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Abstract

The most significant operational cost in a treatment plant is related to the
dewatering and disposal of sludge. Coagulation is the most common process in
water and wastewater treant plants and produces sludge as gioygluct. The
influence of different important coagulation factors baen investigated in this
study to assess corresponding impacts on sludge dewaterability. The CST
(Capillary Suction Time) apparatus was used as the main tool to measure sludge
dewaterability followed by the turbidimeterthe particle size analyzer, aride
SRF (Specific Resistance to Filtration) as a comparison and also for verification.
The CST results indicate that the magnetic stirrer produces the lowest CST
values, while the other four shapes of mixers prodstmilar but highertrends.
Rapid mixing velocity and rapid mixing time have varying degrees of influence
on the CST value and hencen sludge dewaterability. Rapid mixing velocity
seems to have a more significant impactt@CST value than rapid mixing time.
The coagularst aluminium sulphateand ferric chloride have similar effects on
CST valus. The performance of aluminium sulphaad Moringa oleiferaare
affected by temperature, but tiperformance ofcoagulant ferricchloride was
hardly impacted. Different syntheticater samples do not significanthffect the
CST value.
The turbidity resultorrelates well withthe CST value. Observations using
the particle size analyzer indicate that, in gahehe floc size has a direct
correlation with the CST value. The lardbe floc size, the lower the CST value.
Floc size distribution results show that synthetic raw water has a narrow particle

size distribution synthetic domestic wastewater produced a wider distribution

Xii



than syntheticraw water. The comparison between th&TCand SRF results
indicates that the CST and SRF are well correlatedlifferent methodgrapid
mixing velocity and rapid mixing timeare usedbut uncorrelated if different
materialg(mixers, coagulants, temperature and water samates}ed.

Basedon the resuft of this investigation, the workingof the magnetic
stirrer should be investigated further in order to implement this mixer in the
treatment process. The magnetic stirrer does not only produce the lowest CST
value but is also the only mixendt produces different CST valugignificantly.
This is because itproduces the optimum G value fgludge formation. The
implementation of rapid mixing velocity is more important than rapid mixing time
in the operation of a treatment plant. Due to itsalation with temperature, ferric
chloride is the most appropriate coagulant among the three types of coagulants
used in the treatment plant to reduce sludge dewaterability. Based on the results
using different water samples] af these factors can besedfor both inorganic

andorganic water and wastewater to produce lower sludge dewaterability.
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CST Capillary Suction Time

COD Chemical Oxygen Demands
CFD ComputationaFluid Dynamic

G Velocity Gradient

PIV  Particle Image Veloonetry
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CHAPTER 1

INTRODUCTION

1.10verview

This chapter will discuss the background to this research, specific aims and
objectives of the research, research methodology and limitations of the rekearch.
will also explain the importance ofhe coagulation process arttie impact of

important variakes on sludge production and sludge dewaterability.

1.2 Background to Research

Sludge is an inevitible bproduct of the water and wastewater treatment
processindeed water and wastewater treatment plants produce large volumes of
sludge every day, andlewatering and disposal of sludge accounts for
approximately 40% of the treatment costs of a typical treatment plant (Hernando
et al, 2010). Globally, in modern society, the quantity of sludge increases
annually because of increasing population grehte access to seageand water
treatmentQuantity and qualityof sludgeare dependent on the treatment process
in the wastewater plant (Sanin et.,aR011). Table 1 shows the projection of
sludgegeneration in the United Stat@JS EPA, 1999).

Table 1. Projection of Sludge Generation in the United Stag(US EPA, 1999)

Year Total (million dry metric tons)

1998 6.3
2000 6.5
2005 6.9
2010 7.5




For the UK alone, sludge production in 2001 Wds6,615metric tonsof

dry matter it increased td,360,36ametric tonsof dry matterin 2003 (Sanin et al

2011) as can be seen in Table ®hich presents figures for the EWs a

consequence, sludge and the management of sludgsigmificant problem in

water and wastewatere@mtment plants.

