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Abstract

ABSTRACT

In drinking water treatment regulation standardsrfatural organic matter (NOM)
are tightening owing the fact that NOM leads tarfation of carcinogenic disinfection
by-products which can be harmful for human heatlth.further remove NOM from
water, advanced NOM removal processes are develesped as the magnetic ion
exchange (MIEX) resin process. MIEX followed by guokation has been shown to
improve the dissolved organic carbon removal in garnson with coagulation alone.
However knowledge is lacking about how the magnegisin influences the floc
structure which is of major importance for the @éfncy of the downstream processes.
The present thesis aimed to evaluate and undergtarichpacts of MIEX pre-treatment
on floc properties. To meet these aims, a liteeateview was carried out in order to
provide sufficient background on floc size, flooesigth, re-growth potential and fractal
dimension concepts. It showed that almost all ofdies influencing these properties act
on the floc structural properties via a modificatiof either the nature of the primary
particles, or the conditions of coagulation processthe hydrodynamic conditions of
the surrounding water. De facto, these pre-citegbgnties are all linked together. It is
especially recommended to interpret with care ke strength concept.

The pre-defined objective was to compare propertésflocs generated by
coagulation alone and combined treatment (MIEX tpeatment followed by
coagulation). Coagulation steps were operated thithe different coagulants - FeCl
AlCl3, PACI - at optimum pH and dose conditions on gt bench. A light scattering
instrument measured floc size and fractal dimensiornng growth, breakage and re-
growth periods. Additional fractal dimension measnents for ferric flocs were
gathered by image analysis using a microscope. MiEextreated flocs were larger but
withstood less well increases in shear rate thamvexational flocs. This reduced
robustness to increases in shear rate was thoau@ketdue to the initial larger size of the
pre-treated flocs. Light scattering and image asislgave different fractal dimension
values for the same floc system. It is probablyalse they are applicable for different
size ranges: light scattering for the small primpayticles and image analysis for the
overall flocs. Of more operational interest, imagelysis results showed that MIEX
pre-treated flocs were more compact. Combinedrtreat gave an overall improvement

in floc structure quality, producing flocs with betfilterability and settleability.

Vincent BURTON



Executive summary

EXECUTIVE SUMMARY

The presence of natural organic matter (NOM) in raater used by the water
treatment works (WTW) to produce drinking water d@a major problem. Indeed,
since they have been proven to generate harmfutarmihogenic substances during the
final disinfection step in the WTW, regulation stands have been tightened. In some
cases, this leads to the need of advanced NOM rainpyecesses. The magnetic ion
exchange (MIEX) resin has been developed by Oricdeveare specifically for NOM
removal.

Indeed, MIEX pre-treatment followed by coagulatibas been seen to be more
efficient than conventional coagulation in removibgOM and to require lower
coagulant doses for NOM laden water. It has alsmproven that MIEX pre-treatment
influences floc properties and therefore the efficly of downstream processes.

The economical benefit assessment of installingea MIEX pre-treatment in a
WTW has to consider the benefits coming from trdiction of the coagulant dose, the
reduction of sludge volume (but new waste brindg teduction in chlorine for

disinfection and the impacts on downstream prosesse

The aim of this thesis was to assess the redudiotoagulant demand and the
potential impacts on downstream processes usingaivewater from Kluizen WTW
(VMW, Belgium). Consequently, the objectives ofsttbench-scale research project

were to:

= compare the NOM removal for raw and MIEX pre-tréateiater after
coagulation using three different coagulants (Aklionn chloride — AIC,

polyaluminium chloride — PACI and ferric chloridd=eCk).

= evaluate, compare and understand the impacts oXMiE-treatment on the
physical properties of flocs, i.e. floc size, flsttength, floc potential regrowth

and fractal dimension, using three different coagtd.

= assess based on the floc properties the advaraadgesisadvantages of a MIEX
pre-treatment stage before coagulation on dowmstr@socesses such as
filtration, sedimentation and flotation.
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investigate in parallel to the previous goals aepbal relationship between floc
fractal dimension and other floc properties.

To meet these objectives, six treatment optiongwardied. The six treatments were

the combinations of raw water or MIEX pre-treatesitev and three different coagulants

(Aluminium chloride — AIC}, polyaluminium chloride — PACI and ferric chloride

FeCk). Coagulation-flocculation experiments were carioeit using a jar test apparatus.

After investigation of the optimum pH and coaguldote, floc size for each system

was monitored with a Malvern Mastersizer 2000 dyran sequence allowing rapid

mixing for 2.5 min, floc growth for 15 min, brealkagt different shear rates for 20 min

and re-growth for 15 min (re-growth only for somgeriments). Floc size data enabled

the floc strength to be determined using the sa&leevin itself and other parameters

such as the floc strength constant. Fractal dinsensi the flocs was worked out by two

different methods: small angle laser light scatigriechnique and by image analysis

using a light microscope coupled with an image ysisl(lA) software. However, the

latter technique was applicable only to ferric #osince aluminium flocs were too

transparent to mark the floc boundaries using difisvare.

Results of the bench-scale experiments lead to traviollowing conclusions:

Given the removal of dissolved organic carbon (D@@jerial due to the MIEX
pre-treatment, optimum coagulant doses were redumadl overall DOC
removals for combined treatment were higher tharcdmventional coagulation,
reducing the potential for formation of DBP duricigorination.

According to the floc properties, the beneficialeets of MIEX pre-treatment
were dependent on the coagulant choice. After MpiE-treatment ferric flocs
were 2.5 times larger compared to conventionalddéiwcs. Ferric chloride was
seen to give a better regrowth potential to thecsfloThe strongest flocs
considering thg values were generated from the raw water with PACI

The explanation for the improved floc propertieeaMIEX pre-treatment was
thought to be as a result of improved removal ofido molecular weight
substances, leaving behind polymeric like molecutethe water which when
coagulated increased the floc size and compactfaes®rding to the fractal

dimension worked out by image analysis with fefloxs). The effect on floc
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size was especially observed for the ferric coaguwaving to its high selectivity
for polyhydroxyaromatic compounds.

= MIEX pre-treated flocs could be considered strongdthough they were more
affected by the increased shear rates becauseiofldiger size, they were sitill
larger than conventional flocs (exception was f8ICPof which MIEX treated
floc size converged to a similar if not smallercfgize than conventional flocs).

» Fractal dimension values supported the hypothesisSALLS and IA methods
do not apply to the same length scales. SALLS egpb particles smaller than
2.5 um and IA method to the whole floc making th&er method of more
operational interest.
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NOMENCLATURE

A Area

AICl3  Aluminium chloride

d Floc diameter

D Fractal dimension
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Nomenclature
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WTW  Water treatment works
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Introduction

CHAPTER 1 - INTRODUCTION

1. Background

Natural organic matter (NOM) derives from the bigalation of plant and animal
material and is found in natural water. NOM is gwely defined assortment of organic
molecules with spatially and temporally changingparties Vilgé-Ritter et al., 1999;
Sharp et al.,, 2006). Organic compounds in drinkingter are not themselves
particularly harmful. However, they increase theguant demand, they affect the
biostability of the water leading to bacterial r@gth and taste and odour issues
(Parsons and Jefferson, 2006; Mergen, 2008), amallyfi they are precursors of
carcinogenic and regulated disinfection by-produ@8P) such as trihalomethanes
(THM) when disinfected (Crittenden and Montgomenrgatéon Harza, 2005).

Orica Watercare has designed a magnetic ion exeh@MtEX) resin (strong base
anionic exchange) for NOM removal. Application ofIlNK as a substitute to
coagulation or as a pre-treatment before the ca#ignlstage in water treatment works
(WTW) has already shown its ability in removingsdibred organic carbon (DOC) and
reducing the coagulant demand (Singer and Bilyk22Qarvis et al., 2008). However,
few studies reported the impacts of MIEX pre-treatbron downstream processes. This
can be achieved by characterising the flocs gemeray the subsequent coagulation

flocculation processes as suggested by Jarvis €0€8a).

2. Approach

This research project has been commissioned bythamse Maatschappij voor
Watervoorziening (VMW, Belgium), a Flemish watepply company. The objective of
this work was to evaluate the positive and negaitiwpacts of MIEX pre-treatment
followed by coagulation on downstream processes taedimpact of the coagulant
choice on the performance of the combined proce3$es was carried out by studying
the physical properties of flocs formed by coagalatof the NOM laden water from
Kluizen WTW using three different chemicals at bescale experiments.

In parallel, fractal dimensions of the flocs gemedaby the various combinations of
treatments were worked out by two different methadd compared in order to assess
the operational use of the fractal dimensions.

1 Vincent BURTON
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3. Report layout

This thesis report consists of four chapters inclgdhe introduction which sets the
scene for the rationale behind this work. The sdadrapter is a literature review that
describes the physical floc properties and disauste factors affecting these
properties. Chapter 3 defines the objectives optiogect. The report of the experiments
is presented in Chapter 4 in the form of a paperpidlication in Water Research,
including the usual sections: abstract, introductimaterials and methods, results,
discussion and conclusions. The instructions féih@s for Water Research are given in

the appendices as well as reports of raw used data.
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CHAPTER 2 - LITERATURE REVIEW
| MPACT ON FLOC STRUCTURE

1. Introduction

Regulations such as the European Directive (Coubuictive 98/83/EC) define
standards for the quality of drinking water in arde provide clean and safe water to
people. Obviously all water sources (groundwatarfase water and seawater) need
treatment to comply with these regulations. Thee rof the water treatment works
(WTW) is to provide the required treatment necestameet these regulations.

To meet the water quality standards WTW remove otliesl and suspended
components from the raw water and disinfect it ifinal stage. To achieve this, the
majority of WTW use coagulation and flocculation pwovide bulk removal of
dissolved and solid material. Coagulation destséxlifine particles and colloids after
the addition of chemical coagulants leading to frenation of small aggregates. The
following step of flocculation helps these particland small aggregates to meet and
collide with each other through gentle stirringdes to larger aggregates which are
called flocs. WTW use the coagulation-flocculateeguence to generate flocs that are
easier than fines and colloids to remove from watgng one, or a combination, of
settlement, filtration, adsorption or flotation.

Flocs therefore have then a critical importanceald-liquid separation (Parsons and
Jefferson, 2006; Bache and Gregory, 2007). It erefore relevant to study their
characteristics and also the parameters that mfid¢loc properties in order to select
and optimise the most appropriate separation pseses

The aim of this literature survey is: (1) to deBerithe main properties of flocs
and (2) to explain the mechanisms that influeneanthparticularly for natural organic
matter (NOM) flocs.

3 Vincent BURTON
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2. Floc properties
2.1. Number frequency distribution

Coagulation and flocculation increases the sizeraddces the number of particles
in water in order to increase the efficiency of adgtweam processes such as dissolved
air flotation (DAF) and filtration. These processemn have operational problems in
meeting their removal objectives when incoming watentains too many particles,
especially when the particles are smaller than BO (Mergen, 2008). Indeed these
small and numerous particles can cause the eaghkthrough of particles from filters
or can be difficult to be floated because they @b e¢ollide and attach with enough
bubbles.

The number of particles in water is also an indicaf the flocculation performance
because of its influence on the floc growth ratg)Rwvhich is a balance between floc
formation and breakage as indicated in Eq.(1) {Satval., 2005):

Ri.=alR_, -R, 1)
where a is the collision efficiency, R is the rate of collision between particles
and/or aggregates which depends on particle sib@ngnconditions and importantly
the number of particles (concentration) (Yukseler &regory, 2004; Parsons and
Jefferson, 2006). Ris the rate of floc breakage. Consequently, fer $ame mixing
conditions, an abnormally higher concentration aftiples indicates a problem in the
flocculation process (lowea value or higher R). Indeed given the same starting
number of primary particles, if the final number ajgregates is higher than usual it
means that the formed flocs are small and therefgliecbe more difficult to remove

from water by solid-liquid separation techniques.

2.2. Size
The steady-state floc size distribution is a dyrmabalance between formation and

breakage (Eqg.(1)). Growth beyond this steady-$latesize distribution is controlled by
the applied shear rate (Bouyer et al., 2001). Bipe is strongly linked to floc strength.
Table 2.1 provides information on how floc sizenBuenced by different factors such
as the nature of the majority of the impuritieg #uddition of polymers, and the mixing
conditions. Some general trends can be observed. $ite depends on the nature of
their primary particles. Magnetic ion exchange (MJEesin pre-treatment removes
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some of the impurities upstream the coagulatiop. sdeldition of polymer changes the
nature of these primary particles. Since organtt ianrganic molecules have different
properties, e.g. lengths and binding sites, thecpieel treatments have an influence on
the number and strength of bonds, and therefote@aggregate size. Flocs are allowed
to grow larger in low shear rate conditions siressldestructive forces from tensile and
shear stresses are applied on the floc. More datailthe mechanisms of the different
impacts are given in the second part of this liteereview.

Table 2. 1: Size impact of different factors.

Symbols +/- mean that floc size tends to increase)(or decrease (-) due to the factor.

Factors Impact. on Comment Section
floc size
Nature of primary +/- Depends on intrinsic properties of 3.1
particles primary particles: Algae flocs >
kaolin flocs > NOM flocs
MIEX pre-treatment + MIEX removes small molecular 3.1.3
weight (MW) NOM, dissolved
organic carbon (DOC) to coagulant
ratio decreases. These factors
increase floc size in subsequent
coagulation stage.
Polymer addition ?/+ When used as flocculant dad;, f 3.2.2
bridging generally increases floc
size.
When used as primary coagulant
polymer can increase number of
bonds in floc
Increased + Smaller floc size formed at lower 3.25
temperature temperatures
Increased shear rate + Floc size inversely relat¢ie 3.2.7

velocity gradient

2.3. Strength
The concept of floc strength refers to the numioer iatensity of the bonds amongst

the components of the floc (Bache and Gregory, R00fe nature of these bonds is
variable: steric interactions (influenced by thenfoomation of molecules), van der
Waals forces (very weak and instantaneous eleatro$orces arising from dipoles) and
electrostatic attractions and polymer bridging (Mgset al., 2003; Sharp et al., 2006).

