in Section3.1. The mixing ofplaticle suspension
and the flocculant is an important factor for the outcome efftbcculation, see
Sectior[ 2.2. The factor is not investigated in this thesis,abspecific method is
selected. The reservoir in the laboratory system has a rbotidm and is not
well suited for the purpose of the mixing. Thus the mixing iefprmed in 2L

Erlenmeyer flask before it is poured into the reservoir. Thiymer solution is

transferred by pipette and slowly dripped into the susmemasihile it is stirred

rapidly by a magnet. The rapid stirring continues for 5mirfobe it is slowed

down and stirred slowly for another 5min before it is pounatt ithe reservoir.

The measurement of the size distribution is a method of decttimg that this actu-
ally happens. It can also be used to se if there is any dififidied size when adding
different polymer dosage to the suspension. The un-flote|zarticle size distri-
bution is measured on the ZetaMaster but the sizes of theullmted particles are
to big to be measured by the same instrument(they are ldrgarijum). There-
fore, they are measured on the Microtrac(Leeds and Nortmagbel 7997) which
is able to measure aboveuh. The Mcrotrac also uses DLS for determining the
size of the particles. The largest difference between tloanatruments is the fact
that the zetaMater measures on a stationary sample whilitiretrac measures
on a moving sample and the sample volume is much larger wheg tiee Mi-
crotrac. The fact that the sample is moving might influeneedize of the flocs,
because the gradients in the flow velocity might tear thenntapphe results from
the Microtrac are averaged over two measurements eachaakern duration time
of 20sec.

3.5 Micro Filtration

The system on which the experiments are carried out is disglan Figure_3.2.
The system has a main circuit where the fluid is retained bymbmbrane and
circulates. This main circuit has a reservoir in which thédfig stirred, a pump
to get the fluid flowing, a pressure gauge the monitor the presa flow gauge to
monitor the flow velocity, and a house that holds the membiraptace.

The reservoir holds a maximum of 4L and the experiments ar&daout over a
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3.5. Micro Filtration

Flow
gauge

Pump gauge

Pump

Secondary
Pressure Permeate reservoir
gauge
Membrane
Feed housing Retentate

Figure 3.2: The system the experiments is carry out on. The airguite is make by the thicker black
line. The arrows makes the direction the fluid flow. Besidesritain circuite their is a flow gauge for
measuring the permeate flow, an pump that pumps the permaeitetdthe main circuite and an air
inlet, which is used to controlled the pressure in the system

time period of 5 to 6 hours. Therefore, the reservoir wouldltzned before the
end of the experiment if the permeate was not reintrodudedtire reservoir. This
is the reason for the pump outside the main circuit. The algllpump is not able
to pump the permeate back quickly enough when the pressuatetie highest.
For this reason a secondary similar pump is used for lastlemfpressure steps,
hence doubling the speed of the back flow. Sometimes the pstopsfor no
reason and to restart them, they were shut off for a shorogerfitime.

3.5.1 Calibration of Pressure Gauge

The new pressure gauge has a range-efd0bar and was installed in the system
setup. Before being used the gauge was calibred/fitted tsdfievare used to
sample the data. The calibration was conducted by addingarkpressure to the
gauge and then recording the corresponding bit number. rAlliree was fitted to
the data and an equation the the calibration was found asrsindvigure 3.8. The
equation was written into the data logging program, whicihén able to convert
the bit number it receives from the PMD to a pressure.

3.5.2 Calibration of Flow Gauge

The flow gauge had already been calibrated from previouspt®j However,
after the first few experiments were conducted there seembd tliscrepancies
between the flow measured by the flow gauge and the capaciye gfitmp used
to pump the permate back into the system. Therefore an additcalibration of
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Figure 3.3: The trendline added is fitted with ABAvalue of 0.999.

the flow gauge was conducted.

To ensure the calibration was performed for the appropfliaterange, the water
flow through the membrane at the pressures used in the exgrgswas used for
the calibration. The flow was measured by the flow gauge ad asdat the same
time the cumulated weight of the water that had passed thrthegflow gauge was
measured by a scale connected to a data acquisition compytélifferentiating
the signal for the cumulated weight with respect to time fin@ measured by the
scale is derived. The resulting time series of flow is comgpéoehe signal from
the flow gauge in Figurie 3.4.

50

T T T T
Flow measured by flow gauge
Flow measured by scale

40

w
o
T

Flow [g/s]

N
o
T

10

n i i i i i
0 100 200 300 400 500 600 700 800
Time [s]

Figure 3.4: Flow measured by flow gauge compared to the samerféasured by a scale. The original
calibration of the flow gauge is used here.

The pressure is increased throughout the experiment, anetliee flow becomes
higher and higher. This is also reflected in the time seriesswmed by the scale,
but the data from the flow gauge shows a drop at the last step. flo\w drop
indicates the maximum flow velocity that the flow gauge is ablmeasure.

In each step the mean value is computed for both the scalehanitbtv gauge,
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Figure 3.5: Compartment of data points

which yields six five data points, since the last point is diged due to the maxi-
mum capacity of the flow gauge. A line is fitted to the data aswha Figurd 3.b.
From the fitted line it is seen that the flow from the flow gaugasth be multiplied
with a scale (0.0202) and have an offset (-0.0527) added/&athye correct flow. In
Figure[3.6 the two data sets are shown after the flow gaugedeasrb-calibrated.
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Figure 3.6: Flow measured by flow gauge compared to the samerflasured by a scale. The new
calibration of the flow gauge is used here.

3.5.3 Membrane Housing

Two pieces of membrane are housed in the membrane housirgh wbnsists

of two identical plates of plastic hold together by six scsewl'he membrane
surfaces are facing away from each other and against the latesp They are
separated by two pieces of porous material which have a waryrésistance to
the permeate passing through it. The membrane housing vensimoFigure[3.7.

Although it seems like the flow is passing in the four cavitiies particles are
spread evenly all over the membrane surface after a filtratidence, when cal-
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Figure 3.7: Membrane housing.

culating the membrane surface used the entire area of ipécl membrane is
measured. The membrane used in all the experiments is figmpolmembrane
(FSM 0.45PP) from Alfa laval. A new membrane is used to eacthefexperi-
ments, and before use itis cleaned according to Laval [2006] cleaning process
consist of three steps: first the flush through with demirezelwater for 10 min.
Second the system is flushed witl1% NaOH (J.T.Baker CAS No.: 1310-73-2.
Bath;0627503023)solution for 10 min. Last the system ishiaswith demineral-
ized water for 10 min before use.

3.5.4 Experimental Approach

In experiments with crossflow filtration either the pressoréhe permeate flux
is kept constant. The main focus area in this thesis is thiearflux, and one of
the main methods for determining the critical flux is by pteestepping [Bacchin
et al.2006]. Under this approach the pressure is increased aneladed following
a predetermined pressure profile and the correspondinggaeerfiux is measured.

35

1st

1st 2nd

1st 2nd

1st 2nd

1st 2nd
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Figure 3.8: Pressure profile all the experiments follows.
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3.5. Micro Filtration

Figure[3.8 shows the pressure profile used in all the expatsy@eformed. The
profile is adopted from [Espinasse al. 2002], though it is not the exact same
pressure profile. The difference is that [Espinasisal. 2002] has an additional
down stepping sequence after the profile shown in the figure.