Table 2. Sludge Production in the European Union in 2001 and 200&anin

et al,, 2011)

Sludge Produced
(metric tons of dry matter)

Member state 2001 2003
Austria 96,110 115,448
Belgium Flemish 81,352 76,072
Belgium Walloon 18,514 23,520
Denmark 158,017 140,021 (2002)
Finland 159,900 150,000
France 893,252 910,255 (2002)
Germany 2,300,686 2,172,196
Greece 67,755 79,757

Ireland 33,559 42,147

Italy 884,964 905,336
Luxembourg NA 7,750
Netherlands 536,000 550,000
Portugal 209,014 408,710 (2002)
Spain 892,238 1,012,157
Sweden 220,000 220,000

UK 1,186,615 1,360,366

Total 7,737,975 8,173,735

Dewatering of sludge is considered to be one of the most significant

problems associated with sludge management, as well as being the most costly

process in water and wastewater treatment plants (Katsiris & Katsiri, 1987; Jin et

al., 2004). The dewaterability of sludge is fundamentally determined by the

chemical composition and physical configuration of the flocs or solid particles



that make up the sludge (Verrelliat, 2009). In water and wastewater treatment
plants a number of pcess stages are employed to treat water in order to remove
contaminants. Zhan et.42011) identified coagulation as one of the key elements
within the treatment process, whilst research conducted by Diaz(204l) and
Verrelli et al (2009) highlighed the importance of coagulation in influencing
both the production and the dewaterability of sludge.

The coagulation process produces purified water and sludge (floc) as a by
product (Byun etl., 2005; Gray, 2005; Diaz el., 2011). In this processsll
contaminantswhich have a diameter less than 1um, attach themselves to one
another to produce an agglomeration ,amg a result, the initially small
contaminant can be removed from water as part of a much larger agglomeration
(AWWA, 1999). Sludgeproperties such as the volume, strength, size and
dewaterability, will influence the method of dewatering and disposal
(Tchobanoglous eal., 2003; Razi & Molla, 2007). In order to improve the
conditions for coagulation, rapid mixing is employed. Rapid ngpgthe first of
two stages of the mixing process (Gray, 2005) andnigssentialpart of the
coagulation process (Mhaisalkar aft, 1991; Dharmappa eal., 1993). It is
recognzed that this rapid mixing phase is crucial throughout the coagulation
process and equally important in the formation of sludge. The main purpose of
rapid mixing is to effectively disperse a coagulant in the wéaiwever, it also
establishes the formation of coagulant hydrolysis products. Precipitate formation
of coagulant hydrgsis products is the agent that has the responsibility not only to
destabilize the contaminant, but also to determine sludge production (Walng et

2008; AWWA, 1999).



According to AWWA (1999), coagulation is complex, involving physical,
chemical andlao mass transfer processes. The main processes in coagulation are
coagulant formation, particle destabilization, and Hprticle collisions.
Coagulant  formation, destabilization and the reaction between
contaminant/coagulant occur during and immedyatafter the rapid mixing
process. In addition, intgrarticle collisions that cause aggregation begin to
develop during rapid mixing and form, predominantly, during the coagulation
process. Coagulation processes in water and wastewater treatment platys usu
produce bulk contaminant or sludge. The amount and properties of the sludge
depend on the coagulant used. The greater the volume of slimgenore
processing is required and the costs of dewatering and disposal increase. The
effectiveness of coagulan depends on many factors such as rapid mixing,
coagulant characteristics, pH, alkalinity, temperature and contaminant
characteristicsOf these factors, the most important is rapid mixing (Maishalkar et
al., 1991; Dharmappa ai., 1993).

In water andvastewater treatment plants, rapid mixing can be carried out
with a wide range of mixers and reactor configurations, any of which will produce
different shearing rates, different flocculant aggregate sizes and hence different
rates of flocculant agglomdran. Much work has been published in the area of
rapid mixing in relation to the coagulation procelswever, the influence of
different shapes of mixer on floc formation and stability has been neglected.
Initial findings show that different shapes ofxei produce different coagulation
efficiency (Leentvaar & Ywema, 1980; McConnachie, 1989; Spicat.e£1996;

Kim et al., 2006; Wu, 2010) This is due to different shear rates influencing the



rate of floc agglomeration. Serra et @008) who investigagd the efficiency of
different shear devices on flocculatjaroncluded that different shapes of mixer
produce different sizkaggregates during flocculation. The different shapes of
mixer produced different shear rgtethus influening the rate of floc
agglomeration At low mixing or low shear rates with mixing velocity gradient

less than 205G <208, floc diameter increased with increasing shear rates and
aggregation dominated over break up. Intermediate shear ratés<@€B0s")
produced the lgrest flocs because flow rates were maximized. At high shear rates
(G>30s"), the shear rate was such that the maximum floc sizes were smaller due
to the dominance of particle break up, rather than aggregation.