Floc strength is therefore very complex to charameand measure. Nevertheless it can

5 Vincent BURTON
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be assessed by parameters such as floc sizeanegidb increasing shear rate and the
degree of floc compaction.

Indeed, for the same given conditions, a larger ffoconsidered stronger as it can
better withstand breakage factors (Jarvis et @042 Yukselen and Gregory, 2004).
Greater floc compaction is considered to incresedtrength because of the formation
of more bonding interactions within the aggreg&ee@ory, 1997).

Several quantitative factors have been proposethacacterise floc strength. These

are described in more detail below.

2.3.1. Strength factor

Based on the fact that a stronger floc will be lascted by an increase of shear
rate, the strength factor (Eq. (2)) for a givenashate condition measures the relative
decrease in size due to breakage (Francois, 1987).

Strength factor % x1C (2)
1

where d is the average steady-state floc size before bagEaland githe size after
breakage. Comparison of strength factors is passdiily if the same breakage
conditions are applied.

From the strength factor point of view, the largsts cannot be considered as
always the strongest. Indeed small flocs are oltss affected by breakage forces.
These breakage forces often result from eddiesieBdare swirls of water that are
generated by a fluid flowing past an obstacle salan impeller or a weir. Breakage
eddies can entrain small flocs rather than breaknt(Parker et al., 1972). Under high
shear rate conditions large flocs can break at theakest points that generates smaller
and more compact flocs with the strongest connestidn this way, small flocs
resulting from the breakage of large flocs are Ugwsronger than the previous flocs
(Spicer et al., 1998; Jarvis et al., 2005).

A theory about the energy dissipation of turbulémt explains the different impacts
that eddies have on flocs according to their s{Beghe and Rasool, 2001; Jarvis et al.,
2005a). In comparison with the Kolmogoroff's miaale of turbulence which indicates
the length scale of the energy-dissipating eddiegger and smaller eddies dissipate
their energy respectively in inertial convectioniXmg of the system) and viscous

energy (major energy dissipation). These two endiggipation modes have impact on
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flocs according to the size of the flocs. Flocs ena@han the Kolmogoroff's microscale
are thought to be eroded by eddies while biggesflre thought to be broken by large-

scale fragmentation.

2.3.2. Floc strength co-efficient and constant

The empirical equation (Eq. (3)) relates the stdlole diameter to the applied shear

rate:
log(d) =log( Q - og(G) (3)

where d is the stable diameter, log (C) is the #ttength co-efficienty is the floc
strength constant and G is the average velocityigna (Bache and Rasool, 2001; Jarvis
et al., 2005). On a plot of log (d) against log,(8y (C) is the y-axis intercept afnds
the slope of the line. The value of log (C) varaording to the value of d used,
usually the gb, dsp or dyo. Therefore to compare log (C) values these expariah
parameters have to be the same. The valug @in be used to compare results of
different experiments whichever d value is usedh@ same units are used for d and G
respectively). The lowey, the less withstanding the flocs are to increasesdr rate.

Many authors suggest thatvalue also indicates the main mode of floc breakag
surface erosion whep=1 or fragmentation whep= 0.5 (Parker et al., 1972). But
application of this theory is still subject to debéJarvis et al., 2005; Henderson et al.,
2006).

Several parameters have been shown to impact oftothetrength (Table 2.2). The
two major factors are the time and intensity ofaliege conditions and the nature of the
bonds holding the particles of the aggregate tagetfhe nature of the bonds depends
on the composition of the aggregate, the kind cdgotation mechanism used to
generate the floc. Internal repulsive forces capeap when primary particles are of
same sign of charge. In consequent, it is import@aritave an overall charge close to
zero. The floc strength constanhas to be interpreted carefully. Indeed, becaaigget
flocs (considered then stronger) are more affebiedn increased shear rate (higher
they withstand less well to breakage conditions #reh can be considered weaker.
However, initially larger flocs can sometimes remkarger after breakage than initially

smaller flocs but more resistant.

7 Vincent BURTON
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Table 2. 2: Strength trends and impacts of differenparameters.

Symbols +/- mean that floc strength parameter tend$o increase (+) or decrease (-) due to the
factor.

Floc strength in

Factors Comment Section
general
Increased - Steric effect of organic 3.1.1
concentration of molecules impacts on floc
DOC content in floc bonding.
MIEX pre-treatment + Removes small MW NOM, 3.1.3
DOC:coagulant ratio
decreases.
Coagulant type +/- Different impacts thoughtto 3.2.1
be due to optimum pH. & 3.2.3
Increased pH - Deprotonation of phenolic  3.2.3
groups creating internal
repulsive forces.
Strength factor
under similar
breakage conditions
Increased - Floc strength increases with  3.2.5
temperature decreasing water temperature
Breakage shear rate - Decrease in floc strength for  3.2.7
and time longer and higher breakage
shear rate.
Floc strength
constant,y
Increased floc size - Better resistance to breakage?.3.1
for small flocs due to fewer
impacts from breakage
eddies.
Nature of primary +/- NOM < kaolin < algae (NOM
particles withstands better increases in 3.1
shear rates).
Increased alkalinity - Low alkalinity flocs better 3.1.2
withstand increases in shear
rates.
Polymer addition + More bonds formed from 3.2.2
addition of polymer.
Zeta potential +/- More or less repulsive forces 3.2.4
within the floc.
Flocculation mode +/- Charge neutralization > 3.2.6

sweep flocculation > bridging




Literaturereview

2.4. Re-growth potential
After breakage, the residual flocs have the retasilbility to re-aggregate into larger

flocs (Yukselen and Gregory, 2004). This is an ingaat property of the flocs. Indeed
flocs can encounter high shear zones in WTW (@gow600 & in the contact zone of
a DAF unit (Jarvis et al., 2008), or zones clos#ideculator impellers (McCurdy et al.,
2004) that can break flocs. If the broken flocséhthe ability to re-grow when returned
to lower shear rates, the efficiencies of the ddweasn processes will be less affected
by the breakage (such as sedimentation and fdtratHowever, complete re-growth to
the initial size is seldom observed. The recoveictdr (Eq.(4)) quantifies the relative
floc re-growth after breakage(Francois, 1987).
Recovery factor M x 1C (4)

1'd2

where d, b and d are respectively the average steady-state floesskzefore
breakage, after breakage and after re-growth.

Table 2.3 provides information on how recoverapilis influenced by different
factors. The critical factor is the nature of theternal bonds between the
macromolecules in the floc. Physical bonds suchasder Waals forces are able to
reform after breakage whereas chemical bonds rebraken during regrowth phase
(Yukselen and Gregory, 2004; Jarvis et al., 200%ee and intensity of the breakage
phase also are important when considering regroladhg and intense shear periods
break more bonds and allow the macromoleculesnid dinother conformation within
the floc.

Table 2. 3: Recoverability impact of different paraneters.

Symbols +/- mean that degree of reversibility tends increase (+) or decrease (-) due to the factor.

Reversibility

Factors . Comment Section
impact
Type of bonds within +/- Ability of bond reformation after This
the floc breakage for physical bonds. section
Polymer addition + Numerous physical bonds. 3.2.2
Floc formation +/- Depends on the nature of the bonds. 3.2.7
mechanism Reformation of chemical bonds is not
possible following breakage

Increased exposure to - Bonds are broken and internal 3.2.7
high shear rate restructuring takes place which

prevents re-growth.

9 Vincent BURTON
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2.5. Fractal dimension

2.5.1. Background
Floc density, porosity, settling velocity, permddpi (Waite et al., 2001) and

strength are physical parameters that stronglyrepa floc structure. Fractal geometry
developed by Mandelbrot offers the possibility ®scribe these structures. A fractal
object presents a self-similar structure whichekierdegree of magnification and shows
a power law relationship between two of its georoaltrparameters (Egs. (5), (6)
and (7) below). An example of a fractal objectiigeg in Figure 2.1 showing the feature
of self-similarity.

Figure 2. 1: Self-similarity character and porosityof a fractal object (adapted from Gregory, 1997).

Several studies have shown that flocs generatédliw/ can be considered as fractal
objects (Huang, 1994; Waite et al., 2001). Aggnegadf primary particles and clusters
generates the porous fractal-like structure thahésfloc. This explains the decreasing
density with increasing size observed for flocse@ary, 1997; Tang et al., 2002).

The fractal dimension of a fractal object givesigication about how it occupies
space. For instance, the three-dimensional frattaénsion of an aggregate indicates
how well packed are the particles forming the aggte. Its value varies between 1
and 3. A fractal value around 1 corresponds tagalfiporous and branched aggregate
whilst a value approaching 3 indicates a solieédilbbject.

Different fractal dimensions (D D, and I¥) result according to the power-law
relationships used (Kim et al., 2001). These poaes (Egs.(5) to (7)) relate the
characteristic length of the object (L) to its peeter (P), area (A) and volume (V),
respectively in one-, two- and three-dimensionatkivg space.

PO L™ (5)
AOL®: (6)
v L™ (7)

10
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Spicer and Pratsinis (1996) used a perimeter-biiaethl dimension (k) to relate
perimeter to area (Eq.(8)).

2

ADOPP» (8)
By plotting these relationships on a log-log sdhlese different fractal dimensions
can be calculated from the slope of the line gdrdra
D1, Dy, Dop and I do not have the same meanings and are generatditfarent

ways. Therefore they cannot be compared each other.

2.5.2. Fractal dimension measurement techniques

2.5.2.1. Sedimentation

One feature of fractal objects such as three dimeakflocs is that they have a high
degree of porosity (Gregory, 1997); this porositgreases as the flocs get larger
(Figure 2.1). The porosity can enable flow to p#ssugh a floc aggregate when it
settles which can modify its settling behaviour.efidfore the settling rate is not
properly described by the traditional Stokes lawiclhis applicable for spherical
objects (Gorczyca and Ganczarczyk, 1999; Atkindoal.e2005; Liss et al., 2005). An
expression for the settling rate therefore hasake tinto consideration this porosity.
This can be done by including the fractal dimensibioc fractal dimension can
therefore be calculated by measuring floc setttatg.

Floc settlement can be measured using image asatysallow direct recording of
individual floc sizes (d) and terminal sedimentatiates (y). It is demonstrated that
these two variables are related to the fractal dsma (B¥) by Eqg.(9) (Jarvis et
al., 2005b):

4C

= _ng3'1 9
A ©

where C is the proportionality constant, g is thavgy acceleration, A) is a

correction factor accounting for advection throutle floc pores (constant for floc
sedimentation) angk is the viscosity of the medium (usually water irosh cases
involving floc).

By plotting « against d on a log-log scale, the averag®ithe flocs in the system

can be worked out from the slope of the line whichs-1.

11 Vincent BURTON
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2.5.2.2. Light scattering methods

Light scattering methods such as photon correlatspectroscopy, turbidity
fluctuation method and small angle laser light tecatg (SALLS) are able to determine
the fractal dimension of aggregates (Gregory, 19¥gcause SALLS is more
commonly used, this fractal measurement is destiibéhe next paragraphs.

The principle of the SALLS technique is the follogi a particle of the fractal
aggregate sample scatters the incident light b@&e.intensity and the scattering angle
are recorded by a series of photo-sensitive detecidhe magnitude of this angle is
inversely related to the size of the particle sraty (Jarvis et al., 2005a). According to
the scattering theory, under the Rayleigh-Gans-B€BRGD) regime the intensity (1) of
the scattered light beam is related to the scagemomentum (Q), also called the
scattering vector (Eq.(10)) (Tang et al., 2002yi3aet al., 2005a; Li et al., 2006).

| O Q™ (10)
where I3 is the average fractal dimension of the sampleeggges and Q is the
scattering momentum which depends on the incidesiteyed light beam angle)( the
refractive index of the medium (n) (usually watand the wavelength of the light in
vacuum }) (Eq.(11)).

47n 0

The photo-sensitive detectors measure the lighénsities at known angles.
Consequently Eq.(10) can be drawn on a log-log wlogre the magnitude of the slope
of the linear part of the curve (correspondinghe RGD regime) is the average fractal

dimension of the aggregates of the system (Figie 2

6
Logl(Q)=-DlogQ-b
o
o
o
- o O
-4 -3 S -2 -1 20
=4
Log Q (nm)

Figure 2. 2: Scattering plot to work out the fractd dimension of the system.

12
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However use of the SALLS method is subject to solelgate. Indeed, to apply the
RGD law (EQ.(10)) some assumptions are made tleahair all in accordance with the
reality. Assumptions are that light beams are spadt only once by individual particles
(for high concentrations of particles, multiple tseang can occur) and that the
refractive index of the scattering particle is |(ag this avoids shortening of the incident
light) (Waite et al., 2001; Tang et al., 2002). Amer condition to apply for EQ.(10) is
that the length scale of investigation (corresppgdd Q%) has to be much larger than
the primary particle size (Ricud and much smaller than the size of the aggregates
(Raggregaty (EQ.(12)). When the aggregate size is too close length scale the I-Q-D
relationship (Eqg.(10)) is modified because it Buenced by the edge of the cluster. In
the case of an aggregate size larger than thehlesogtie, the measured intensity does

not depend on the aggregate structure anymore éWadl., 2001; Jarvis et al., 2005a).