The profile in Figuré3]8 is chosen because it is possibledtyaa the reversibility
of the fouling for each of the pressure steps. This makeséteriohination of the
critical flux fairly accurate [Bacchiet al. 2006]. The reversibility of the clogging
of the membrane can be analyzed by comparing the two stelps saine pressure;
if the same permate flux is reached the clogging is rever$ifdpinasseet al.
2002]. The duration time for each step is important becausdlix may appear
steady during a short period of time, but it might not be ovésreger period of
time [Bacchinet al. 2006]. Each pressure step for the experiments preformed
is 30min because it is a sufficiently long period of time to getindication of
stability in the permate flux, and further it is short enouglas experiment can be
preformed in one day.
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Chapter

Experimental Results

This chapter presents and discusses all the experimengabdtained in this the-
sis. First, the polymer and particle characterizationsamvn and finally the the
flux data from the step function experiment is treated.

4.1 Polymer Characterization

This section contains the results from the colloid titratidescribed in Sectidn 3.2
of the three different polymers. Further, the charge dgfsitory) is calculated for
each of them. The three polymers are presented one at the time

As stated in the introduction the size of the particles infles their ability to
be filtrated. This is a reason for measuring the size dididhuof the styrene
particles after they have been flocculated. A sample of 203rdrépared for this
experiment. The small sample is treated the same way as mhglesaised for
the filtration. This means that the sample is heavily stifi@d5 minutes after
adding the the flocculant one drop at a the time. Then, theesiségn is stirred
additionally for 5 minutes at a lower velocity. After the pegation, the size of the
particles in the sample is measured by the Microtrac.

4.1.1 Long Polymer

Figure[4.1 displays the result of the titration of the londypeer. Two lines are
fitted to the data set. The intersection of the lines markshigh endpoint of
the titration. The vertical lines are added to make it easieead the value of
the endpoint. According to equatidn (3.2) the endpointsraspectively called
PV SNgjing and PV SNaampie for the water and flocculant. All the variables of

23



Chapter 4. Experimental Results
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Figure 4.1: Absorbance as a function of added PVSNa for ttegitin of the flocculant (Zetag 7631)
and demineralized water. The endpoint for each of theitimatis found by the intersection of two
fitted lines and is indicated by a vertical line.

equation[(3.R) are now known. The charge density of the flactis

1.25(4.43-10°3-5.87-1073)
Osample= 30-105-10

This result is used to calculate the amount of polymer addéke suspension of
particles for each of the experiments. The amounts can badfouTable 3.1 on
page 12. The floc sizes are measured for each of the expesi@medithe results
for the long polymer can be seen in Figlire]4.2. The figure shbatsCR 1 and

=6.0meqg

8 T R T R T M | M T
—o6— 1 [meqg/meq]
r : : o : —&— 2 [meqg/meq]
0.5 [meg/meq]

Volume Percentage [%]
D
T

Size [um]

Figure 4.2: Size distributions of particles flocculated g bbong polymer.

CR 0.5 have essentially the same distribution, though wigHittle difference that
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4.1. Polymer Characterization

CR 1 has a small increase in size. For CR 2 the distributiomeisrly different
from the other two; it only has one peak. Further, the parsite is clearly larger.

4.1.2 Cross-linked polymer

The charge density of the cross-linked polymer is deterthireng the procedure
in Sectio{ 3.R. The structure of a cross-linked polymer reakeifficult to deter-
mined the charge density because maybe not all charges@essidne. However,
no special considerations are made compared to the twglsti@olymers.

500 T T T T T

O Water

+  Cross-linked Polymer
400 1

100

8 10 12
Volume added [ml]

Figure 4.3: Absorbance as a function of added PVSNa for thatitin of the flocculant (Zetag
7867FS40) and demineralized water. The endpoint for eattfedftrations is found by the intersection
of two fitted lines and is indicated by a vertical line.

Figure[4.3 shows two sets of data. One is the colloid titratib water and the
other is the colloid titration of the cross-linked polyméFhe high endpoint of
each titration are marked by two straight lines crossing.o Tagrtical lines are
added to ease the reading position of the line intersectiBased on the found
result and Equatidn 3.2 the charge density is determined

1.25(3.96-103—4.96-1073)
Osample= 011103

=125meqyg

The result seems high unlikely because it exceeds the maxioharge density
for this polymer. Christenseet al.[2009] found the exact same polymer to have
a charge density of. 26 meg/g which seems plausible. Thus96 meqg is used
for the calculations of the charge ratios/polymer dosagéhis flocculant, which

is shown in Table 3.1 on page 12.

Figurd 4.4 depicts a clear difference between functionthiethree CR. Itis fairly
surprising that the CR 2 (the one with the most polymer floact)lhas the largest
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Figure 4.4: Size distributions for particles flocculatedtbg cross-linked polymer. All three CR are
shown.

fraction of small particles while the CR 1 has the smallesttion. The size ranges
measured by the Microtrac is 90m to 1Gum. The two CR (6 and 1 have
particles distributed throughout the range while the CR&hw particles with a
size bigger than um.

B

Figure 4.5: The three pictures are taken by a microscopeanithx lens and show flocs of the styrene
particles and the cross-linked polymer. A: CB®: CR1C: CR 2

Figure[4.5 shows pictures of the flocs for the experiments€1604, Cross104,
and Cross204. All three pictures have a size bar ofub®@@nd the structures of
the flocs can be seen. Picture A shows the CR 0.5, B the CR 1 ahd CR 2.
It is seen in all the pictures that the floc are not dense artdinr not spherical.
The smallest of the particles can not be seen in these psctarel hence they
do not reflect the particle size distributaries. This is dls®reason that there is
only picture for the cross-linked polymer, because thiyp@r have the largest
particles sizes, although Figure 1.9 shows differentlyisTdan be because the
strength of the floc is insufficient to sustain the integritythie Microtrac. This
could indicate that the long polymer have the strongest ttodhat the Microtac
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is not able to measure that large flocs.

4.1.3 Short Polymer

The charge density of the short polymer is also found by ablfidration. Fig-
ure[4.6 shows the result of the titrating. The two functioispldy the titration of

400 T T T T T T T T
O  Water
Short Polymer

350

300

250

200

10° Abs

150

100

50

Volume added [ml]

Figure 4.6: Absorbance as a function of added PVSNa for traditin of the flocculant (polyDAD-
MAC) and demineralized water. The endpoint of each of thatiiins is found by the intersection of
two fitted lines and is indicated by a vertical line.

water with the polymer used to absorb any negative chargedthit is not neces-
sary) and the titration of the same plus the short polymepéanThe intersection
of the two lines fitted to each of the data sets indicate thé bigdpoint of the

titration which is used for the calculation of the chargegign As previous, the

vertical lines are included for easier reading of the endipealues. The charge
density is

1.25(4.05-1073—4.87-1073)
Osample= 70.106.35

=4.18meqg

From the calculation it can be seen that the charge denstheaghort polymer is
4.18 meqL which seems like a fair value. It used in the calculation efvimuch
polymer to use for the flocculation when the three chargesadre applied. The
results can be seen in Table 3.1 on page 12.

The result of the polymeric titration is displayed in Figit&. It shows the zeta
potential as a function of added volumat | of positive polymer (polyDADMAC).

27



Chapter 4. Experimental Results

50 T T T
—%*— 1 [meg/meq]
—*— 2 [meg/meq]
T 40 —— 0.5 [meg/meq] [
©
g
£ 30
[}
o
[
o
o 20f
1S
>
S
101
0 -1 0 8 1 " o F RORTRTRTR 3
10 10 10 10 10

Size [um]

Figure 4.7: Size distribution of flocs for the three CR’s folyDADMAC.