Park et al (2003) investigated the effect biydraulic turbulence in rapid
mixers on turbidity removal. The research was conducted at laboratory scale using
wet tests, Computing Fluid Dynamics (CFD) simulation and Particle Image
Velocimetry (PIV) analysis, using three different shapes of jar: alairgar with
squared baffles, a circular jar without baffles and a Hudson jar. The authors
concluded that for designing and operating rapid mixing, rapid mixing intensity,
defined as the product of velocity gradient (G) value and mixing time (t), was
inacequate due its inability to reflect important hydraulic conditions in the
coagulation process, such as turbulence. In the most effective turbidity removal
processes neidentical impeller rotating speeds and G values in different shapes
of jar have been ifmd. Park et al emphasized that in determining the
performance of a rapid mixer the most important factor is turbulent fluid

conditions, including distribution of turbulence and formation of dead zones.



In this research, the behaviour of different shapfemixer is examined
and their influence on sludge formation amzaly. Researctwas carried out
through a rigorous programme of laboratory testing, examining a range of
parameters that are considered to affect the coagulation pracgeg the
Capillary Suction Time (CST) as the main sludge dewaterability measurement
apparatus. In order to compare and verify the CST results, particle size amalysis,
turbidimeter and SRF (Specific Resistance to Filtration) were also employed as
additional meagses of sludge dewaterability.

Although a number of studies have been carried out with regards to rapid
mixing and its influence on sludge dewaterability, comprehensive studies of
specific aspects of this relationship are still required. It is believadftinther
research can provide insights into the increase in sludge dewaterability in water

and wastewater treatment systems.

1.3  Specific Aims and Objectives of the Research

The principal aim of this research is to contribtaghe development of
sludge dewatering techniques by critically evaluating the influence of a number of
essential variables on the coagulation process, which is a critical element in
sludge dewatering. The objectives of this research are therefore to investigate the
influence ofthe following important factors on the coagulation process during
sludge dewatering:
1 Mixer shape
1 Rapid mixing velocity

1 Rapid mixing time



) Coagulant type
1 Temperature
1 Water composition

The influence of these parameters haen examined based on the results
of experimental work, and modifications to existing dewatering processes are
suggested which aim to improve the efficiency and efficacy of water and

wastewater treatment.

1.4 Research Methodology

The research methoamly focused on collecting and anahg
experimental data acquired through a programme of experiments relating to the
interaction of a range of different variables and their influence on the coagulation
process. In order to do this, the researdalfentified a number of key challenges:
1. Data analysi§ the programme generates a large body of data. Detailed
quantitative analysis of this experimental data was required, informed by
appropriate statistical methodologies;
2. Sludge production mechanisnis many aspects affect sludge production,
including the shape of mixers, coagulants and contaminants in water. The
mechanisms were investigated and aredybased on the results of experimental
laboratory work;
3. Quantitative measurement of sludge dewaterabiliy number of methods
were available to evaluate sludge dewaterability, including the CST, turbidimeter,

particle size analyzer and SRF. These were critically reviewed and evaluated in



the context of this study. Clearly, a key element of the experimestdd is to
evaluate the method by which sludge dewatering was assessed;

4. Chemistry of sludge/wastewateone of the key aspects in understanding the
processes in water and wastewater treatment plants is the chemistry of the water
or wastewater. In thisesearch, the chemistry studiedsbased on the coagulant

and the water sample used in the experiment.

1.5 Limitation sof the research

The principal limitations of this research have been identified as:
1. The selection of mixer shapes used in this research to represent the real
mixer shapes in the industrilany shapesre used in water and wastewater
treament plants. This research cam useall of them, soto overcome this
problem the selection was basedinformation provided by companies producing
and/or selling standard mixers used by the water and wastewater industry.
2. In order to obtain a sample with consistent water quality characteristics for
laboratory tests, synthetic raw water and synthetic dim&vaterwas used (at
least for benchmarking purposes) in all experiments. The use of synthetic water
minimizes differences in experimental conditions, which are particularly
important for most laboratory c al e t est s. The préperties
water samples can often be highly variable and very dynamic. These properties
depend on the treatment plant operational conditions and may change over time
during transport, handling and storage. It was an initial requirement of this work

to obtain apprpriate synthetic water and wastewater recipes. There are no



standard water and wastewater formulds.order toaddresghis problem,the

researcher carried out an extenditerature review.