R' <<Q<<R_
aggregate particle (1 2)
R >>Q!'>R

aggregate particle

Nevertheless the SALLS method is generally regaateteing a reliable technique
to work out the fractal dimension of aggregatesmvater and wastewater treatment
(Bushell and Amal, 2000; Waite et al., 2001).

2.5.2.3. Image analysis

Image analysis (IA) is a useful tool to derive fedcdimension from pictures.
However, the fractal dimensions that can be obthare not the mass fractal dimension
(D3) but either the Bor D, or Dop. This is because pictures represent only the ggtge
projected area and information about the third-dishen is lost (Gregory, 1997).
However an ellipse approximation of the two-dimensi object provides a three-
dimensional object by rotation about one axis. Ftbie newly generated volumezD
can be worked out (Atkinson et al., 2005). This hodtis not commonly used. This
might be because it assigns a third dimension letathe object under investigation
without knowing its actual three-dimensional shape.

The Richardson "hand and dividers" method is usezhlculate the boundary fractal
dimension of an object (Podsiadlo and Stachowi&98). This method calculates; D
from Eq.(5) where the perimeter is related to tharacteristic length by the fractal

dimension. The characteristic length correspondkigicase to a yardstick that is used

13 Vincent BURTON
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to measure the perimeter (Soille and Rivest, 19896).short yardsticks the measured
perimeters are longer than with long yardsticksisTis because short yardsticks
measure more accurately the actual perimeter (Eigu8). If perimeters and
corresponding yardstick lengths are plotted ongldg plot, D is the slope of the
relationship. The more irregular the boundary @& @bject under investigation is, the
higher O value is obtained.

This fractal dimension Dis measured for each individual object.

Log (Perimeter)

1

»

Log (Length of ye;dstick)

Figure 2. 3: The Richardson "hand and dividers" mehod to calculate the boundary fractal
dimension.

When perimeters or areas of objects in a systenkreoe/n, [ can be derived from
these parameters (Eqgs.(6) and (8)). In this cdme clharacteristic length corresponds
usually to the largest length or the major axighef best ellipse approximation of the
object (Kim et al., 2001; McCurdy et al., 2004; fiton et al., 2005). In contrast to the
D, value, the resulting Dis an average fractal dimension of the aggregetethe
system under investigation rather than individuatd. 1A software exists that can be

used to measure the required parameters more guickl

2.5.3. Trends

In order to evaluate the influences of differentgpaeters on the strength and fractal
dimension of an aggregate, data from the literahaee been compiled inTable 2.4.
Characteristics of aggregates are described awthfrdimension(s) and floc strength
constant |f), when available, are provided. The first critarifor classification is the

method used for the fractal dimension measurement.

14
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Table 2. 4: Collection of fractal dimension valuesrom various sources in the literature.

D3
Aggregate type Methcc)ld (unless ¥ Reference
use specified)
NOM + Fe Setting  1.97  0.47]

NOM + Fe + MIEX
NOM + polymer
NOM + Fe + polymer

Fe precipitate
NOM + Fe
NOM + Fe+ polymer

NOM + Fe
L> HAF + Fe
L> FAF + Fe
L> HPIA +Fe
L> HPINA + Fe

NOM-spring + Fe
NOM-summer + Fe
NOM-autumn + Fe
NOM-winter + Fe

DOC:Feratio=0
DOC:Fe ratio = 0.33
DOC:Fe ratio = 0.75
DOC:Feratio=1
DOC:Fe ratio = 1.75
DOC:Fe ratio = 3.8

activated sludge flocs
activated sludge flocs

activated sludge flocs
clay + Fe
clay + Mg

kaolin + Fe
alum aggregates

colloidal nickel hydroxycarbonate

at high concentration

colloidal nickel hydroxycarbonate

at low concentration

lowland water flocculated

by sweep flocculation

lowland water flocculated
by charge neutralisation

iron hydroxide from FeGlhydrolysis
kaolin + alum flocculated

by sweep flocculation

kaolin + alum flocculated
by charge neutralisation

Settling 1.76 0.54
Settling 1.99 0.74
Settling 1.86 0.34

Setting  2.14  1.1]
Settling 2.01 0.44
Settling 1.86 0.33

Settling 2.10 0.52
Settling 1.78 0.75
Settling 2.24 0.64
Settling 1.90 0.74
Settling 1.88 0.82]

Settling 2.00 0.3

Settling 2.01 0.4

Settling 1.81 0.4

Settling 1.97 0.31

settling 2.20 1.17
settling 2.04 0.9
settling 2.01 0.6!
settling 1.88 0.64

settling 1.91 0.6

settling 1.78 0.5

settling  1.45-2.0
settling 1.44-1.49

settling 1.4
settling 1.92
settling 1.91

b

D

(Jarvis et al., 2008)

(Jarvis et al., 2006)

(Sharp et al., 2006)

(Jarvis et al., 2004)

(Jarvis et al., 2005b)

(Li and Ganczarczyk, 1989)
(Magara et al., 1976)

(Tambo and Watanabe, 1979)

settling 2.06 0.77 (Jarvis et al., 2008)

settling 1.59-1.97

SALLS 1.7-1.8

SALLS 2.0-2.1

SALLS 2.20
SALLS 1.84

SALLS 2.252.52
SALLS 2.58-2.91 0.56

SALLS 2.55-2.76 0.61

{{36 Tambo,N. 1979}}

(Hoekstra et al., 1992)

(Kim et al., 2001)

(Jung et al., 1996)

(Li et al., 2006)
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kaolin + alum flocculated
by charge neutralisation + polymer

SALLS 2.40-2.63 0.37

NOM + alum SALLS 2.43
NOM + Fe SALLS 2.21
NOM + polymer SALLS 2.56
Fe precipitate SALLS 2.17
latex particles in presence of NaCl SALLS 1.66
polystyrene particles + alum SALLS 2.3
river @ pH 5.5 + FeGl SALLS 2.42
river @ pH 7.5 + FeGl SALLS 2.28
lake @ pH 5.5 + Fegl SALLS 2.93
lake @ pH 7.5 + Fegl SALLS 2.11
aluminium oxide from AlQ hydrolysis

in 0.2M CacC]} solution SALLS 211
aluminium oxide from AIQ hydrolysis

in 0.6M CacC]} solution SALLS 2.23
aluminium oxide from AIG hydrolysis

in 0.6M NacCl solution SALLS 2.09
aluminium oxide from AIG hydrolysis

in 0.21mM NaSQO, solution SALLS 1.85
aluminium oxide from AIG hydrolysis

in 0.31mM NaSQ, solution SALLS 1.91
humic aC|gI + AIC} (Al mond SALLS 2 97

after 8min breakage

i i 0,

humic aC|gI + PACI (32%Al) SALLS 217

after 8min breakage

i i 0,

humic aC|gI + PACI (97%Al) SALLS 101

after 8min breakage
lowland water flocculated A D.=1.31

by sweep flocculation D,=1.48
lowland water flocculated A D,=1.08

by charge neutralisation D,=1.53
river water + alum settleable 1A ,B1.86
river water + PACI settleable 1A D1.61
river water + PACI + alum settleable 1A ,E1.58
river water + alum non-settleable 1A ,£1.63
river water + PACI non-settleable 1A ,B1.69
river water + PACI + alum non-settleable 1A D,=1.61
river water + polymer @ 10s IA D,=1.55
river water + polymer @ 40s 1A D,=1.70
river water + polymer @ 100s 1A D,=1.75
latex particles + polymer @ 16s 1A D,=1.65
latex particles + polymer @ 4bs 1A D,=1.70
latex particles + polymer @ 108s 1A D,=1.85
latex particles + alum @ 2Bs 1A D,=1.62
latex particles + alum @ 88s IA D,=1.75
latex particles + alum @ 20sfter 10min 1A D2f1'65

D;=2.47

(Li and Ganczarczyk, 1989)

(Jarvis et al., 2005a)

(Spicer et al., 1998)

(Vilgé-Ritter et al., 1999)

(Waite et al., 2001)

(Wang et al., 2009)

(Kim et al., 2001)

(McCurdy et al., 2004)

(Atkinson et al., 2005)
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From Table 2.4, several conclusions can be drawedan these fractal dimension
and strength values, provided the assumption fiesetresults from different studies are
comparable each other in respect with their dinmmsiorking space (P D, or Ds) as
explained previously. Indeed some trends amongsiifierent aggregate studies are
observed and are common to the three techniquestasalculate the fractal dimension
(Settling, SALLS and 1A) and to all the dimensiomadrking spaces (D D,, Ds).

There is not a direct relationship between fradtalension and floc strength factor
as expected. Indeed, the floc strength factor doesepend only on the compactness of
the floc but also a lot of other parameters suclhasnature of the primary particles,
presence of polymer and pH.

Table 2.4 shows that ffractal dimensions are similar for NOM and inorgani
aggregates. However, biological flocs have lowgr&lues because of the living nature
of their components that produce substances sucbximacellular organic matters.
These substances are polymeric type molecules ead o form more branched
aggregates.

A statistically significant difference between; Dalues obtained from the settling
method and the SALLS method (Table 2.5) is obser¢kduskall-Wallis test,
P<0.001). This difference has already been obsemesther studies (Jarvis et al.,
2008b). Higher SALLS values refer to the structofesmall aggregates within the
overall floc structure due to the limitations ofetlscale of investigation using this
method (Eq.(12)). The Pvalue obtained from settling refers to the striestaf the

overall floc structure.

Table 2. 5: Averages and standard deviations of thieactal dimensions D; for different natures of
aggregate and methods.

Methods Organic flocs Inorganic flocs Biological tbcs
Settling 1.94+0.12 1.97 £0.20 1.56 + 0.25
SALLS 2.28£0.29 2.23+£0.35 No data

Atkinson et al. (2005) found that floc fractal dins&on increases and floc size
decreases as the velocity gradient used for floevtyr increases (cf. Hydrodynamics
and breakage, section 3.2.7).

Sweep flocculated flocs have higher fractal dimemsihan charge neutralization
flocs (Kim et al., 2001; Li et al., 2006). This ik is observed for both organic and

inorganic aggregates (cf. Floc formation mechanjs®estion 3.2.6).
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About the coagulation-flocculation process of huaga (HA) with aluminium salts,
Wang et al. (2009) showed that a coagulant withgadr Al s-concentration such as
polyaluminium chloride generates more branchedsfloecause of the unstable HAAI
complexes formed. Coagulants with higher,d-concentration such as aluminium
chloride produce more compact flocs due to fornmatmf HA-Alnono OcCtahedral
coordinated complexes (cf. Coagulant type and dseseion 3.2.1).

Vilgé-Ritter et al. (1999) noticed that fractal @insions of organic flocs decreased
as the coagulation pH increase due to the depriddonaf phenolic OH groups
(cf. Coagulation pH, section 3.2.3).

Another conclusion drawn from the above table & #ygregates composed of many
different types of primary particles are strongeméller y values). As explain
previously, thisy parameter has to be interpreted carefully. Indeeohost of the cases,
flocs which were initially larger were still larg€hence stronger) than the initially
smaller flocs, or had a similar floc size afterdiage.

Table 2.6 presents a summary of these conclusiotighee impact of others factors
not developed above. More details on the mechanidrtiee different impacts are given
in the second part of this literature review.

Table 2. 6: Fractal dimension trends and impacts dodiifferent parameters.

Symbols +/- mean that fractal dimension tends to trease (+) or decrease (-) due to the factor.

Fractal
Factors dimension Comment Section
impact
Non-isometric particles - Poor packing. -
(e.g. fibres, mica)
MIEX pre-treatment + Removes small MW NOM, 3.1.3
DOC:coagulant ratio decreases.
Increasing coagulation - Higher pH generates repulsive 3.2.3
pH forces from deprotonation of
organic molecules
Flocculation mode +/- Sweep flocculation > charge 3.2.6
neutralization > bridging
Aggregation mechanism +/- Reaction limited aggregat 3.2.6
(RLA) > diffusion limited
aggregation (DLA)
Shear rate during floc + More restructuring at high shear 3.2.7
formation rate increases floc compaction.
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3. Factors influencing floc properties

All the floc properties described in the first paftthis literature review vary with
numerous factors. A number of these factors arerentt to the nature of the raw water,
such as the chemical composition, hydrophobicitg alkalinity. Other factors are a
result of the conditions in which the coagulatitwc€ulation processes are operated,
such as the coagulation pH, coagulant type and, dosmation and the breakage
hydrodynamics.

The following section gives an overview of the @astinfluencing floc properties

and their mechanisms with a particular focus on Nflids.

3.1. Raw water characteristics
The first and most important parameter that infaesnfloc properties is the nature of

the primary particles. It is well-known and easyutaderstand that flocs from algae,
NOM or clay laden waters have very different chaastics (Henderson et al., 2006).
For instance, Henderson et al. (2006) showed tlatrank for median floc size was
algae > kaolin > NOM and the rank for the floc sg# constant yj was

NOM < kaolin < algae. In other words, the smalleDM flocs were able to better

withstand the increased shear rate than the dthesystems.

3.1.1. Natural organic matter and hydrophobicity

NOM is a vaguely defined assortment of organic mdkes. NOM properties such as
acidity, molecular weight, molecular structure afcirge density often vary spatially
and temporally. NOM derives from the biodegradatadnplant and animal material
(Vilgé-Ritter et al., 1999; Sharp et al., 2006). Orgammpounds in drinking water are
not themselves particularly harmful but they arecprsors of carcinogenic disinfection
by-products (DBP) such as trihalomethanes (THM) nhbklorinated (Crittenden and
Montgomery Watson Harza, 2005).