4.2 Model Particles

The charge density of the particles is found by polymeriation, see Sectidn 3.3.1.
Figure[4.8 shows the zeta potential as function of volumehefadded positive
charge polymer. For each sample five measurements are nmatitheaerror bars
in the figure show the maximum and minimum value measuredfihee shows
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Figure 4.8: Charge density of styrene particles determbyepolymeric titration and measurement of
the zeta potential on the ZetaMaster. The zeta potentieoparticles is shown as a function of added
polyDADMAC.

the interception with the x-axis is 120. All that is needed to calculate the charge
density, with Equation(3]3) is the concentration of theestg particle solution,

28



4.3. Micro filtration

12.2.10°%.0.25-6.19
Ostyren = TT5(.10-5.3054

= 0.0124megg

The charge density of the particles is found to b@1@4 megg, and this value is
used for the calculations of Table 3.1 on page 12.

The sizes of the styrene particles are mostly too small to éasored by the Mi-
crotrac on which the flocs size distributions are measureeinck, the particles
size are measured on the ZetaMaster.
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Figure 4.9: The cumulative size distribution of the styremadel particles and all the floc sizes for the
different CR’s and flocculants.

Figure[4.9 shows the size distributions for the styreneigiast and all the flocs.
The most important thing to note on this figure is that all tlheglare in the mi-
crometer range while the model particles are in the nanamaitge. Also the
model particles are quite uniform while the flocs are not. Maeow size range
the particles are distributed over is part of the reason wee chosen for model
particles.

4.3 Micro filtration

The results from all experiments with micro filtration aregented by showing a
plot of the flux vs. time and a graph showing both the presssrdime and the

resistance vs. time. The resistance is not the exact déeorigf the data shown;

more precisely it is the resistance multiplied with the wisity. The viscosity is

the same for all the experiments, and thus it is disregatdedighout the rest of
the thesis.
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The data shown has been processed to remove spurious datagal it has been
averaged with a running average over 20 time steps. The ggdiaam the raw data
to the data presented in this section is described in détafippendixA.

The sampled data is calibrated according to Se€fion]3.&&pexor the data from
the un-flocculated particles. They are not calibrated beedle flux becomes
negative with the determined expression for the calibratidhis indicates that
the calibration coefficients are not totally correct; dgrihe experiment a flow
through the membrane was observed, and therefore the nedasegative flux is
not trusted.

4.3.1 Water

Two experiments are carried out with demineralized watke difference between
them is the crossflow velocity of respectively@ /min and 06 L /min. First up is
Figure[4.1D and it shows flux vs. time for Water04 (see pageda tlefinition of
experiment names).

10 T T T T T M T

Flux [Ih™tm ™3]

0 50 100 150 200 250 300 350 400
Time [min]

Figure 4.10: Flux vs. time plot for the filtration preformedtndemineralize water at crossflow velocity
0.4L/min.

Figure[4.10 depicts a clear change in the flux approximateyevadf hour. This
is due to the pressure model used. The pressure model is tkebEigure[3.8,
but it is not a complete replica — there are minor differendédgs applies to all of
the experiments. The accurate pressure model for this iexpet can be seen in
Figurd4.11 which presents time series of both the pressutée resistance. The
resistance represeri®, and is uniform throughout the experiment as expected.

At the step when the pressure is 3bar, a sudden pressuresdzap be identified
in the middle of the step. This is a result of having to stopekgeriment briefly.
The container used for collecting the permeate was overfipand consequently

30



4.3. Micro filtration

14 T T T T T T T 35
————— Resistance
1.2H Pressure W 13
1r ml 125
@ I
2 oaf |2 2
8 g
b | 2
o 0.6 X 11.5 @
= A Ly &
04 fiu'\»‘f " . v 11
e ,4‘”“%{ Mo b rl vl ity oo /\
0.2 : 10.5
0 i i i i i i i 0
0 50 100 150 200 250 300 350 400

Time [min]

Figure 4.11: Resistance development over time for the tfdtnapreformed with water and a flow of
0.4L/min.

the system was nearly emptied for water. The water was purbpekl and the
experiment was restarted. Data was collected during thieegrbcess.
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Figure 4.12: Resistance development over time for the tfdtmgpreformed with water and a flow of
0.6L/min.

Figure[4.1? shows the flux vs. time graph for Water06. All tteps are relative
horizontal except for the step where the pressureSs8ér the second time. This
can be explained if looking at Figuke 4113 which shows theesponding time
series of pressure. Itis seen that in the concerned stepaksyse shows the same
behavior as the flux. The reason for the strange behaviorisspre is unknown.
Some pressure drops can be seen when stepping down. Dueimydbess of
decreasing the pressure over the membrane, a valve to theesarvoir is opened
which causes the pressure in the main reservoir to drop gedlm atmospheric
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Figure 4.13: Filtration preformed with water and a flow o8 D/min.

level. Next, the pressure is increased again to the degvediby the air pump.
Figurel4. 18 also shows the resistance development over liike in Figure[4,. 11
the resistance show&, and it is also quite stationary throughout the experiment.
A linear regression is fitted to each of the data series foivtbevater experiments.
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Figure 4.14: Linear fits for the each of the two data sets faewat the two different flows. ThB?
value is 096 and 097 for respectively water with the crossflowd@ /min and 06 L /min.

They are displayed in Figute 4]14. The graph shows that tbdihes are quite
parallel and that the higher flow give a small increase in though the membrane.
The two lines are expected to be similar because they areadfielgted byR.
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4.3. Micro filtration

4.3.2 Un-flocculated Particles

This section presents the results from the two experimehtrevno flocculant
were added to the styrene particles. The two experimentbwitalled Unfloc04
and Unfloc06. First, Figufe 4.115 shows the time series of ftutUnfloc04. The
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Figure 4.15: Filtration preformed with the model partictesd a flow of 04L/min . The data set from
this experiment is not calibrated unlike the rest of the data.

graph shows that all the steps are not horizontal &gds not reached at any
of the steps. This means th&t;; is below the flux found using.Bbar pressure.

After the first 2 bar pressure step the flux decreases ratheinicreases or become
stationary like theory dictates (cf. Section]2.1).
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Figure 4.16: Average flux and pressure for each step in theotO4l experiment. The curves are
second degree polynomials fitted to the data points. Theioota™ and 29 is defined in Figurg3]8.
The polynomials are fitted witR?2 of respectively 64 and 099.
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Chapter 4. Experimental Results

Figure[4.16 shows flux dependence of the pressure, usingesager/value to rep-
resent each of the steps. The curves in the figure are secgnekdeolynomials.
They are fitted to values representing tifeand 2% time a pressure is reached.
If below Jgit the two curves should be similar. The fact that they are ndt on
reinforces the point made from Figure 4.15 that is below the flux found using
0.5bar pressure. The fact that the points are not positionecigaly at the pres-
sures they should represent is caused by the pressure lzihtptset accurately.

Figure[4.1V shows the pressure profile and the resistanegogerent over time.
There is nothing unusually with the pressure profile. The mgaint to make
about the resistance developmentis the high spike in thiabieg. This could be
caused by an adsorption, hence S follows Field et al. [1995] weaker from,
cf. Sectiof 2.11.
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Figure 4.17: Resistance development over time for the tfdmapreformed with the model particles
and a flow of 04L/min .