1.6 Chapter Summary

Sludge dewatering and disposal isvary expensive process. Sludge
production is increasing every year, not only in the UK but also globally. As one
of the essential processin water and wastewater treatment plants, coagulation
impacts sludge conditions and sludge dewaterability. Coagulation uses different
shaps of mixer, and research findingshowthat different mixer shapes produce
differentdegrees o€oagulation. Basednathese facts, it might be valuable to seek
a correlationbetweendifferent shapes of mixer and other important variables
the coagulation process on sludge dewaterabifitycontribution to increasing

sludge dewaterabilitghouldresult fromthis researh.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview

Chapter 2 presents the literature revighichhas an important role in supporting
this research. Sludge problems in water and wastewater treatment plzohts,
correlation between thecoagulation process and important variakilessludge
dewaterability will be discussed in detail. The role ofcfleize on sludge

dewaterability andludge dewaterability mearementill also beconsideed.

2.2 Sludge Problems in Water and Wastewater Tgatment Plants

Generally, the water content in sludge is approximately,38Btch needs
to be reduced prior to disposaidthis saccounts fomlmost half of the treatment
costsof dewatering and disposal (Chenatt 2010). Reduction of sludge volume
by separating water from sludge (solid) has become the most importaot {heet
sludge treatment process (Qiatt, 2011). However, although sludge dewatering
is considered to be one of the most expensive elemertis tfeatment process, it
is also one of the least well understood (Bruualetl992) and one of the more
complex and difficult processes in water and wastewater treatment (Lee & Wang,
2000). The cost and difficultgf sludge handling are directly corredd with the
amount of wateremainingin the sludge after the dewatering process (Dentel et

al., 2000).
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For example, Di laconi et al(2010) compared the costs of ozene
enhanced biological degradation and conventional processes for tannery
wastewatet r eat ment . The aut hcdtoml costfarbzernd t hat
treat ment(8%) B .fob Jlutdenreatment and disposal. For biological
units, ofitbhal 2c 4 §P0% isOar Bludgemt@ment and
disposal. Br wastewatertreale by t he Fenton ptotadms,ss, of
0 . 8(B6n) is for sludge treatment and disposal. The sludge treatment and
disposal costs were determined by the quantity of sludbere the largethe
volume of sludge, the more cosily the sludgetreatment and disposal process.

The data above shows that every water and wastewater treatment process
produces different volunsef sludge, and thiaffectsthe costbof sludge treatment
and sludge disposal.

Razi and Molla (2007) stated that sludge dewmsg performance is
dependent on the composition and physical properties of the sladge as
particle size, density, porosity as well as settling velocities. Besra €08&I0)
alsofound sludge dewaterability to be very much dependent on pastrdeand
its distribution, sphericity of the particles, bed porosity, water retention capacities
and variation in the dispersion propertidgie composition of sludge is highly
dependent on the treatment process and the water or wastewater composition
(Gale & Baskerville, 1970; Wang et., 2009; Zhang eal., 2004).

In water and wastewater treatment plants many processes can be used to
separate contaminants from watercluding physical, chemical and biological
processes. AlImost every stage of the treatinproduces sludge (Figure 1), afd

all of these stages, coagulatievhich is one of the primary treatment processes in

11



water and wastewater treatment plantsst influences sludge production (Diaz et
al., 2011). Lin et al (2008) investigating theeffect of Al(lll) speciation on
coagulation of highly turbid watefound that sludge characteristics are dependent
on coagulation mechanisntaurthermore, sludge dewaterability is very dependent
on sludge/floc characteristice particular size distribubh and the presence of
small particles (Jin adl., 2004), which are determined by the specific coagulation

process mechanism.

i Preliminary i Primary
> Pre o] Clarifier > Clarifier

Clarifier
sedimentation treatment treatment —>

Influent Next
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\ 4

Sludge
process
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Waste
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Figure 1. Generic sludge production and treatment process

(after Tchobanoglous etal., 2003)

2.3 Relationship Between Coagulation and Sludge Dewaterability
Coagulation is a process which all the reactions and mechanisms have
the purposeof produéng anagglomeration of contaminants or particles (AWWA,

1999; Gray, 2005). The coagulation process consists ofstage mixing
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processesrapid mixing (coagulation) and slow mixing (flocculation). Rapid
mixing is employed at the first sta¢e disperse¢he cogulant in the water. Slow
mixing is used as a second stagetimulatethe agglomeration of particlesdto
encourage sedimentation (Figure 2). The agglomeration itself is an essential
process becausesipurpose iso produce a larger size of flocarger and denser

floc seems preferable since theg# settle more easily and dewater more readily

(Larue & Vorobiev, 2003).