NOM is composed of hydrophilic and hydrophobic miate (Jarvis et al., 2008a). A
good indicator of the degree of hydrophobicity he tspecific ultra-violet absorbance
(SUVA) which is the ratio of UV absorbance at 2%4 n(m') to DOC
concentration (mg t) (Edzwald, 1993). Waters with a SUVA value abovendi’'mg*
are considered hydrophobic and greater than 50 % D&noval is easily achievable
with coagulation-flocculation process. Water witlSBIVA under a value of 2.5 Lm
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'mg* waters are considered hydrophilic and lower DOaeal is achieved (Parsons
and Jefferson, 2006). Although hydrophobicity dneshave any proven direct impact
on floc strength, it influences some processes asdhe MIEX pre-treatment described
below in section 3.1.3.

It is generally accepted that NOM flocs are weakad have a lower density than
inorganic flocs (Bache et al., 1999). This obsaeoratan be explained by the steric
repulsion effect. Indeed NOM molecules with high MAké generally polymeric type
molecules. The tails and loops formed by these ocutds keep the primary particles
separated, reducing the intensity of the bonds lwihieans that the flocs are weaker
(Sharp et al., 2006).

3.1.2. Alkalinity

The total alkalinity of water is the concentratioh alkaline salts (bicarbonate,
carbonate and hydroxide ions) which react with scit gives the water a buffering
capacity which is important for maintaining optimyoH conditions when coagulant is
added (Gregory and Dupont, 2001). Moreover unstphhticles such as clay can be
destabilized in the presence of high calcium canteée*) leading to slow coagulation
(Gregory and Dupont, 2001).

Bache and Rasool (2001) observed in their studyfibes formed in high alkalinity
water were more affected by increased shear raterim of size than low alkalinity

flocs (high alkalinity flocs have a highewvalue).

3.1.3. MIEX pre-treatment

Orica Watercare of Victoria (Australia) has develdpghe magnetic ion exchange
(MIEX) resin in order to treat water with high DQ@ntent which has a high coagulant
demand and DBP formation potential. The MIEX resimbines traditional strong base
anion exchange properties (hydrophobic and hydhapacid removal) with magnetic
components (iron oxide) integrated into the resiads. The MIEX process is illustrated
in Figure 2.4. The resin is added to the raw watesturry form, mixed and then settled
in a clarifier very quickly because of its magnepioperty that leads the beads to
agglomerate rapidly. A recycle loop is operatechwaitgeneration step. The fact that the

beads settle very quickly allows the use of smddsads than traditional resin (180 um
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mean diameter), increasing their specific surfaea available for ion exchange (Singer
and Bilyk, 2002; Boyer and Singer, 2005; Singealgt2009).

Clarifier
Contactors

Raw water Treated water

e

\ 4

Regenerated resin
holding tank

Recycle loop
E
. D|C >

New resit | Regenerated resin Waste
brine

Regeneration
tank

\ 4

a

Figure 2. 4: Schematic of the MIEX process (adapteftom Singer et al., 2009).

Whilst conventional coagulation removes only hydipc NOM (high MW and
charged organic compounds with high SUVA) (Jartiale 2008a), the MIEXprocess
removes both hydrophobic and hydrophilic acids (IedWw NOM) (Singer and
Bilyk, 2002; Jarvis et al., 2008a). However, MIE¥e$ not remove organic compounds
with high MW (>5000 Da) or small neutral organié4efgen et al., 2008).

Some studies have shown that the effectivenesh@fMIEX process is water
specific (Morran et al., 2004; Mergen et al., 20@8hough Singer and Bilyk (2002)
have shown that it was efficient when applied arerllOM laden waters with different
characteristics. MIEX resin showed to be more éffecwhen applied on waters with
SUVA above 3 Lmgm™ (Johnson and Singer, 2004; Boyer and Singer, 2005)

When used as a pre-treatment before coagulatioB XNthproves the DOC removal
and lowers the coagulant demand (Singer and Ba9R2; Morran et al., 2004; Jarvis et
al., 2008a). It also influences floc properties (i, 2008). Indeed, the DOC to metal
coagulant ratio decreases and the combined treatimats to higher floc structural
quality (larger size, higher fractal dimension) ris et al., 2005b). Furthermore,
because MIEX leaves in the water residual NOM mdes: that are polymer-like in
nature, more effective binding NOM is incorporatetb the floc. Bridging bonds and
electrostatic patching are therefore possible betmemponents in the floc. This could

explain why flocs generated after MIEX pre-treatinbave larger size and generally

21 Vincent BURTON



Literaturereview

higher fractal dimensions which was shown in Mer{#008). 3 out of 4 waters which
produced flocs with higher fractal dimensions whemmpared with conventional
coagulation

Concerning the possible impact of alkalinity on #M&EX process, Mergen et al.
(2008) noticed no change in DOC removal for higHoov alkalinity water. However,
on long term use and at pilot scale, precipitabbrcalcium bicarbonate can occur on
the surface of the resin beads, limiting the s@faxchange and hence the efficiency of

the process (Cromphout et al., 2008).

3.2. Coagulation flocculation processes
To remove colloids and DOC from the water WTW comigyause aluminium or

iron salts for the coagulation process. The twonnmmaechanisms of coagulation are
charge neutralization (decrease of the repulsiveein order to agglomerate particles)
and sweep flocculation (inclusion of NOM in growinpgecipitates). Their relative
importance depends on factors such as pH, dosdeamgerature Yilgé-Ritter et al.,
1999; Duan and Gregory, 2003). According to the idamt coagulation mode, floc
properties change (cf. Section 3.2.6)

3.2.1. Coagulant type and dose

From the hydrolysing metal salts, the most widedgdiin water treatment practice
are aluminium and iron salts. Their coagulation Ina@tsms are similar: the positively
charged products of the metal hydrolysis destasilihe negative particles of the water
and precipitate into insoluble hydroxides or m&&M complexes on which NOM is
adsorbed Vilgé-Ritter et al., 1999). However, the optimum pH faluminium
coagulation with aluminium is higher than for cokgn with iron. Therefore,
aluminium coagulant generates weaker flocs becaisenal repulsive forces due to
deprotonation of phenolic groups at higher pH &dction 3.2.3) (Uyak and Toroz,
2005; Jarvis et al., 2008).

Pre-hydrolysed coagulants give better removals tmaventional coagulants at low
temperature and are less sensitive to pH since d@heyalready hydrolysed for most
types of water (Bache and Gregory, 2007). HowewerNOM laden waters and at
optimum pH and doses, pre-hydrolysed coagulantaadasignificantly improve DOC
removal over traditional metal coagulants (Duan @mdgory, 2003). The mechanism
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of coagulation of pre-hydrolysed coagulants isl stdt clear. As Ads (contained in
aluminium-based pre-hydrolysed coagulants suchoaglpiminium chloride) is very
stable, occurrence of hydroxide precipitation i®gjionable. However, on balance it
appears that precipitation does occur as it has bleewn that sweep flocculation takes
part in the removal process using these coagul@ian and Gregory, 2003). Also,
reactions of Ads and humic acid (HA) form unstable HA-Alcomplexes. Alono (found

at higher concentration in simple aluminium saltant in polyaluminium salts) forms
octohedrally co-ordinated complexes, leading tonfetronger and more compact flocs
(Wang et al., 2009).

Coagulant dose is important in order to perforniceft coagulation. To operate in
the sweep flocculation mode, a large amount of glaeg has to be dosed (Duan and
Gregory, 2003). When the DOC:coagulant ratio ishigore coagulant is available and
hence, flocs grow faster (Jarvis et al., 2004; ghatral., 2006). Jarvis et al. (2005)
found that floc quality decreases with increasin@@coagulant ratio. With higher
DOC content included in the flocs, flocs were seraltheir fractal dimension decreased
and the floc strength constant decreased. Thigrbatility to withstand increases in

shear rates was explained by the fact that theg wmialler (cf. section 2.3.1).

3.2.2. Polymer addition

In WTW polymers can be added into water as floatdads after coagulant addition
(bridging destabilized particles) or as primary guants (charge neutralization
mechanism) (Jarvis et al., 2008).

When used as coagulant aids, polymers improvetaesis of flocs to increases in
shear rate (Jarvis et al., 2006; Jarvis et al. 8BD0Concerning the floc size, studies
have given contradictory results. For one (Jarviale 2006) polymer decreased floc
size, for another polymer increased floc size (3aet al., 2008b) although the same
combination of coagulant and polymer was used &dh Istudies (Ferripol XL supplied
by Huntsman Tioxide Europe Ltd. and polyDADMAC wighcharge density of 100%
supplied by SNF UK Ltd.).

When used as primary coagulants, polymers formetafigc than with traditional
coagulants (Jarvis et al., 2008a) but much longez ts needed to reach the steady-state

floc size due to the slow adsorption of the polyrorrthe suspended particles. Very
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good reversibility is observed thanks to the reldity of the physical bonds that form
(Yukselen and Gregory, 2004).

3.2.3. Coagulation pH

Coagulation pH determines the relative importantéhe two coagulation modes.
Hydrolysis of metal salts produces different cheahgpecies according to the pH. Most
of these species are cationic under the pH comditaf most water treatment (anionic
products generally form at high pH). It is closeniutral pH that aluminium and iron
have their lowest solubility. Then, it is the mdéstourable pH for sweep flocculation
(significant hydroxide precipitation) (Johnson aWAdnirtharajah, 1983; Duan and
Gregory, 2003).

Vilgé-Ritter et al. (1999) studied the impact ofianrease in pH on organic matter.
As a solution becomes more basic, organic molecaites particularly phenolic OH
groups are more subject to deprotonation. This rge¢e® repulsive forces within the
macromolecules. Structures are then less stromgligected and also less dense at high
pH.

3.2.4. Zeta potential

The zeta potential) is the measurement of the effective electrostiarge on the
surface of particles (Gregory and Carlson, 2008sétes and Jefferson, 2006). Knowing
that charge neutralization dominates the floccolattf NOM, { is a good indicator of
coagulation performance (Gregory and Carlson, 2®0&)derson et al., 2006). For
instance, if too high dose of coagulant has beeeddhto the water, themeasurement
will be positive indicating that particles repelchaother and have re-stabilized (Duan
and Gregory, 2003).

Sharp et al. (2006b) has observed that when flogs,fthe closer to zero the zeta
potential is during coagulation the more resistarihcreases in shear rate the flocs are
(lowery value). The reason for this being that there @ss klectrostatic repulsive force

amongst particles in the floc aggregate,

3.2.5. Temperature
Duan and Gregory (2003) reported that hydrolysingtaincoagulants have lower
efficiencies with decreasing temperature. Indeedhperature can affect coagulation

both physically and chemically. The viscosity of teraincreases with decreasing
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temperature therefore the transport of particles aollision rates are slower. Also, the
Kolmogoroff's microscale of turbulence changed &srelated to the viscosity (Jarvis et
al., 2005).

Chemically, temperature affects the rates of hysislreactions of the metal salts.
Decreasing water temperature lowers the minimurmabsigy of the metal hydroxide
and slightly shifts it to more alkaline conditiofBuan and Gregory, 2003; Bratby,
2006).

In colder water, floc formation rates are slowed dine flocs generated are smaller
and weaker (Duan and Gregory, 2003). Floc strefagttors increase with decreasing
water temperature (Jarvis et al., 2005).

3.2.6. Floc formation mechanisms

Charge neutralization, sweep flocculation and brniggnechanisms generate flocs
which present different characteristics.

Flocs formed by charge neutralisation have slowemétion rates and their size is
smaller than those formed by sweep flocculatiom{kit al., 2001; Duan and Gregory,
2003; Jarvis et al., 2006).

An interesting study (Li et al., 2006) measurea fiactal dimensions and strength
constants for the three different floc formationam&nisms. Due to the intrinsic nature
of each flocculation mode, the rank for the higliexrctal dimension was sweep
flocculation > charge neutralization > bridging.eThank for the higher floc strength
constant was charge neutralization > sweep flotioma> bridging. The number and
length of internal bonds explain this last ranklypeer bridging generating the more
resistant flocs to increase in shear rate. Thesflbat were most susceptible to high
shear rate were the charge neutralisation flocgs iBhbecause these flocs are bonded
together by weak forces such as van der Waals bonds

Models have been developed to explain the aggmyatechanisms (Gregory, 1997,
Waite et al., 2001). Cluster-cluster aggregatiothes more realistic case to model the
flocculation process. Two types of cluster-clustezdels exist: the diffusion limited
aggregation (DLA) model and the reaction limitedy@gation (RLA) model. In DLA
there is no repulsion amongst particles and ealiisioa results in attachment. In RLA
there are repulsive forces between particles wihomhtribute to decreased collision

efficiency. According to these models, flocs getetain RLA regime are more
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compact because clusters can move and inter-peneieech other before becoming
attached.

Waite et al. (2001) associated rapid aggregatitm t@the DLA regime and slow
aggregation rate to RLA regime. They controlled #ggregation rates by adding
indifferent ions in the water and measured thetélasimension of the flocs by SALLS.
Fractal dimensions were slightly higher for fastggregation rate systems (DLA
regime). This observation contradicts the preditiof the DLA and RLA aggregation
models but no clear reason was provided. More workinderstand this unexpected

behaviour should be done.

3.2.7. Hydrodynamics and breakage

Hydrodynamics have a very high impact on floc praps. To form flocs, rapid
mixing is required to disperse the coagulant ifie water in order to destabilize the
primary particles to allow them to collide with éacther (Bache and Gregory, 2007).
Mixing has to be maintained after destabilizationpromote orthokinetic collisions
leading to larger aggregates. As explained in ge@i3, floc size is determined by the
combination of the breakage conditions due to ty@rddynamics and the strength of
the internal bonds within the floc.