Figurel4.18 shows the flux vs. time for Unfloc06. All the firgst seem to have
a slope less than zero while the second steps seems to bertaliZrhe absolute
value of the slops of the first steps decreases as the présstgases. The steps
with corresponding pressures betweebliar and 2bar does not rea&ly while it

is unclear if last two steps reach&s This indicates that no fouling occurs when
a pressure is reached for the second time. Because thedpsias a slopei; is
assumed to be a flux below the one found when using a pressQrelHr

Figure[4.19 shows the correlation between flux and pressurgrifloc06. Two
second degree polynomials that are fitted to respectivelse@e values represent-
ing all the B! times and all the ® times a pressure is reached. Although using
a second degree polynomial the lines are fairly straigher&lare quite similar;
there are small differences between them in the beginnidgfay cross at the end.

It does not seem like the curve bend off indicating the altftux, but according
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4.3. Micro filtration
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Figure 4.18: Filtration preformed with model particles anfow of 0.6L/min
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Figure 4.19: Average flux and pressure for each step in thethslexperiment. The curves are second
degree polynomials fitted to the data points. The notat®radd 29 is defined in Figur€3]8. Both
polynomials are fitted witliR2 of 0.99.

to the step figure_4.18 all the data should be above the drtica It could be
possible that the curvature should be low and the point wiivengcross is neak,
and they will start to be horizontal. Figure 4120 shows trespure profile for Un-
flocO6 and the resistance development over time. It lookstlile previous graph,
cf. Figure[4.1V. It has the large spike in the beginning, ambefore this could
indicate Fieldet al’s [1995] weakei; .
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Figure 4.20: Resistance development over time for thetfdimgpreformed with model particles and a
flow of 0.6L/min.

4.3.3 Long Polymer
In this section all the results from the experiments caroetwith the long poly-

mer used as the flocculant are presented. The section i®diirtb three subsec-
tions after the concentration ratio used.

CRO0.5
Figure[4.21L shows the flux vs. time for Long0504. All of thepstseem to have
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Figure 4.21: Filtration with model particles flocculatedtio 0.5) and a flow of @L /min.

a slope, indicting that théi; is below the detection limit for these experiments.
Also indicated is that step two a the individual pressure dbragain the same
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4.3. Micro filtration

height of flux as step one. It is difficult to assess if any of $keps that have a
slope reached;s. Figurd4.2P shows the correlation between flux and predsure
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Figure 4.22: Average flux and pressure for each step in thg@s®4 experiment. The curves are
second degree polynomials fitted to the data points. Theiootz™ and 29 is defined in Figurg3]8.
Both polynomials are fitted witR? of 0.99.

Long0504. Two second degree polynomials are fitted to theageevalues for the
pressure steps: one representant for each ofYrentl one representant for each
of 2" pressure steps. The curves fit the data quite well, Ritlof 0.99 for the
both of them. There is only a little distance between the twves, but it still

enough to reinforce the assessment that is below the detectable limited for
these experiments.
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Figure 4.23: Resistance development over time and theyeesser time for the filtration of the long
polymer CR 05 and a flow of.@L/min .
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Chapter 4. Experimental Results

Figure[4.2B shows the pressure profile for Long0504 and thisteece develop-
ment over time. There is nothing usually about the pressiofiga However, an
interesting point should be noted about the resistance@awvent. Step one has
an increasing resistance, which corresponds well withféigi21 where the flux
decreases for the same step. Another thing is the very hgistaace (compared
to the rest of the experiment) at the second step&b&. The reason for this is
unknown. The rest of the resistance is quite uniform.
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Figure 4.24: Filtration preformed with model particles flatated with the long polymer (ratio 0.5)
and a flow of 06L/min.

Figure[4.24 shows the flux vs. time graph for Long0506. ThisrBgesembles
Figurel4.2]l very much, thus the same points are valid foretieriment.

Figure[4.25 shows the correlation between flux and pressureding0506. Two
second degree polynomials are fitted to respectively theageevalues for the
pressure steps: one representant for each of¥rentl one representant for each
of 2"d pressure steps. This figure resembles figurel 4.23 very madhgssame
points is valid for this experiment.

Figure[4.26 shows the pressure profile for Long0506 and thisteece develop-
ment over time. The resistance development for this expmrintooks a lot like

the resistance development in Figlire 4.23. This indicaiehigh resistance for
the second step at®bar is not coincidental.

CR1

Figure[4.2V shows the flux vs. time graph for Long104. The lysagepicts that
the step corresponding toSbar is very messy — it starts low and then becomes
very high. Figuré 4.29 shows that it is not caused by a mistakbhe pressure.
However it could be explained by the fact that the flow gaugw®isable to keep

up with the permeate flow. When this is the case the flux is cify low, if the
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4.3. Micro filtration
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Figure 4.25: Average flux and pressure for each step in thgg@s0®6 experiment. The curves are
second degree polynomials fitted to the data points. Theioota™ and 29 is defined in Figurg3]8.
Both polynomials are fitted witR? of 0.99.
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Figure 4.26: Resistance development over time and theyreesser time for the filtration of the long
polymer CR 05 and a flow of.6L/min.

flux the decline so the flow is able to keep up an increase in filboe detected
as in Figurd4.27. The generally seems horizontal, thus titieat flux is not
reached. This allegation is confirmed by Figure #.28 whiawshthe correlation
between flux and pressure for Long104. Two second degrea@uoiials are fitted
to respectively the average values for the pressure stepsepresentant for each
of the T and one representant for each 8f Pressure steps. The two points that
are spuriously low are not used when fitting the curves — Thadfew number
of points produces very good fits. The curves are nearly ickrdand they quite
linear. This indicates that it is the linear part of the cuared no fouling has
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Figure 4.27: Filtration preformed with model particles flatated with the long polymer (ratio 1) and
aflow of 04L/min .

occurred yet.
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Figure 4.28: Average flux and pressure for each step in theyl@h experiment. The curves are
second degree polynomials fitted to the data points. Theioota™ and 29 is defined in Figurg3]8.
The polynomials are fitted witR? of respectively 100 and 090.

Figure[4.2D shows the pressure profile for Long104 and thstaese develop-
ment over time. Because the resistance is calculated frerfittk the resistance
becomes artificially high when the flux is artificially low.

Figure[4.30 shows the flux vs. time graph for Long106. The s@pespond to
3bar is messy otherwise the step are horizontal. This méansédr the previous
experiment that the critical flux can not be found in this gtud
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Figure 4.29: Resistance development over time and theyeesser time for the filtration of the long
polymer CR 1 and a flow of.@L/min .
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Figure 4.30: Filtration preformed with model particles flaated with the long polymer(ratio 1) and
a flow of 06L/min.

Figure[4.31l shows the correlation between flux and pressuredngl106. Two
second degree polynomials are fitted to respectively theageevalues for the
pressure steps: one representant for each of¥rentl one representant for each
of 2"d pressure steps. The two curves lie in top of each other itidigao fouling.
However, some deposits on the membrane were always obsafteedn exper-
iment. This could be explained by two different phenomenaTtere is a very
rapid adsorption of the floc to the membrane surface, thuslaviis Fieldet al’s
[1995] weaker from of critical flux and afterwards there ismore fouling. 2)
The structure of particles cake deposited on the membrag® miut influence the
resistance. The last of the two possibilities seem highlikaly, so it is properly
the first explanation. Figute 2131 depidgg: to be approximately 6 Lhtm~—2,
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Figure 4.31: Average flux and pressure for each step in thg1@® experiment. The curves are
second degree polynomials fitted to the data points. Theioota™ and 29 is defined in Figurg3]8.
The polynomials are fitted witR? of respectively 08 and 099.
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Figure 4.32: Resistance development over time and theyeesser time for the filtration of the long
polymer CR 1 and a flow of.6L/min.