Several studies agree on the fact that flocs casubgect to internal restructuring due
to higher shear rates leading to more compact flbisang, 1994; Gregory, 1997;
Spicer et al., 1998; McCurdy et al., 2004; Jarvisak, 2006). In water treatment
practice, flocs go through high and low shear ratees and are squashed and stretched
allowing some degree of restructuration.

Under breakage conditions floc bonds are partidéigtroyed by the mixing energy
(cf. section 2.3.1). The time of exposure to brgakiorces influences the floc strength
factor and the recovery factor. These three pamsiéiave been seen to decrease with
longer breakage periods (Duan and Gregory, 2008s#&len and Gregory, 2004). The
degree of reversibility depends also on the floonftion mode. Reformation after
breakage is possible for flocs generated by chaeggralization effects but impossible
for flocs generated by sweep flocculation sincartbkeemical bonds are unable to re-
form after breakage. Full reversibility of floc gvth is almost never observed for flocs

formed by charge neutralisation or electrostatitcipaA good reason is that during
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breakage, restructuring takes place producing smébcs which thus cannot reach
their initial size after re-growth.

4. Conclusion

Floc properties have been defined with a speaiftzi$ on the floc fractal dimension.
It has been seen that all properties are linkedthmy. Indeed, factors such as the nature
of the primary patrticles, the conditions of coagjola and the hydrodynamic conditions
have a major influence on size, re-growth potensaength and fractal dimension of
flocs.

One objective of this literature review was to Higfht the difficult interpretation of
the floc strength concept. Indeed, a low floc gitenconstanty) indicating that the
flocs withstand less well increased shear rates doé always implicate that the floc is
weaker. On the contrary, very often, larger floemain larger than small flocs after
breakage in spite of their higher floc strength stant, indicating that there are still
stronger. In consequence, floc size should be dersil as the main criteria for floc
strength and the floc strength constant as aniaddltinformation on the floc breakage
behaviour.

Concerning the methods used to work out fractaledision, it is thought that
SALLS and settling methods measure fractal dimensib different scales. SALLS
gives B values for small particles within its applicatioenge while settling method
gives D3 values for the overall aggregates that are of mmpegational use.

Different factors which influence the floc propediand their mechanisms have been
described. Almost all of them act on the floc stuual properties via a modification of
either the nature of the primary particles, or¢baditions of coagulation process, or the
hydrodynamic conditions of the surrounding watemisTliterature review showed the

complexity of the parameters which determine the fitructure.
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Objectives

CHAPTER 3— OBJECTIVES

MIEX pre-treatment followed by coagulation has beeen to be more efficient than
conventional coagulation in removing DOC matter smcequire lower coagulant doses
for NOM laden water. It has also been proven th#Xpre-treatment influences floc
properties and therefore the efficiency of dowrestrgprocesses.

The aim of this thesis was to assess these bendfitgy the raw water from
Kluizen WTW (VMW, Belgium). Consequently, this bénscale research project had
for objectives to:

= compare the NOM removal for raw and MIEX pre-treéateiater after
coagulation using three different coagulants (AIGIACI and FeG).

= evaluate, compare and understand the impacts oiXMiEe-treatment on the
physical properties of flocs, i.e. floc size, flsgength, floc potential regrowth
and fractal dimension, using three different coagts.

= assess based on the floc properties the advaraadgesisadvantages of a MIEX
pre-treatment stage before coagulation on dowmnstrg@ocesses such as

filtration, sedimentation and flotation.

= investigate a potential relationship between flectal dimension and other floc
properties.
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CHAPTER 4 — PAPER FOR PUBLICATION
WATER RESEARCH

Impact of MIEX pre-treatment on floc strength atisture

Vincent Burtofl, Jan Cromphobit Peter Jarvfs

4Centre for Water Science, Cranfield University, Cranfield, Bedfordshire MK43 OAL, UK
® Elemish Water Supply, Bdliardstraat 73, B-1040, Brussels, Belgium

*Corresponding author. Tel.: +44 0 1234 750111, fadd 0 1234 751671
E-mail address: p.jarvis@cranfield.ac.uk

Abstract

In drinking water treatment magnetic ion exchangéeX) resin treatment followed
by coagulation has been shown to significantly iowpr dissolved organic carbon
removal and reduce disinfection by-product formatio comparison with coagulation
alone. However, knowledge is lacking about howrttagnetic resin influences the floc
structure which is of major importance for the @éncy of the downstream processes.
The present study compares properties of flocs rgeea by coagulation alone and
combined treatment (MIEX pre-treatment followed btyagulation) of a raw water
characterised by a high natural organic matter esdinand high alkalinity (Kluizen
water treatment works, VMW, Belgium). Coagulatiorasvachieved using three
different coagulants - ferric chloride (Fgfl aluminium chloride (AIG), and
polyaluminium chloride (PACI) - at optimum pH anasg conditions. Experiments
were performed using jar test apparatus. A lighattedng instrument (Malvern
Mastersizer) measured floc size and fractal dineenduring growth, breakage and re-
growth periods. Additional fractal dimension measnents for ferric flocs were
obtained from images from a light microscope usmgge analysis software. MIEX
pre-treated flocs were larger for all the coagudaieisted but were more affected by
increased shear rate than conventional flocs. Wais thought to be due to the larger
initial size of the MIEX pre-treated flocs being rmaoimpacted by breakage eddies.
Light scattering and image analysis gave diffefeadtal dimension values for the same
floc system. This was because they are applicabldifferent length scales: light
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scattering for the small primary particles and imamalysis for the overall flocs. Of
more operational interest, image analysis restitsved that MIEX pre-treated flocs
were more compact. Combined treatment using MIEX @magulation gave an overall
improvement in floc structure quality. The implicets for water treatment practice
being that MIEX pre-treated flocs will be easierdarify and remove by filtration

processes.

Keywords:
Floc, MIEX pre-treatment, floc strength, fractahdinsion, image analysis, natural

organic matter.

Abbreviations
AICl 5 Aluminium chloride

DBP Disinfection by-products

DOC Dissolved organic carbon
ERD Effective resin dose
FeCk Ferric chloride

IA Image analysis

MIEX Magnetic ion exchange

NOM Natural organic matter
PACI Polyaluminium chloride
PHA Polyhydroxyaromatic compounds

RGD Rayleigh-Gans-Debye

SALLS Small angle laser light scattering

SUVA  Specific U\bs4 absorbance

UV 54 Ultraviolet absorbance at 254 nm

VMW Vlaamse maatschappij voor watervoorziening (fikh water supply company)
WTW Water treatment works
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1. Introduction

Water treatment works (WTW) have to comply withukagions such as those laid
out in the European Drinking Water Directive (Coiirigirective 98/83/EC) which
defines standards for the quality of drinking wafEnere is no current drinking water
quality standard for natural organic matter (NOMIthis legislation because in itself it
iIs not generally harmful when consumed. Howevesidieal NOM leads to the
formation of carcinogenic disinfection by-produd®BP) such as trihalomethanes
(THM) which are regulated when water is chlorinasedl has a negative effect on the
biostability of the water (Parsons and Jeffers@9&. To remove NOM many WTW
use the coagulation-flocculation processes withahelt coagulant. In the coagulation
stage, the coagulant is added into the water amd fmsitive hydrolysis products that
destabilise impurities of the water owing the f#tat most of them are negatively
charged (Duan and Gregory, 2003). Flocculation estagpvides a slow stir mixing
allowing destabilised particles to collide and aggte, forming flocs. These flocs are
removed from water by a solid-liquid separationgeiss. However, in some case this
succession of processes does not provide enough KgDMval in order to stay in
compliance with the THM standards. One solutiorrdpe with this NOM problem is
use of the magnetic ion exchange (MIEX) resin dgwvedl by Orica Watercare
specifically for NOM removal. This strong base am@exchange resin has been shown
to be very effective in removing NOM and reducitg tsubsequent coagulant dose
when MIEX is used as a pre-treatment of the codigmatage (Singer et al., 2009).

It is interesting to investigate the propertieshd flocs since the efficiency of solid-
liquid separation processes such as filtrationinsedtation and flotation depends on the
characteristics of the impurities to be removederéhhas been limited work showing
how MIEX pre-treatment impacts on the downstrear firoperties formed using ferric
sulphate coagulant (Jarvis et al., 2008a; Merge@8p

Flocs can be characterised by their size, thepaese to increased shear rates, their
regrowth potential and their fractal dimension.ded, flocs generated in WTW can be
considered as fractal objects since aggregatiopriofary particles and clusters gives
rise to a porous self-similar structure (Huang, 499/aite et al., 2001). The fractal
dimension of an object gives an indication abowt itooccupies space. Its value varies
between 1 and 3. A fractal value around 1 corredpda a highly porous and branched
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aggregate whilst a value approaching 3 indicateslid filled object. Like every fractal

object flocs show power law relationships between of their geometrical parameters

such as:
PO L™ (1)
AOLP: (2)
v oL 3)

where P is the perimeter, A is the area, V is thleme, L is the characteristic length
(usually the largest length of the object) angd D, and [} are the fractal dimensions
respectively in one-, two- and three-dimensionakep

Some recent research has shown that MIEX pre-tedtupstream of coagulation
can have a positive effect on flocs properties these studies have not studied the
possible interaction between the MIEX pre-treatmeamd the choice of the coagulant.
The main objective of this study was to provideomparison between the combinations
of either conventional coagulation or MIEX pre-treant followed by coagulation.
Three different metal salt coagulants have beertedeqaluminium chloride,
polyaluminium chloride and ferric chloride) to detene if there were any differences

in the properties of the flocs with and without MlEreatment.

2. Materials and methods

All experiments were carried out at laboratory taged temperature (20 = 2°C).

2.1. Raw water and MIEX pre-treatment
The studied raw water was a lowland water from sem@ir at Kluizen WTW

(VMW, Belgium). The MIEX pre-treated water was frdime same source but treated
using an upflow fluidised bed reactor (2 m heighf, m diameter with c. 0.3 m resin
height (c. 150 mL ). No recycling of resin was operated during treszitn After resin
regeneration in situ, 1000 bed volumes of raw watere treated, collected and mixed.
This corresponds to an effective resin dose (ERC) mL L™ (Cromphout, 2009). The
two waters were stored in a refrigerated room @t dritil use. Measurements of the pH,
DOC (actually, measurement of the non-purgeablarocgcarbon (NPOC)), U,
zeta potential, turbidity and alkalinity were cadiout on both types of water.
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2.2. Treatment options
Raw water and MIEX pre-treated water were both atzgd with three chemicals:

aluminium chloride (AIG, 6% w as Al), polyaluminium chloride (PACI AquateRk1,
9.6% w AbO3) and ferric chloride (Fegl9.6% w as Fe).

Preliminary coagulation tests were carried out wilv water to determine the
optimum pH for coagulation since the optimum pH wasnd to be the same for
coagulation of MIEX pre-treated water (Jarvis ef 2008) (pH between 3 to 7.5 were
investigated). 1 L square jars were filled with 0.Sample of water and placed on a
PB-900 variable speed jar tester (Phibbs and Birdjinia, USA) (flat paddle impeller
dimensions: 76 x 25 mm). A rapid mixing of 2.5 ntesl was operated at 200 rpm
(536 $Y) during which coagulant was added (1 minute after start) followed by the
addition within 30 seconds of the coagulant of exitBulphuric acid (1 M) or sodium
hydroxide (1 M) (both chemicals from Fisher SciBatUK, Loughborough) to adjust
the pH to the desired value. A slow stir stageofsld at 30 rpm (31" from 15
minutes which allowed the flocs to grow. Samples doalysis were taken after a
settling period of 10 minutes.

Using the optimum pH and the same procedure additi@r tests were carried out
to determine the best coagulant dose for each efstk treatment options (doses
between 2 and 20 mg'ias metal were investigated). Optimum pH and doselitons
were selected according to the more effective coatlin of DOC removal, U,
removal, turbidity removal and zeta potential.

DOC (NPOC) was measured using a TOE&+en analyser (Shimadzu, Kyoto,
Japan), UYss using a 6505 UV-Vis spectrophotometer (Jenway, aw, UK),
turbidity using a 2100N turbidimeter (Hach LangearMhester, UK), and zeta potential

using a Zetasizer (Malvern Instruments, UK).

2.3. Floc size
Jar tester and laser diffraction instrument (Matvérdastersizer 2000, Malvern

Instruments, UK) were coupled to monitor the flamesusing a method as described in
Jarvis et al. (2005b). From the jar (1 cm abovedfgdvater was drawn by a peristaltic
pump at 1.5 Lht through the measurement cell. The tubing usedah&dnm internal
diameter. The pump was placed downstream of thesumement cell to avoid any floc

damage into the measurement system.
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The floc size jar test sequence proceeded as pgyimoted using a 1 L sample
filled square jar. But after the slow stir phasd&tminutes at 30 rpm, a breakage phase
of 20 minutes was operated at 30, 40, 50, 75, 180,and 200 rpm (31, 47, 66, 122,
188, 347 and 536'srespectively). After the breakage phase of 30ar% 200 rpm flocs
were allowed to re-grow for 15 minutes at 30 rprocFsize measurement was taken
every minute. Each experiment was conducted ihdaie.

2.4. Floc strength and recovery
The following strength factors and relationshipgavestablished for all of the floc

conditions tested. Floc size is an indicator o€ fidrength considering that for the same
given conditions a larger floc is stronger as ithsiands better breakage factors
(Yukselen and Gregory, 2004; Jarvis et al., 2086)ditional parameters derived from
the floc size data have been proposed by Frant8®&7{ to characterise floc strength
and regrowth potential.

The strength factor indicates how big the flocfierabreakage (@ compared to its
initial growth floc size (g):

Strength factor =3—2 x1C (4)
1

Recovery factor indicates in which proportion thexfrecovered its initial size after

regrowth (d):

Recovery factor M x 1C

170, (5)
Another way to characterise floc strength is to ubke following empirical

relationship:
log(d,) =log( Q -y dog(rpm) (6)
where log (C) is the floc strength co-efficient andhe floc strength constant. A
lowery value in magnitude means that flocs are lesstaffiday an increased shear rate.

2.5. Floc fractal dimension
Floc fractal dimensions were calculated by the tramble laser light scattering

technique (SALLS) and by image analysis (IA). Th&LES method has previously
been used and explained in other studies (Kim.g2@01; Jarvis et al., 2005a; Li et al.,
2006). The principle is to work out the fractal @nsion of the system ¢Dbfrom the
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relationship between the intensities of the socattelight (I) measured by the
photosensitive detectors of the laser diffractimstiument and the scattering vector (Q):
| O Q™ (7)
This linear relationship (on a log-log plot) apglienly for independently scattered
light and under the Rayleigh-Gans-Debye (RGD) regiitn other words, the length
scale of investigation (corresponding td)Chas to be much larger than the primary

particle size (Rariculd @and much smaller than the size of the aggreRggegar:

R >>Q'>>R (8)

aggregate particle

To work out the fractal dimension by IA, flocs wesampled with an adapted pipette
to avoid any floc damage after growth, breakage esgtowth and placed on a
microscope slide bordered with 2 mm high rubber. rismother microscope slide
enclosed the suspension containing whole flocxsHleere observed using a light BHB
microscope (Olympus European, Hamburg, GermanyEGD QICAM 12 bit Mono
Fast 1394 camera (Q-imaging, Surrey, Canada) cdupith the Image Pro Plus
software (Media Cybernetics, Bethesda, USA) allowedges to be acquired on a
computer. Pixels representing the floc were setelbjemanual threshold selection. Floc
projected areas and maximum Feret diameters weasured after calibration using a
microscope graticule. In order to be representadia@bases a minimum of 100 flocs
were measured for each stage of the jar test sequien30, 75 and 200 rpm. Values of
the projected areas and the maximum Feret diamatterged the D fractal value to be

calculated from the previously cited power law tielaship (Eq.2).

2.6. Statistical analysis
Standard deviation and standard error calculativese carried out using the

Analysis ToolPak of Microsoft Excel™. Other statiat analyses were carried out

using the software Minitab 14™,
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3. Results
3.1. Water quality parameters

The measured water quality parameters (Table #dyed that the raw water had a
high DOC concentration (10.2 mg C)Land a high alkalinity (266 mglas CaC®).
The specific U\s4 absorbance (SUVA value of 2.7 L iign* indicated that the water
was predominantly hydrophilic in nature given ttie guideline value for a hydrophilic
water is generally considered for SUVA values <I2rig* m™ (Parsons and Jefferson,
2006).

Following treatment by MIEX 57% of the DOC and 74¥%ithe UV,s, was removed
from the water. This DOC removal agrees with the@®moval of around 55% found
by Singer et al. (2009) for a raw water with a SU¥A2.7 L mg* m* and an ERD of
1mL L™

3.2. Treatment options
The first series of jar tests was carried out nal fihe best conditions to coagulate the

water. For all the coagulants and both the raw BiHBEX treated water, pH 5 was
selected as the pH that gave the most effectivebowtion of U\ss, and DOC
removals and the conditions where the zeta potantthe coagulated water was within
the optimum window (see experiment data reportppendix B.1.). This pH value of 5
is in compliance with the recommended pH to coadguNOM (between pH 5 and 6)
(Henderson et al., 2006). Under this pH range dibrainant coagulation mechanism is
charge neutralisation. PACI was the only coaguldwat was able to give similar
removals over a wide range of pH (from pH 5 to .7189)is was expected as a result of
its pre-hydrolysed character which gives to PAGbwer dependence on the process
conditions such as pH and temperature that rul@&ydeolysis reactions (Bratby, 2006).
The second set of jar tests was made at pH 5 dotifie@ best coagulant doses. Doses
were selected based on the most effective combmadif UV.s,, DOC, turbidity
removals (Table 4.1) (see experiment data repofpipendix B.2.). The zeta potential
was also checked to ensure that it was in the comene. For the raw water, higher
ferric coagulant dose (18 mg'Las Fe) was required than the aluminium based
coagulants (12 mgt as Al). These doses are quite high compared witiercdoses

used for NOM removal for source waters with a simDOC content (8 mgtas Fe
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and 10 mg ! as Al in Jarvis et al. (2006) and Jarvis et 208 respectively). For
MIEX pre-treated water, coagulant doses were ratlioe6 mg I as metal for all
coagulants. This was expected as result of thecesdDOC content of this water and
evidence from previous trials of this type (Singeal., 2009). In percentage terms, the
reductions in coagulant doses were 50% for alummninased coagulants and 66% for
iron based coagulant.

For both types of water, Fe{Ojave the best DOC removal. This agrees with other
studies that found iron based coagulants moreieficn DOC removal than aluminium
based coagulants (Uyak and Toroz, 2005; Jarvid.eP@08). The reduction in the
SUVA value by 41% after MIEX treatment revealedt tRBEX resin removed a higher
proportion of hydrophobic material than hydrophitatter. This SUVA reduction has
already been observed by Boyer and Singer (200&n(& study of 4 waters, between
10 and 44% SUVA reductions were observed) and lmmphout et al. (2008) where
38% SUVA reductions were observed. However, foepthaters no significant SUVA
reductions have been seen (Johnson and Singer; 2804s et al., 2008a), indicating
that both hydrophilic and hydrophobic materials evegmoved by MIEX in the same
proportion.

3.3. Floc size and strength
Monitoring the do floc size during growth, breakage and regrowthspsashowed

that the MIEX pre-treatment and the choice of ctagugreatly impacted on the floc
size (Figure 4.1) (see experiment data report ipehplix C). Floc size was improved
following coagulation after MIEX pre-treatment t63P6, 132% and 247% of the raw
water floc size for AIG, PACI and FeGlrespectively. This improvement in floc size
due to MIEX pre-treatment has already been repdriedarvis et al. (2008) where a
floc increase of 39% after MIEX pre-treatment usiegic sulphate as a coagulant was
observed. For flocs generated from raw water, ike decreased according to the
following coagulant ranking: PACI (306 =13 um), Gte (208 + 8 um) and AIGI
(169 + 6 um). For flocs generated from MIEX preatesl water, the size decreased
according to the following coagulant ranking: FeC(513 +34 um), PACI
(403 £ 29 um) and AIGI (260 =12 um). Statistical analysis showed that tla¢se
steady-statesd floc sizes were significantly different from eactiher (Kruskall-Wallis
tests, all P <0.001). A 2-way ANOVA (assumptionenfual variances) demonstrated
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that the MIEX pre-treatment factor and the coaguldactor do not impact
independently on the floc size. In other words diféerent floc sizes resulted from a
combined effect of the choice of coagulant and Mipxe-treatment (Balanced
ANOVA, P < 0.001 for hypothesis of no interactiogtleen the two factors). This was
illustrated by the greater increase in size seeffefoic flocs after MIEX pre-treatment
compared to the other coagulants.

When analysing the evolution of floc size duringeditage, two types of floc
breakage were observed; the first stage beinggetscale decrease in size and the
second a gradual decrease. However, for shearabB8s(no breakage), 40 and 50 rpm,
the first large-scale decrease was not observeas Getween 50 and 75 rpm curves are
observed for AIG and Fe. The absence of this gap for PACI was probablytdus
polymer type molecules that provide an "elasticsig@nce to increased shear rates.
With PACI it was also observed that the onset eédllation was faster because PACI
is pre-hydrolyzed allowing it to destabilise thertjdes earlier than the other
coagulants.

Calculated strength factors (see raw data in Appebjifor each breakage shear rate
revealed no significant difference between raw dland MIEX pre-treated flocs
(Kruskal-Wallis test, P =0.190). Only floc strelhgtactors for 75 and 200 rpm are
shown in Table 4.2 to simplify presentation. Recgvéactors calculated for floc
regrowth at 75 and 200 rpm revealed no significifierence between raw flocs and
MIEX pre-treated flocs (Kruskal-Wallis test, P 681) (see raw data in Appendix D).
However, small but significant differences (Kruskdallis tests, all P = 0.021 < 0.05)
were seen between each coagulant in term of regdeetors. FeGl gave the best
regrowth, followed by AIGJ and then PACI for both types of water.

All the systems investigated followed the expectddtionship between floc size and
the applied shear rate (Figure 4.2). On a log-logles R2 correlation coefficients for
each of the regression lines were between 0.940&86. According to the value of
the slope (the floc strength constay)),(systems withstand better increase in shear rate
in the following order. Raw+PACI (0.50), Raw+Fg(l0.59), Raw+AIC{ (0.65),
MIEX+PACI (0.72), MIEX+FeC} (0.73), and MIEX+AIC} (0.74). From these values,
it is obvious that flocs generated with MIEX predted water were less able to

withstand increased shear rates. This trend haadjirbeen observed by Jarvis et al.
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(2008) who foundy values of 0.47 and 0.54 respectively for NOM fleashout and
with MIEX pre-treatment. Slight differences in flstrength constant suggest that PACI
provided more resistant flocs than the other caagal They values can be used to give
an indication of the floc degradation mode (Frasc©®87). According to the calculated
v values, breakage mode of raw water flocs was dat@ehby large-scale fragmentation
mechanisms and MIEX pre-treated flocs were brokgnbbth fragmentation and
erosion mechanisms.

Even if the initial larger flocs generated afterBW pre-treatment broke more easily,
they still kept a larger size than conventionat$land should therefore be considered
stronger (except for PACI flocs that gave similacfsizes at high rpm regime due to
the low increase in size due to MIEX pre-treatm@20%6)). This indicated that the floc

strength concept has to be interpreted carefultiveith a critical mind.

3.4. Fractal dimensions
(For fractal dimension raw data, see Appendix E)

The SALLS method was used to work ouf fiactal dimensions for all floc systems
at the end of the floc growth phase, the breakdgese at 75 rpm and the regrowth
phase. Using the IA method it was only possiblengasure the fractal dimensionyfD
of the ferric flocs. This was because the aluminifiots were too transparent to
differentiate them from the background.

Analysis of the [ values of the flocs generated by the differemattreent options
(Figure 4.3 a) did not reveal an obvious differebeéwveen raw water flocs and MIEX
pre-treated flocs. The oaverages (for both raw and MIEX pre-treated watersre
2.44 £ 0.05, 2.70 £0.12 and 2.61 £ 0.06, respelstivor after growth, breakage and
regrowth flocs. AIC4 generated aggregates which seem to be a little cmnpact than
the two other coagulants. The; hcreased for flocs after breakage and then $jight
decreased after regrowth. For example for PACI alzay on raw water the initial
fractal value was 2.36, this increased to 2.73 &iteakage and then decreased to 2.57
following re-growth. The reverse trend (loweg 8fter breakage) was seen by Jarvis et
al. (2008b) when flocs were broken at 200 rpm neutar jars (G value estimated to
128 §' (Sharp et al., 2006) which is similar to 75 rpnsguare jars where G is 129)s

Comparison of the Pvalues for ferric flocs (Figure 4.3 b) highlightdatee major
differences. Firstly, Pvalues were smaller thangDalues. This was expected because
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the difference of dimension between the workingcspa(2-dimensional for Dand
3-dimensional for B). Secondly, D revealed an increase of 8.7% in fractal dimension
for MIEX pre-treated flocs. Finally, the trend sdenthe 3 was not observed from the
D, fractal dimension where the;@or raw water and MIEX pre-treated water decreased

by 8.4% in average after breakage and then slightheased by 2.2% after regrowth.

5. Discussion

The results from this work have shown that the gmes of a MIEX resin pre-
treatment had beneficial impacts on both DOC remaval floc structure and, in
combination with the selection of the coagulantegiise to different floc properties
(Table 4.3).

MIEX pre-treatment followed by coagulation reduc#e amount of coagulant
required. The main reason for this was the rednciothe DOC of the water after
MIEX treatment. The DOC removal obtained in thisdst by the combined MIEX and
coagulation processes was better when compareghttmeed coagulation alone which
is in agreement with other studies (Singer andkBiB002; Fearing et al., 2004; Jarvis
et al., 2008a; Mergen, 2008).The MIEX process hasnbseen to remove both
hydrophilic and hydrophobic molecules which havéoaw molecular weight (MW)
(<1500 Da) (Singer and Bilyk, 2002; Jarvis et 2008a). Following DOC removal, the
SUVA composition of the water upstream of the céaiion stage was reduced from
2.7 t0 1.6 L mg m* indicating that MIEX preferentially removed hydrabic NOM.
This means that the treated water became more piyiticowhich explains the lower
DOC removal seen for the subsequent coagulatioauseccoagulation preferentially
removes high MW and hydrophobic molecules (Jarvisl.e 2008a) (between 16% and
30% compared with removals between 45% and 64%utation-flocculation process
on raw water). But still coagulation after MIEX atenent removes compounds that are
very hard to eliminate from water and not removeddnventional coagulation.