Figurd4.32 shows the pressure profile for Long106 and thistaese development
over time. When the pressure is 3 bar the resistance makedkavgaich is a result
of the messy flow data, see Figlire 4.30.

CR2

Figure[4.3B shows the flux vs. time graph for Long204. All of #teps seem
horizontal, thus no indication of foulinglerit cannot be assessed from this figure.
The flux might not have exceeded it. The steps correspondi@gbar and 3bar
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Flux [Ih™tm™?]
= =
[e)] 0] o N

IN

0 i i i i i i
0 50 100 150 200 250 300 350
Time [min]

Figure 4.33: Filtration preformed with model particles flaated with the long polymer(ratio 2) and
aflow of 04L/min .

are lower than they should be. This is the result of the flonggauot being able
to keep up with the permeate flow.
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Figure 4.34: Average flux and pressure for each step in they2@h experiment. The curves are
second degree polynomials fitted to the data points. Theioota™ and 29 is defined in Figurg3]8.
The polynomials are fitted witR? of respectively ®5 and 099.

Figure[4.3% shows the correlation between flux and pressuredng204 and a
flow velocity of 04L/min . Two second degree polynomials are fitted to the aver-
age values for the pressure steps: one represents eachléfahne one represents
each of 29 pressure steps. The two points which the curve does not gaghr
are not used in the fitting, because as explained in the prew@ection they are
unnatural low. The two curves lie on top of each other, thusauting occurs.
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However the curve bends off so an approximate assessmégnt & 8 Lh~tm—2.

14 T T T T T T 35
————— Resistance |
1.2 H Pressure i 43
1F 12.5
) ]
2 0.8f 1 =
i g
R 2
0 A
& | R, 115 8
A i o
b 11
b
,‘ cr WA e e P o 405
0 i i i i i i 0
0 50 100 150 200 250 300 350

Time [min]

Figure 4.35: Resistance development over time and theyreesser time for the filtration of the long
polymer CR 2 and a flow of.@L/min .

Figurd4.3b shows the pressure profile for Long204 and tlistaese development
over time. The pressure graph looks as expected, howevessstance develop-
ment have two sudden increases at pressuresdfét and 3bar. They are caused
by the unnatural low values of the flux for these two steps Figere[4.38.
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Figure 4.36: Filtration preformed with model particles flaated with the long polymer(ratio 2) and
a flow of 06L/min.

Figure[4.36 shows the flux vs. time graph for Long206. The stepesponding
to 3bar is lower than it should be because the flow gauge camsg up with
the permeate flow. This is further indicated by the fact thigufe[4.38 shows the
pressure is as it should be. All the steps seem horizontéthwhean no fouling
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4.3. Micro filtration

occurs. The two lie on top of each other meaning no foulingicecHowever, it
does start to bend of, so an approximate assessmégk 6§ 7.5Lh~1m=2.
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Figure 4.37: Average flux and pressure for each step in the2@® experiment. The curves are
second degree polynomials fitted to the data points. Theioota™ and 29 is defined in Figurg3]8.
The polynomials are fitted witR? of respectively 00 and 099.

Figure[4.3V¥ shows the correlation between flux and pressuredng206. Two
second degree polynomials are fitted to respectively theageevalues for the
pressure steps: one representant for each ofYrentl one representant for each
of 2"d pressure steps. The one point that is by itself, is not usedgithe fitting,
because it is unnatural low as explained in the previousmsect
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Figure 4.38: Resistance development over time and theyreesser time for the filtration of the long
polymer CR 2 and a flow of.6L/min.

Figurd4.38 shows the pressure profile for Long206 and tlistaese development
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Chapter 4. Experimental Results

over time. The pressure graph looks as expected, howeveggtstance has a high
peak in the end. This is a result of the unnatural low flow fer pnessure step at
3bar.

4.3.4 Cross-linked

The results for the three experiments with the cross-lirg@gimer as flocculant
are displayed in this section. However, the graphs disptaifie pressure profiles
and the resistance developments over time for these exgetsncan be found in
AppendiXB — There is not anything new to comment on them.
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Figure 4.39: Filtration preformed with model particles flatated with the cross-linked polymer(CR
0.5) and a flow of GtL/min .

Figure[4.39 shows the flux vs. time graphs for Cross0504. Thedidepicts
that the flux drop to near zero at the first step, which must lbalme of some
reversible blockage of the membrane. This causes a massik@ase in the re-
sistance at first as Figute B.1 shows followed by a drop in #sistance as the
pressure is increased. Hence the blockage was reversibieugh it is not the
expected behavior, normally the drop would be expected afteessure drop be-
cause then the particles are easier to remove from the mambra

The duration time for the second step equivalent to a pressiut5bar is longer

that the usually 30 min because of a failure of the pump oetgid main system.
This resulted in loosing fluid from the system. The fluid wasimeed into the

system by adding an extra pump. All the steps in this experirseem to have a
slope meaning that thi,;; is below the sensitivity of the pressure gauge.

Figure[4.4D shows the flux vs. time for Cross104. The flux i ltigmpared with

the experiments described previously in this chapter,limisteps are tilted so the
critical flux exists below the detectable limited for thes@eriments. After the

46



4.3. Micro filtration

12 T T T T
10 B
< 8 l
£
-
|£ 6 i
x
=
w 41+ .
2F 4
0 i i i i
0 0.5 1 15 2 25
Tid [min] % 10°

Figure 4.40: Filtration preformed with model particles flatated with the cross-linked polymer(ratio
1) and a flow of 04L/min .

second step at 1bar the data becomes messy. This may be bsuesegkt circuit
board.
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Figure 4.41: Filtration preformed with model particles latated with the cross-linked polymer (ratio
2) and a flow of 04L/min .

Figure[4.41 shows the flux vs. time for Cross204. For this erpnt the flocs
seem to be adsorbed to the inner surface of the flow gauge.dhgéluge is made
from see-trough plastic and during the experiment it becatite. It was difficult

to remove the flocs after the experiment was done. The systsclganed with
a solution with high NaCL contents in addition to the coniemal method (see
Section 3.513). As it also applies to the other two experisiesing the cross-
linked polymer, the flux is high compared with the experinsem$ing the long
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polymer as flocculant. However, it has no horizontal stdpss tritical flux exists
below the detectable limited for these experiments. The aeresponding to the
pressure 3bar is lower than expected. This is because thgé#oge cannot keep
up with the flow of permeate, causing it to show a lower valantivhat it really
is.

4.3.5 Short Polymer

This section presents the data from the experiments usmgtibrt polymer as
a flocculant. However, as mentioned in the previous sectiertime series of
pressure and resistance are rather monotonous, and tteettedy can be found in
AppendiXB.
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Figure 4.42: Filtration preformed with model particles iatated with the short polymer (ratio 0.5)
and a flow of 04L/min .

Figure[4.42 shows the time series of flux for Short0504. Thpsstorresponding

to the pressures.2bar and 3bar are artificially low because the pressure gauge
cannot keep up with the permeate flow. All of the first stepsrseehave a slope
meaningleit is under the detectable limited for the experiment.

Figure[4.48 shows the flux vs. time for Short104. The stepya@lid bar are
artificially low because the flow could not keep up, and thenzate flow exceeds
the maximum capacity for the flow gauge. The starting flux it experiment is
very high, but it decreases rapidly. This means fhatis below delectability for
this experiment.