The modified DOC composition impacted on the floogerties. Indeed, MIEX pre-
treatment generated larger flocs which can be @gdlaby two reasons. Firstly,
compared to conventional coagulation, the DOC tgatant ratio decreased following
MIEX treatment (Table 4.1) (except for FglCISmaller DOC to coagulant ratios have
been proven to generate flocs with higher struttquelity (floc size, strength and
fractal dimension) (Jarvis et al., 2005b). Secondcause MIEX removes low MW
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molecules (except small and neutral compounds)igheh proportion of high MW

polymer-like molecules are left in the water, impng the binding within the flocs
(bridging bonds and electrostatic patching) leadmdarger floc size (Mergen, 2008).
These two reasons could also explain the increBseidr MIEX flocs (Figure 4.3 b).

Mergen (2008) has observed this trend for fractadedsions for 3 out of 4 studied
waters.

The significantly larger flocs observed after MIp¥e-treatment seen for ferric flocs
(254% of the conventionally coagulated floc sizeéswot explained by changes in the
DOC to coagulant ratio because this was observaatctease. Further evidence for the
hypothesis that improved binding occurs in thedlbg polymer like NOM molecules is
given by other research (Henderson et al., 200&)id-chloride coagulant has been
demonstrated to preferentially aggregate with pgdybxyaromatic compounds (PHA).
This selectivity for PHA is thought to be more inm@amt for iron coagulants than for
aluminium based coagulant¥i{gé-Ritter et al., 1999). This selectivity could expla
why ferric flocs were larger after MIEX pre-treatmend why their recovery factor is
higher than the two other coagulants. Low MW PHAI ather organic compounds
were thought to be removed by the MIEX process.séquently, a higher proportion of
polymeric-like PHA molecules are included in theiteflocs after MIEX pre-treatment
when compared with the proportion of the same camgs in the flocs generated from
raw water. This higher proportion of large polynedike PHA molecules leads to the
formation of the larger flocs after MIEX treatméat ferric chloride.

From the floc size point of view, larger MIEX pned&ted flocs may be considered
stronger than conventional flocs since they reatdwrger size under the same mixing
conditions (Yukselen and Gregory, 2004). Howevel=X1 pre-treated flocs were less
resistant to increases in shear rate (high&ealues) than conventional flocs. This is
because larger initial flocs are more exposed &akage from turbulence eddies.
Smaller flocs are more likely to be entrained bgstn swirling turbulences rather than
broken by them (Parker et al., 1972).

This study supports the fact that the light scattemethod to work out the fractal
dimension of aggregate has a limited applicabtttyNOM flocs (Jarvis et al., 2005a).
Indeed, the linear relationshipL{IQ°) on the log-log graph of | against Q was always

seen between log Q = -3.4 and -1.7nihis means that RGD regime and its laws are
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not applicable to aggregates larger than 2.5 pnthdncurrent study median floc sizes
were larger than 160 um. Thus, it is consideredl 8#d_LS measures only the fractal
dimension of the microflocs located on the surfaicéhe floc. Because {Xata were not
significantly different from each other it can bencluded that microflocs have the
same structure regardless of the presence or abs#nMIEX pre-treatment. The
tendency of R to increase under breakage shear rate could Heimeg by an internal
re-organisation of the bonds within the microfloegking them more compact (Huang,
1994; McCurdy et al., 2004; Jarvis et al., 2006).

The IA method gave Pfractal dimensions which revealed a reverse trefter a
breakage: the Pdecreased because of the higher shear rate. Aadglrdescribed,
larger aggregates were more affected by eddies #maall aggregates such as
microflocs (Francois, 1987). Consequently, eddiasalye the overall floc, making it
more branched, more loosely connected and therefess compact. Another
observation was the increase ia\&lues seen for MIEX flocs. This was thought to be
explained by the low MW DOC molecules removed lyMIEX pre-treatment that left
a higher proportion of polymer-like molecules inethvater. These polymeric-like
molecules increased median floc size and made thera compact by binding primary
particles closer together to one another. Thia Bgreement with previous research that
has shown that higher polymer doses increasesfiiémtal dimension (Jarvis et al.,
2008b). In the current work the fractal dimensioorked out by IA (B) were
considered as more representative and operatiataltikdan the SALLS Psince the B
is related to the bulk of the flocs.

It has been seen in this study that by removingiBpeDOC from the water, the
MIEX process reduced the coagulant requirementeted the final DOC and improved
floc characteristics. The practical implication this work is that the modified floc
characteristics after MIEX treatment may impact downstream processes such as
filtration, settling or flotation. The larger flogize should improve removal by solid-
liquid separation processes including sedimentatimation and filtration. Because
they are more compact (higheg)and larger, flocs generated after MIEX shouldiset
faster. This improved settleability has already noesserved by Mergen (2008).
Concerning a potential change in flotability, assesnt is less clear. Jarvis et al.(2008a)

have seen better final turbidity removal after diged air flotation with MIEX pre-
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treated water on their pilot scale facilities. Ag flocs are larger they should rise to the
surface entrained by more air bubbles. Howeverlatger MIEX flocs showed a lower
resistance to increased shear rate. Their advaritagftotation may be reduced at
higher shear rates such that those experiencedeirtdntact zone of a dissolved air
flotation unit which have been estimated betwee@018nd 76005 (Fukushi et al.,
1995). Nevertheless, this needs to be balanceddyaict that the flocs still remain
larger after breakage for MIEX treated flocs conmpato conventional flocs. Only
PACI flocs after MIEX pre-treatment have been seeshow similar floc sizes, if not
smaller, at high breakage shear rates compareanteeational flocs. Consequently, the
removal improvement of flotation process due to Migre-treatment should be greater
for AICI3 or FeC} than for PACI coagulation. Finally, given the ieased DOC
removal due to MIEX pre-treatment, combined treatnséould reduced the production

of DPB during the chlorine disinfection process.

6. Conclusions
The present research investigated the impacts &XMire-treatment on coagulation
and flocculation of a NOM laden water with a partés focus on the resulting floc
characteristics. Results of the bench-scale experisnlead to draw the following
conclusions:
= Given the removal of DOC material due to the MIEX-{reatment, optimum
coagulant doses were reduced and overall DOC rdsofea combined
treatment were higher than for conventional codaguiareducing the potential
for formation of DBP during chlorination.
= According to the floc properties, the beneficialeets of MIEX pre-treatment
were dependent on the coagulant choice. After MpiE-treatment ferric flocs
were 2.5 times larger compared to conventionalddéiwcs. Ferric chloride was
seen to give a better regrowth potential to thecsfloThe strongest flocs
considering thg values were generated from the raw water with PACI
» The explanation for the improved floc propertieeaMIEX pre-treatment was
thought to be as a result of improved removal efdoMW substances, leaving
behind polymeric like molecules in the water whigehen coagulated increased
the floc size and compactness. The effect on fibe was especially observed
for the ferric coagulant owing to its high seletivfor PHA.
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= MIEX pre-treated flocs could be considered strongdthough they were more
affected by the increased shear rates becauseiofldlger size, they were still
larger than conventional flocs (exception was fACB.

» Fractal dimension values supported the hypothesisSALLS and IA methods

do not apply to the same length scales. SALLS agdgl particles smaller than
2.5 um and IA method to the whole floc making th&er method of more
operational interest.

Further work on interactions between MIEX pre-tneant and coagulant choice
could validate the hypothesis that some chemicadsnaore prone to produce higher
quality flocs after MIEX treatment. The explanatidhat better floc structure
characteristics are observed after MIEX pre-treatnosving to the consecutive higher
proportion of polymer like substances should behfr investigated using synthetic

model organic compounds.
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9. Tables
Table 4. 1: Quality parameters for the raw water anl the final waters.
Site water Treated water
Parameters quality AICI 3 PACI FeCly
Raw @ MIEX | Raw | MIEX | Raw MIEX | Raw @ MIEX

pH 8.15 8.05 5 5 5 5 5 5

Coagulantdose | \,n  nja | 12 6 12 6 18 6

(mg L~ as metal

DOC (mg C ILl) 10.2 4.4 5.6 3.5 4.9 3.7 3.7 3.1

UV 2sq (M) 278 71| 89 55| 94 62 70 5.3

Zeta potential -5.6 -2.3 3.0 4.6 2.2 3.6 -1.7 -3.1

(mV) +11 +10 01 =01 09 +02/ 1.0 =20

Turbidity (NTU) 0.6 0.4 51 14 14 1.0 2.2 0.4

Alkalinity

(mg 1L asCacQ) 266 +2223+3 - - - - - -

DOCto | \yo  NA | 085 073| 085 073 057 073

coagulant ratio

Final SUVA 27 16| 16 16| 19 17 19 17

(Lmg~m™)

Table 4. 2: Strength factors and recovery factorsdr the different combinations of treatments.
Breakage | Strength factor (%) Recovery factor (%)
shearrate| AIClI; PACI FeCly | AICI; PACI  FeCls

75 55 47 56 21 8 52
Raw
200 28 25 26 27 13 38
MIEX 75 57 55 66 22 10 55
200 27 33 35 29 14 44
Table 4. 3: Treatment option rank according to NOMfloc properties
Parameter Highest » Lowest

DOC removal MX+Fe MX+Al MX+PACI ~Raw+Fe Raw+PACIRaw+Al

Size, d MX+Fe MX+PACI MX+Al Raw+PACI Raw+Fe Raw+Al

Regrowth potentigIMX+Fe ~Raw+Fe MX+Al ~Raw+Al MX+PACI ~Raw+PACI

Resistance to high ., paci Raw+Fe  Raw+Al  MX+PACI MX+Fe  MX+Al

shear rate,y-

Compactness alteip Al MX+Al  =MX+PACI ~Raw+PACI ~MX+Fe ~Raw+Fe

regrowth,

Compactness after .

regrowth, B MX+Fe Raw+Fe  (Not applied to the other treatmerions)

(MX = MIEX pre-treated, Al = AIC}, Fe = FeG, and~ = similar to the previous value
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10. Figures
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Figure 4. 1: Evolution of floc size (g) for the different combinations of water types andcoagulants.

The mean standard deviation for each rpm curve waaround 10% of the size value.
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Figure 4. 2: Floc strength profiles for the differant combinations of treatments.
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Figure 4. 3: Fractal dimensions of flocs: (a) comp&on of D; for three different coagulants and
(b) comparison of B and D for ferric flocs.

Error bars show the 95% condidence interval of theegression line (calculated by the standard
error of characteristic length for D, or log Q for Dy).
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>> PREPARATION
Use of wordprocessing software

It is important that the file be saved in the native format of the wordprocessor used. The
text should be in single-column format. Keep the layout of the text as simple as possible.
Most formatting codes will be removed and replaced on processing the article. In particular,
do not use the wordprocessor's options to justify text or to hyphenate words. However, do
use bold face, italics, subscripts, superscripts etc. Do not embed "graphically designed"
equations or tables, but prepare these using the wordprocessor's facility. When preparing
tables, if you are using a table grid, use only one grid for each individual table and not a grid
for each row. If no grid is used, use tabs, not spaces, to align columns. The electronic text
should be prepared in a way very similar to that of conventional manuscripts (see also the
Guide to Publishing with Elsevier: m+http://www.elsevier.com/guidepublication). Do not
import the figures into the text file but, instead, indicate their approximate locations directly
in the electronic text and on the manuscript. See also the section on Electronic illustrations.

To avoid unnecessary errors you are strongly advised to use the "spell-check" and
"grammar-check" functions of your wordprocessor.

Article structure
Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be
numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section
numbering). Use this numbering also for internal cross-referencing: do not just refer to "the
text". Any subsection may be given a brief heading. Each heading should appear on its own
separate line.

Use line numbering throughout your paper.

Introduction

State the objectives of the work and provide an adequate background, avoiding a detailed

literature survey or a summary of the results.
Material and methods

Provide sufficient detail to allow the work to be reproduced. Methods already published

should be indicated by a reference: only relevant modifications should be described.
Results

Results should be clear and concise.

Show only those experimental results that are relevant to your objectives and conclusions
and which you want to discuss.

Discussion

This should explore the significance of the results of the work, not repeat them. It should
integrate your findings in a comprehensive picture and place them in the context of the
existing literature. A combined Results and Discussion section can be appropriate. Avoid
extensive citations and discussion of published literature.

For reviews the organisation of the paper can be different. It is however important that a
review is more then a summary of the literature, an in-depth critical discussion is essential
for acceptance of a review paper.

Conclusions

Conclusions contain essentially the 'take-home' message of a paper. Conclusions are not
an extension of the discussion or a summary of the results. Authors are advised to list
important implications of their work in form of a bulleted list. Conclusions must not contain
references to the cited literature.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and
equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a
subsequent appendix, Eq. (B.1) and so on.

It is also possible to add supplementary information on-line (see below).

Essential title page information
e Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.
e Author names and affiliations. Where the family name may be ambiguous (e.g., a
double name), please indicate this clearly. Present the authors' affiliation addresses (where
the actual work was done) below the names. Indicate all affiliations with a lower-case
superscript letter immediately after the author's name and in front of the appropriate

65 Vincent BURTON



Appendices

address. Provide the full postal address of each affiliation, including the country name, and, if
available, the e-mail address of each author.
e Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. Ensure that telephone and fax numbers
(with country and area code) are provided in addition to the e-mail address and the
complete postal address.
e Present/permanent address. If an author has moved since the work described in the
article was done, or was visiting at the time, a "Present address" (or "Permanent address")
may be indicated as a footnote to that author's name. The address at which the author
actually did the work must be retained as the main, affiliation address. Superscript Arabic
numerals are used for such footnotes.
Abstract
A concise and factual abstract is required. The abstract should state briefly the purpose of
the research, the principal results and major message. An abstract is often presented
separately from the article, so it must be able to stand alone. For this reason, References
should be avoided, but if essential, they must be cited in full, without reference to the
reference list. Also, abbreviations should be avoided, but if essential they must be defined at
their first mention in the abstract itself.
Keywords
Immediately after the abstract, provide a maximum of 6 keywords, avoid general and
plural terms and multiple concepts (avoid, for example, "and", "of"). Be sparing with
abbreviations: only abbreviations firmly established in the field may be eligible. These
keywords will be used for indexing purposes. Use keywords that make your paper easy
detectable for interested readers in literature databases. Repeating terms in the title is
usually not needed.
Abbreviations
Nomenclature must be listed at the beginning of the paper and must conform to the
system of standard SI units. Acronyms and abbreviations must be spelled out in full at their
first occurrence in the text. Authors should consult - "Notation for Use in the Description of
Wastewater Treatment Processes", Water Res.1987;(21)2:135-9. In general, minimise the
use of abbreviations so the paper remains easily understood by the general reader.
Acknowledgements
Collate acknowledgements in a separate section at the end of the article before the
references and do not, therefore, include them on the title page, as a footnote to the title or
otherwise. List here those individuals who provided help during the research (e.g., providing
language help, writing assistance or proof reading the article, etc.).
Artwork
Electronic artwork
General points
e Make sure you use uniform lettering and sizing of your original artwork.
e Save text in illustrations as "graphics" or enclose the font.
¢ Only use the following fonts in your illustrations: Arial, Courier, Times, Symbol.
e Number the illustrations according to their sequence in the text.
¢ Use a logical naming convention for your artwork files.
e Ensure that the figures can be understood without reading the text. Minimise use of
abbreviations.
e Produce images near to the desired size of the printed version.
e Submit each figure as a separate file.
A detailed guide on electronic artwork is available on our website:
r+ehttp://www.elsevier.com/artworkinstructions
You are urged to visit this site; some excerpts from the detailed information are
given here.
Formats
Regardless of the application used, when your electronic artwork is finalised, please "save
as" or convert the images to one of the following formats (note the resolution requirements
for line drawings, halftones, and line/halftone combinations given below):
EPS: Vector drawings. Embed the font or save the text as "graphics".
TIFF: color or grayscale photographs (halftones): always use a minimum of 300 dpi.
TIFF: Bitmapped line drawings: use a minimum of 1000 dpi.
TIFF: Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi is
required.
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DOC, XLS, PDF or PPT: If your electronic artwork is created in any of these Microsoft Office
applications please supply "as is".
Please do not:
e Supply embedded graphics in your wordprocessor (spreadsheet, presentation) document;
e Supply files that are optimised for screen use (like GIF, BMP, PICT, WPG); the resolution is
too low;
e Supply files that are too low in resolution;
e Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF, EPS or MS Office
files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will
appear in color on the Web (e.g., ScienceDirect and other sites) regardless of whether or not
these illustrations are reproduced in color in the printed version. For color reproduction in
print, you will receive information regarding the costs from Elsevier after receipt of
your accepted article. Please indicate your preference for color in print or on the Web only.
For further information on the preparation of electronic artwork, please see =
http://www.elsevier.com/artworkinstructions.

Please note: Because of technical complications which can arise by converting color
figures to "gray scale" (for the printed version should you not opt for color in print) please
submit in addition usable black and white versions of all the color illustrations.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to
the figure. A caption should comprise a brief title (not on the figure itself) and a description
of the illustration, making it understandable independent of the text. Keep text in the
illustrations themselves to a minimum but explain all symbols and abbreviations used.
Prevent use of symbols in figures and captions.

Tables

Number tables consecutively in accordance with their appearance in the text. Place
footnotes to tables below the table body and indicate them with superscript lowercase
letters. Avoid vertical rules. Be sparing in the use of tables and ensure that the data
presented in tables do not duplicate results described elsewhere in the article.

Minimise the use of symbols and abbreviations in the tables.
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Citation in text

Please ensure that every reference cited in the text is also present in the reference list
(and vice versa). Any references cited in the abstract must be given in full. Unpublished
results and personal communications are not recommended in the reference list, but may be
mentioned in the text. If these references are included in the reference list they should follow
the standard reference style of the journal and should include a substitution of the
publication date with either "Unpublished results" or "Personal communication" Citation of a
reference as "in press" implies that the item has been accepted for publication.
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literature review in the introduction/discussion. A large fraction of self-citations is general an
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As a minimum, the full URL should be given. Any further information, if known (DOI,
author names, dates, reference to a source publication, etc.), should also be given. Web
references can be listed separately (e.g., after the reference list) under a different heading if
desired, or can be included in the reference list.

References in a special issue

Please ensure that the words 'this issue' are added to any references in the list (and any

citations in the text) to other articles in the same Special Issue.
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References to published literature must be cited in the text as follows:

Li and Gregory (2006) - the date of publication in parentheses after the authors' names.
References must be listed together at the end of each paper and must not be given as
footnotes. For other than review papers authors should aim to give no more than 20-30
recent, relevant references. They must be listed alphabetically starting with the surname of
the first author, (year) followed by the title of the referenced paper and the full name of the
periodical, as follows:
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Research 25(9), 1137-1143.
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numbers, name of publisher, and place of publication. The abbreviation et al. may be used in
the text. However, the names of all authors must be given in the list of references. Personal
communications and other unpublished works must be included in the reference list, giving
full contact details (name and address of communicator).

Personal communications must be cited in the text as, for example, Champney (2006).

References in languages other than English must be referred to by an English translation
(with the original language indicated in parentheses).

Citing and listing of web references. As a minimum, the full URL should be given. Any
further information, if known (author names, dates, references to a source publication etc.),
should also be given. Web references can be listed separately (e.g., after the reference list)
under a different heading if desired, or can be included in the reference list.
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Elsevier accepts electronic supplementary material to support and enhance your scientific
research. Supplementary files offer the author additional possibilities to publish supporting
applications, movies, animation sequences, high-resolution images, background datasets,
sound clips and more. Supplementary files supplied will be published online alongside the
electronic version of your article in Elsevier Web products, including ScienceDirect: &=+
http://www.sciencedirect.com. In order to ensure that your submitted material is directly
usable, please ensure that data are provided in one of our recommended file formats.
Authors should submit the material in electronic format together with the article and supply a
concise and descriptive caption for each file. Video files: please supply 'stills' with your files:
you can choose any frame from the video or make a separate image. These will be used
instead of standard icons and will personalize the link to your supplementary information. For
more detailed instructions please visit our artwork instruction pages at &
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e Permission has been obtained for use of copyrighted material from other sources (including
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When you use the DOI to create URL hyperlinks to documents on the web, they are
guaranteed never to change.

Proofs

One set of page proofs (as PDF files) will be sent by e-mail to the corresponding author (if
we do not have an e-mail address then paper proofs will be sent by post) or, a link will be
provided in the e-mail so that authors can download the files themselves. Elsevier now
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http://www.adobe.com/products/acrobat/readstep2.html. Instructions on how to annotate
PDF files will accompany the proofs (also given online). The exact system requirements are
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If you do not wish to use the PDF annotations function, you may list the corrections
(including replies to the Query Form) and return them to Elsevier in an e-mail. Please list
your corrections quoting line number. If, for any reason, this is not possible, then mark the
corrections and any other comments (including replies to the Query Form) on a printout of
your proof and return by fax, or scan the pages and e-mail, or by post. Please use this proof
only for checking the typesetting, editing, completeness and correctness of the text, tables
and figures. Significant changes to the article as accepted for publication will only be
considered at this stage with permission from the Editor. We will do everything possible to
get your article published quickly and accurately. Therefore, it is important to ensure that all
of your corrections are sent back to us in one communication: please check carefully before
replying, as inclusion of any subsequent corrections cannot be guaranteed. Proofreading is
solely your responsibility. Note that Elsevier may proceed with the publication of your article
if no response is received.

Offprints

The corresponding author, at no cost, will be provided with a PDF file of the article via e-
mail. The PDF file is a watermarked version of the published article and includes a cover
sheet with the journal cover image and a disclaimer outlining the terms and conditions of
use. Additional paper offprints can be ordered by the authors. An order form with prices will
be sent to the corresponding author.

Author's Discount

Contributors to Elsevier journals are entitled to a 30% discount on most Elsevier books, if

ordered directly from Elsevier.

>> AUTHOR ENQUIRIES
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http://www.elsevier.com/trackarticle and set up e-mail alerts to inform you of when an
article's status has changed. Also accessible from here is information on copyright, frequently
asked questions and more. Contact details for questions arising after acceptance of an
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Appendix B: Coagulation optimisation

B.1. pH optimisation
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Zeta potential
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Ferric chloride
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Zeta potential
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Polyaluminium chloride
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Zeta potential
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B.2. Dose optimisation
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Zeta potential
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DOC concentration
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UVv254 abs
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Appendix C: Size measurements for the different tratment options
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Floc size d50 (um)
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d50 RW PACI (12mg/L as Al - 190pL/L)
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Appendix D: Strength and recovery factor calculatims

Strength factor: (d2/d1)*100 and Recovery factor ((d3-d2)/(d1-d2))*100

MIEX AICI; MIEX FeCls MIEX PACI
rpm| ch (um) o (um) ds (um)| SUERER  REEOVER ||rom]ch um) d (um) ds (um)| STOIER ey |[rom|ah (um) 0z (um) s um)| S R
30| 277 303 290 110 49 30| 482 559 557 116 2 30| 397 374 371 94 14
40| 255 235 92 40| 4901 471 96 40| 398 300 75
50| 252 232 92 50| 517 39 77 50| 407 247 61
75| 244 135 159 55 21 75| 470 265 371 56 52 75| 428 200 218 47 8
100| 273 133 49 100| 524 203 39 100| 446 157 35
150| 256 95 37 150 558 183 33 150| 353 111 31
200| 261 72 124 28 27 200| 549 144 297 26 38 200 390 96 135 25 13
Raw AICl3 Raw FeCl; Raw PACI
rpm|dx (M) do (M) ds (um) fjgﬁ?%ﬁjj) gﬁf;vg,/?; rpm|dx (M) dz (M) ds (um) fﬁgf,?%;t,‘) gﬁfg’r\’(% rpm|dy (um) d; (um) ds (um) fﬁgf,?%;t,‘) gﬁf;vg,/?;
30| 164 166 162 101 183 30| 198 217 225 109 46 30| 286 266 249 93 01
40| 162 141 87 40| 205 208 102 40| 318 262 83
50| 173 149 86 50| 210 187 89 50| 202 210 72
75| 164 93 109 57 22 75| 199 132 169 66 55 75| 314 173 187 55 10
100| 169 96 57 100| 208 112 54 100| 312 152 49
150| 176 63 36 150 215 93 43 150| 300 135 45
200| 177 48 85 27 29 200| 219 76 139 35 44 200| 318 104 135 33 14
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Appendix E: Floc fractal dimension

FeC|3
MXFe d,
d
ds
RWFe d
d
ds
FeC|3
MXFe d,
d
d
RWFe d
d
ds
AICl 3
MXAl  d,
d
ds
RWAl d,
d
ds
PACI
MX PACI d,
dy
ds
RW PACI d,
dy
d

D,
30 rpm 75 rpm 200 rpm
Growth |R2=0.9871 2.044 0.02ZR2=0.9871 2.044 0.02ZR2=0.9871 2.044 0.022
Breakage| R2?=0.9872.035+ 0.024R2=0.9673 1.89& 0.034R2=0.9447 1.72@& 0.04(Q
Re-growth R?=0.9916 2.007+ 0.020R2=0.9778 1.919 0.027R?=0.9767 1.94% 0.027
30 rpm 75 rpm 200 rpm
R2=0.9642 1.90%2 0.033R2=0.9642 1.902 0.033R2=0.9642 1.902 0.033
R2=0.97601.881+ 0.027R2=0.9142 1.71%2 0.044R2=0.9608 1.70& 0.035
R2=0.97541.941+ 0.031R2=0.9520 1.776& 0.039R2=0.9760 1.83& 0.02§
Ds
30 rpm 75 rpm 200 rpm
Growth | R2=0.9982.480+ 0.025R2=0.9985 2.48& 0.025R2 = 0.99852.480+ 0.025
Breakage| R2=0.9986 2.406+ 0.020R2=0.9990 2.623% 0.02C N/A
Re-growth R?2=0.99932.456+ 0.014R2=0.9985 2.56# 0.022R2=0.9976 2.45% 0.028
30 rpm 75 rpm 200 rpm
Growth |R2=0.9979 2.485 0.040R?2=0.9979 2.48% 0.040R2=0.9979 2.48% 0.040
Breakage| R2=0.997@.545+ 0.031R2=0.9959 2.57%2 0.044 N/A
Re-growth R?2=0.9978 2.583+ 0.026R2=0.9975 2.55& 0.031R2=0.9978 2.48% 0.031
Ds
75 rpm
Growth R2=0.9989 2.446 0.021
Breakage R2=0.9977 2.69% 0.03€
Re-growth R2=0.9988 2.634 0.027
75 rpm
Growth R2=0.9986 2.49& 0.025
Breakage R2=0.9988842.919+ 0.033
Re-growth R2=0.9979 2.71@ 0.03€
D3
75 rpm
Growth R2=0.9990 2.39% 0.02C
Breakage R2=0.9985 2.673% 0.03C
Re-growth R2=0.9983 2.59& 0.031
75 rpm
Growth R2=0.9983 2.362 0.02%
Breakage R2=0.9981 2.733% 0.04C
Re-growth R2=0.9983 2.57@& 0.034
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