In the experiment Short204, the experimental setup wasfiraddrom the other
experiments. In the two previous experiments the permeatevias too high for
the flow gauge to keep up. To avoid that with this experimémthembrane area
was reduced by a factor 2. Practically, this means that tyertaof thin plastic
(from a small clear plastic bag) was used to block the secomuhlonane area in
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Figure 4.43: Filtration preformed with model particles flatated with the short polymer (ratio 1) and
a flow of 04L/min .

the membrane housing. To ensure comparability with therdtin@ experiments,
the half membrane area was used when calibrating the data.
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Figure 4.44: Filtration preformed with model particles flatated with the short polymer (ratio 2) and
aflow of 04L/min .

Figure[4.4% shows the time series of flux for the Short204 exmmnt. In the
first step corresponding to the pressurgliar the data become messy. The flux
level for this step and the step corresponding to 3bar shattlie flow gauge has
trouble keeping up with the permeate flow despite of the pigmas made. The
steps corresponding to the first pressur®&s-QL.5 bar have steep slopes, indicating
thatJeit is at a pressure below®bar. The step does not reaky however when
the pressure is lowered the step is horizontal. The stepgddobar are horizontal
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as well, indicating that the maximum degree of fouling ischesd.
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Chapter

Discussion

The discussion in this chapter is divided into four topicshediscussed in a sep-
arate section. The data was presented in the previous chbpten each of the
following sections the data is presented in an alternativaf which illustrates the
discussed topics and makes direct comparisons.

5.1 Critical Flux

The critical flux is defined in Sectidn 2.1.4. For all the expemnts, the approxi-
matelq; is assessed, and a comparison is shown in Table 5.1.

CRO5 | CR1 | CR2

Long polymer 0.4L/min | Jeit < 1.7 * 8
Long polymer 0.6L/min | Jeit < 1.7 6 75
Cross-linked polymer Jorit < 1.8 | Jorit < 6.1 | Jerit <6
Short polymer Jorit < 6.1 | Jorit <5.9 | Jerit <6

Table 5.1:Jit [Lh~Im~2] for each of the experiments. The asterisk (*) indicates maeterminable
critical flux.

It is possible to assign a value 3gi; only for three of the experiments. For the
rest of the experiments it is only possible to assess an uippiefor Jeyit. It is not
possible to give a more precise evaluation. The experimgntuhe long poly-
mer and flow velocity @ L/min indicates thade; increases with the increasing
polymer dosages. The same can be said for the experimengtthsitong polymer
and flow velocity 04L/min . The rest of the experiments do not indicate anything
about the influence of the concentration ratio.
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Chapter 5. Discussion

From a comparison between the six different experimentsjusie long polymer,
it seems as if the crossflow velocity does not influehgesignificantly. The effect
of the crossflow velocity is expected to be larger than ingiddy the data.

5.2 Effect of Concentration Ratio

To evaluate the effect of the concentration ratios on theafitin, four different

graphs are displayed on Figufes|b.I}5.4. The figures showdlsus pressure for
the three CR of each of the polymers and for water. The curvéise plots are

quadratic fits to the data set for each of the experiments. edewy for water a

linear regression is used.
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Figure 5.1: Linear fit for water and polynomial fits for thedbrdifferent concentration ratios. The long
polymer is used and the crossflow iglQ/min.

Figure[5.1 shows the curves fitted for three experiments msitg the long poly-
mer and a crossflow velocity of4L/min. The CR 0.5 is the only one below the
water line. This is surprising because they all should bekguor below the wa-
ter line. It can be caused by the membrane not being uniforthesaembrane
samples might not be identical from experiment to experimEuarther, it is seen
that the curve for CR 0.5 is the lowest one of the three comagan ratios and the
other two are quite similar.

Figurd5.2 shows the polynomials fitted to the data from tipeerents performed
with the long polymer as flocculant and a flow velocity o6 0/min. Again, the

three curves for the flocculated experiments are expectéd telow the water
line. The CR 0.5 is where it is expected to be, but the otheraveohigher than
the water line. When comparing Figurel5.2 to Figurd 5.1 iisrsthat they are
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5.2. Effect of Concentration Ratio
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Figure 5.2: Linear fit for water and the non-filtrated pagichlong with polynomial fits for the three
different concentration ratios of the long polymer. The fisv@.6 L /min.

actually quite similar. In both figures are the curves for CR Ielow the water
line and the two other curves are quite similar and lie abbeenater line.
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Figure 5.3: Linear fit for water and polynomial fits for theehrdifferent concentrations ratios of the
cross-linked polymer. The crossflow velocity i€1@/min. The curves for Cross104 and Cross204 are
only valid up to a pressure of 2bar.

Figure[5.8 shows the three fitted curves for the experimemfopned with the
cross-linked polymer as flocculant and the water line. Thwesifor Cross104
and Cross204 are only valid up to a pressure of 2bar. Theseuwes are not
fitted to all data points from the experiments; because afraiof the flow gauge
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Chapter 5. Discussion

the last points are not valid, so the last part of the curvezairapolated. None of
the three curves follow the expected pattern. Both curve€R 1 and 2 exceed
the the water line and CR 0.5 is concave.
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Figure 5.4: Linear fit for water and the polynomial fits for tieee different concentration ratios for
the short polymer. The crossflow velocity il /min. The curves for Short104 and Short204 are only
valid for pressures up to.8bar and 2bar, respectively.

Figure[5.4 shows the water line and the polynomials fittedhéodata for the ex-
periments with the short polymer. As for Figlirel5.3 some gatats were left out
when fitting the polynomials because of failure of the flow gauThis explains
why the curves for CR 1 and 2 are highly concave and do notvidite theory in

Sectior Z.L. They should only be trusted up to a pressuresef 2 bar.

The curve for CR 0.5 lies above the line for water and this fedint from the
other three figures in this section. The fit is extrapolatedifie small amount of
data points, because as it can be seen from Figuré 4.42 thésdagry unstable.
This can be caused by a wet circuit board, but it does not explay the CR 0.5
is that much higher than the water line.

Summary and Comparison

Ignoring the figures shown in this section for a moment antkatslooking a the
plots of flux vs. time from Section 4.3 makes the tendency ishmzlearer. The
reason for this is not known.

For the long polymer at both flow rates it applies that the ondllated particles
have the lowest fluxes at the respective pressures, anchth&R 0.5 definitely
increases the suspensions ability to be filtrated. In batbsare CR 1 very similar
to the the water line. There are small differences betweei€R 1 and 2, and the

54



5.3. Concentration Ratio vs. Flow Velocity

CR 2 seems to have slightly better filtration ability. Sommess it even exceeds the
water lines. From a comparison with the theory describedeicti6n[2.1 it could
be estimated that the part which exceeds water is in factdiresas water. The
difference between them could be in the non-uniformity ef tlembrane and the
sensitivity of the laboratory system. For both the croskdd polymer and short
polymer experiments it is hard to detect any clear tendsncie

5.3 Concentration Ratio vs. Flow Velocity

To investigate how the crossflow velocity influences thedfiitm, five experiments
were carried out at two different crossflow velocities. Theaeriments are the ones
with demineralized water, the ones with un-flocculatedipiag and the three with
the long polymer as flocculant (CR 0.5, CR 1 and CR 2). The éxyants with
water are displayed in Figute_4114 are quite similar whickxpected from the
theory, cf.[2.], because the only resistance is from the mameband it does not
change with the crossflow. All the data from experiments wheeflocculant is
used is expected to lie between the curve for the deminethiiater and the un-
flocculated particles. The curves for the un-flocculatediglas are not shown in
this Section and compared to the others, because the datdliese experiments
has not been calibrated. It can be seen in Figured 4.16 ald #.tomparing
all the data before calibration (the data relative to eatieRtthe un-flocculated
have the lowest fluxes, and there is a difference betweemtiheftthem. The one
with the lowest crossflow velocity has the lowest flux. Thithis expected result
because of the lower drag force away from the membrane cdunséue lower
crossflow, and thus a larger quantity of particles can setite the membrane.

Figure[5.5 shows all the experimental data from the experisnesing the long
polymer as flocculant. The curves are fitted to the averagddiugach pressure.
The curves for the experiments with CR 0.5 lie on top of eabkenand represents
the lowest curve. The rest of the curves follow each otheo tht bend off. The
Long104 bends off before Long106, and the remaining two ddoand off in this
graph. Hence, the crossflow does not effect Long0504 and@%0®@; however it
does seem to influence the other experiments.

5.4 Effect of Polymer Structure

One of the main purposes of this thesis is to investigate hevpblymer structure
influences the ability of the suspension to be filtrated — Agbis to investigate the
influence of the molecular weight. To investigate these tuppses three different
polymers are used for the experiments. From Se€fidn 2. hibeaseen that there
are three different structures of polymers, but this theslyg investigates the two
of them. The linear which Sectign 2.1 states is the most comumsed and a cross-
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Figure 5.5: Polynomial fits for the three different concatitn ratios for the long polymer at both the
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linked. To investigated the molecular weight short and lohgined polymers are
selected. Even though they do not have the same monometithesi will be

compared. In this Section three different graphs are digpla They each show
three different curves; one for each type of polymer usethi®experiments made
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Figurd5.6 shows the curves for CR 0.5. The line for Short0&®4vell above the
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5.4. Effect of Polymer Structure

other two while Long0504 is higher than Cross0504.
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Figure 5.7: Polynomial fits for the three different polymetigh a concentration ratio of 1 and a flow of
0.4L/min. The curves for Short104 and Cross104 are only valid ypeesures of Sbar and Dbar,

respectively.

Figure[5.Y shows the curves for CR 1. They look alike in theil@gg and the

Cross104 and Short104 bend off approximately at the sane tiang104 does
not bend off at all.
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Figure 5.8: Polynomial fits for the three different polymerith a concentration ratio of 2 and a flow
of 0.4L/min. The curves for Short204 and Cross204 are only valid ypessures of Dbar.

Figure[5.8 shows the curves for CR 2. All three of them follaele other in the
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Chapter 5. Discussion

beginning. Short204 bend off before Cross204, and Long2@4 dot bend off in
this graph.

Summary and Comparison

The polymeric structure does influence ability of the suspento be filtrated.

Both Figurd 5.7 and Figuie 5.8 show that the long polymergthe best results
and this matches well with [Gregory 2006] which states tHtgrolong straight

polymers are used for flocculation. It is hard to se any othdrcations with

respect to the polymer structure.

The ability of the suspension to be filtrated seems to ineressthe molecular
weight increases, but the data does not allow it to be discus®re thoroughly.
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Chapter

Conclusion

Based on the experimental results gathered in this thesi$ipte conclusions can
be drawn.

The use of a flocculant increases the ability of a polystyparticles suspension
(particle size range 460500 nm) to be filtrated. When the particles are flocculated
the size range increases te-700um. The more precise range depends upon the
type of polymer and concentration.

Two different flocculant structures were evaluated; a ghta{Zetag 7631, Ciba)
and a cross-linked (Zetag 7867FS40, Ciba (Poly(acryldwyatmethyl ammo-
nium chloride-co- acrylamide))). This thesis finds thatstraight one is the best
of the two.

Evaluation of the influence of molecular weight on the filbatwas done by com-
paring two different straight polymers; a long chained pody (Zetag 7631, Ciba)
and a short chained polymer (polyDADMAC). The results wadnclusive.

Evaluation of the influence of the crossflow on the filtraticesvdone by preform-
ing otherwise identical experiments and varying the flovogiy. Two different
velocities were investigated, namely@ /min and 06 L/min. It seems to have a
little effect.

The polymer dosage was also investigated. The dosage wed basharge ratio
(CR), to be able to compare the results across the polymestyphree different
CR were investigated; CR 0.5, CR 1, and CR 2. The criteria tsessess the
charge ratios is the critical fluxi{it). Jorit S€EMS to increase with an increase of
the CR.
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Appendix

MATLAB Code

This chapter contains an explanation of the MATLAB code Use@nalyzing the
data. All of the data sets are analyzed identically. Furttege, an explanation for
discarding data points and displaying the data as choseveis bere.

Below, the commands of the script are shown and a descrijstiimen. The script
for the experiment with water at the flow velocityd®. /min is used as en example.
First, the raw data is read from the txt file and is a matrix wheslumn 1 is the

time in sec, column 2 is the pressure in bar and column 3 is tetfiough the
membrane in [/min:

filename="C:\...\Master\data\vandO4data.txt’;
dat a=dl nread(filenane,’\ ', 10,0);

Data column 3 is read and calibrated by the function foundeatiSn[3.5.2 and
the flow (L/min) is changed to flux with the unit (lhm?) by division of the
membrane area:

data(:,3)=(data(:, 3)*0.0202-0.0527)/ 0. 0188;

Next, both the pressure and the flux time series are modifigdersame way.
Therefore it is done in a loop, so the same code is used fordiwhnels. There
are three steps:

1. Plot the raw data.
2. Discard negative data points and outliers defined by tHahlaeps.
3. Compute running average.

In each of the three steps the data is plotted and the regudlots are shown in
Figure[A.l. Lines starting with #are comments.
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Appendix A. MATLAB Code

m=20; % Nunber of points in running average
for nr=2:3

% Define filenames, |abel for the 2nd axis and a threshold for
% di scarding data points. These variables are different for
% pressure and flux - Therefore are they defined inside the
% f or -1 oop.
L T
if nr==
figurnavn="tryk’;
ytext="Pressure [bar]’;
eps=0.2; %cutoff for outliers
el se
figurnavn="";
ytext="Flux [l h*-"1mP-12]";
eps=2; % cutoff for outliers

% STEP 1. Make plot of the raw data
L T
figure
plot(data(:,1),data(:,nr),"k.")
x| abel (" Time [sec]’)
yl abel (ytext)
grid on
L T
% STEP 2: Renoval of negative data points and outliers
O = = = mm e e e e e e e e e e e e e e e e e e e meeeaa—-
% STEP 2.1 renoval of negative outliers
N=si ze(data, 1);
for i=N-1:2

if or(data(i,nr)<data(i-1,nr)-eps,data(i,nr)<0)

data(i,:)=[];

end
end
% STEP 2.2 renoval of positive outliers
J=size(data, 1);
for i=J:-1:2

if data(i,nr)> eps+data(i-1,nr)

data(i,:)=[];

end
end
%FIGURE 2 - Plot the data
figure
plot(data(:,1)/60,data(:,nr), k.-")
x| abel (" Time [min]")
yl abel (ytext)
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% STEP 3: Conpute running average over 'm data points
O = = = mm e e e e e e e e e e e e e e e e e e e e meeee—a-
K=si ze(data, 1);
L=fl oor (K/'m;
newdat a=zeros(L, si ze(data, 2));
for i=1.L
newdata(i,:)=mean(data(l+(i-1)*mi*m:),1);
end
% FIGURE 3 - Plot the data
pl ot (newdat a(:, 1)/ 60, newdata(:,nr),’ k.-")
xlabel (" Tid [min]")
yl abel (ytext)
grid on
end
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Figure A.1: A: Raw data from pressure transducer. B: Raw ftata flow gauge after calibration.
C & D: Negative data points and outliers have been discarded. F: Running mean over 20 data
points.
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Appendix A. MATLAB Code

From each step of the experiment, the mean pressure and mgas domputed.
The start and end indices for each step is read manually fneraniderlying data
set. The mean flux in each step is plotted against the comelspp pressure as
shown in Figur@ A.R.

% Det ernmine mean values for first step at given pressure
T
% Pressure

avg05p=nean(newdat a( 1: 65, 2) ) ;
avglp=nmean(newdat a(67: 130, 2));
avgl5p=nean( newdat a( 219: 282, 2) ) ;

avg2p=nmean( newdat a( 345: 409, 2) ) ;

avg25p=nean( newdat a(471: 540, 2) ) ;
avg3p=nean(newdat a( [ 616: 654 654: 676], 2));
avgpl=[ avg05p avglp avgl5p avg2p avg25p avg3p];
% Fl ow

avg05f =nean( newdat a( 1: 65, 3) ) ;

avglf =mean(newdat a(67: 130, 3));

avgl5f =nean( newdat a( 219: 282, 3) ) ;

avg2f =mean( newdat a( 345: 409, 3) ) ;

avg25f =nean( newdat a(471: 540, 3) ) ;

avg3f =mean(newdat a( [ 616: 654 654: 676], 3));
avgf 1=[ avg05f avglf avglbf avg2f avg25f avg3f];

% Det ernine mean val ues for second step at given pressure

0/ = = = = mmm e e e e e e e e e e e e e e e e e e meaaaaan

% Pressure

avg05p2=nean( newdat a( 133: 213, 2))

avglp2=nean( newdat a( 205: 338, 2) ) ;

avgl5p2=nean(newdat a(412: 469, 2));
)
)

avg2p2=nean( newdat a( 544: 614, 2)
avg25p2=nean( newdat a( 682: 752, 2
avgp2=[ avg05p2 avglp2 avgl5p2 avg2p2 avg25p2];
% Fl ow
avg05f 2=mean( newdat a( 133: 213, 3))
avglf 2=nean( newdat a( 205: 338, 3) ) ;
avgl5f 2=mean( newdat a(412: 469, 3));
)
)

avg2f 2=nean( newdat a( 544: 614, 3)

avg25f 2=nean( newdat a( 682: 752, 3
avgf 2=[ avg05f 2 avglf2 avgl5f2 avg2f2 avg25f2];

%Fit curves through the points

0/0 ________________________________________________________________
[P1, R1] =pol yfitRsq(avgpl, avgfl,1);

[ P2, R2] =pol yfitRsq(avgp2, avgf 2, 1);

0/0 ________________________________________________________________
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% Make pl ot

O = = m e m e e e e e e e e e e e e e e e e e e e e memmmemmaaean
fh=figure;

pl ot (avgpl, avgfl, ' k*', linewidth', 1)

hold on

pl ot (avgp2, avgf2,’' ko',  linewidth’, 1)

hol d on

x1=l'i nspace(m n(avgpl), max(avgpl));

pl ot (x1, P1(1)*x1+P1(2),  k-",’ linewidth’, 1)
hol d on

x2=l i nspace(m n(avgp2), max(avgp2));

pl ot (x2, P2(1) *x2+P2(2),’ k--", " linewidth,1)

x| abel (' Pressure [bar]’)

ylabel (" Flux [I hM-A1pt-72] ")

grid on

| egend(’ 1*{st}’',"2"{nd}",  Location’,’ NorthWest")
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Figure A.2: Mean values from each step.

A new vector is computed by dividing the pressure with the.flLixis vector shows
the resistance development over time. The resistance amqutdissure are plotted
in the same figure, Figute A.3.

modst and=newdat a(:, 2)./newdata(:, 3);

fh=figure;

[ax, hl, h2] =pl ot yy(newdat a( :, 1)/ 60, nodst and, newdat a(: , 1)/ 60,
newdata(:,2));

set (ax,’ YColor’,[0 0 0])

set (get (ax(1),’ Yl abel’),’ String’,’ Resistance’)

set (get(ax(2),’Ylabel '),  String',’ Pressure [bar]")

set (get(ax(1),’ X abel’),’ String’ ,” Time [min]")

grid on
set(hl,"Color’,[0 0 0],'LineStyle',"-.",  LineWdth,Iw
set(h2,” Color’,[0 0 0], LineStyle',”-","LineWdth',Iw)

| egend(’ Resi stance’,’ Pressure’,’ Location’,’ NorthWest')
grid on
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Figure A.3: The resistance development over time for thefitin preformed with water and a flow of
0.4L/min .
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Appendix

Pressure Graphs

The pressure have been monitored in everyone of the expeism&hey should
all have been identical to figuke 8.8 but there are some snffdlehces. These
are present because it is difficult to adjust the air pressoinect and every time
the pressure have to be lowered all the air must first be lebbilte system and
then the pressure can be adjusted. Also there are some ligoarhen collection
the data, it seems as if there are some interferences wittiataesignal because
if often shows the the pressure-+2 and this is the value it shows when there
are no signal at all. How the data is treated to give a readaltisome can be
seen in appendix]A. All the graphs in this appendix also dostthe resistance
development over time for that experiment.

B.1 Cross-linked

Figure[B.1 shows the pressure and resistance developmentime for the ex-
periment using the cross-linked flocculant (CR 0.5) and tlssflow velocity of
0.4L/min . FigurdB.1 shows the pressure and resistance develdmmwer time

for the experiment using the cross-linked flocculant (CRrig the crossflow ve-
locity of 0.4L/min . Figure[B.B shows the pressure and resistance devefdpme
over time for the experiment using the cross-linked floast(&R 2) and the cross-
flow velocity of 0.4L/min .
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Figure B.1: Resistance development over time and the meesser time for the filtration of the long
polymer CR 0.5 and a flow of.8L/min
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Figure B.2: Resistance development over time and the presser time for the filtration of the long
polymer CR 1 and a flow of.@L/min

B.2 Short Polymer

Figure[B.4 shows the pressure and resistance developmartime for the exper-
iment using the short flocculant (CR 0.5) and the crossflowaigl of 0.4L/min
. Figure[B.% shows the pressure and resistance developwemiime for the ex-
periment using the short flocculant (CR 1) and the crossfldacity of 0.4L/min
. Figure[B.6shows the pressure and resistance developmentime for the ex-
periment using the short flocculant (CR 2) and the crossfldaecity of 0.4L/min
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B.2. Short Polymer
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Figure B.3: Resistance development over time and the meesser time for the filtration of the long

polymer CR 2 and a flow of.@L/min
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Figure B.4: Resistance development over time and the meesser time for the filtration of the long

polymer CR 0.5 and a flow of.6L/min
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Figure B.5: Resistance development over time and the meesser time for the filtration of the long

polymer CR 1 and a flow of.@L/min
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Figure B.6: Resistance development over time and the meesser time for the filtration of the long

polymer CR 2 and a flow of.@L/min
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