Sample

A\ 4
Rapid mixing

Slow mixina

y
Sedimentation

Figure 2. Flow Chart of Coagulation Process

(after AWWA, 1999)

Coagulation is an important process and is used worldwide in deduen
processes in water and wastewater treatment plants (Bhatia2€07). In water
treatment, coagulation processes followed by a treatment step for liquid and solid
separation are the most commonly used processes to remove particles and
particulates from the water (Byun ak, 2005 Slavik etal., 2012). In addition,

Byun et al (2005) stated that the coagulation process is not just effective for

treating drinking water but it is also economical. This is due to the coagulation
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process being fast, so it can avadahgthy power consumptiorand minimize
energy cos The magulation process does not negtexcessdose ofcoagulant

to remove the contaminant from water. Charge neutralization is a coagulation
mechanism which produces good contaminant removal but does notaneed
excessive coagulant dose (AWWA, 1999).

Coaguldion is an old process thought to date back to ancient Egypt, circa

1500 BC (Jiang, 2001). At that time, the Egyptians used aluminum salt to
encourage the settlement of particlesich as we do today. The modern history
of coagulation started some 100 yeago with the first use of ferric and
aluminum salts in a complete water treatment plant (Jiang, 2001). Much
experimental work hebeen undertaken to examine the influence of coagulation
factors such athetype of coagulant, physicahemical processespntaminants,
and many other factors on the efficiency of the processBlegk etal., 1933;
Jiang, 2001; Kan «l., 2002; Bektas etl., 2004; Bhatia eal., 2007; Barbot eal.,
2008; Gao etal.,, 2008; Almubaddal etal., 2009). However, not many
investigations have been undertaketo irapid mixing and sludgdewaterability
(Appendix 1), eventhough among all of the processes coagulation, rapid
mixing is considered by Dharmappa et(@993) and Mhaisalkar et.gl1991) to
be the most importarf&ctor in removing the contaminant from water.

The coagulation process comprises complex mechanisms which include
adsorption, neutralization of colloid charges and the entrapment of colloids by the
coagulant (Gray, 2005). Adsorption ocsuwwhen the containant particle is
adsorbed or attached to the surface of coagulant hydrolysis products.

Neutralization of colloid charges is a process welagpositive charge of coagulant

14



hydrolysis products destabilizd% negative charge of colloids. As the net charge
of the colloid reduces, ibbecomeseasierfor the colloid to make contact with
others. Excess coagulant dosage will entrap the contaminactasdt to settle
down. The presence of these mechanisms is dependent on the rapid mixing
intensity (AWWA, 1999 Kim et al., 2006). These mechanisnadfect sludge
characteristics and sludge dewaterability (Jiale2004; Lin etal., 2008). This is

a consegence of the range of floc sizggoduced by different coagulation
mechanisms (Wang et., 2009). Gao etl. (2008) who observed the size and
coagulation behaviour of a novel composite inorgamganic coagulantfound
further evidence that the coagulation mechanism detesmiskidge
characteristics. They stated that when the coagulation pathway or methanis
changes, such as from bridge to charge neutralization, this adigaiicantly

floc growth rate, floc size and floc size variance.

2.31 The Role of Mixer Shape and Typeon the Coagulation Process and
Sludge Dewaterability

The mixer is needed to mithe water and produce a good contact between the
coagulant and the contaminamb produce mixing in a coagulation chambite
mixer hastwo actions, circulation and shearing the fluid (Tchobanoglows. et
2003). The mixer transfers energy into theewab produce war turbulence. The
greater theturbulence, the better the mixing. Hydraulic turbulence ais
hydrodynamic conditionindicated by the presence of recirculation, eddies,
apparent randomness and a Reynol doés

(Tcobanoglous, 2003). Relating to the coagulation process, the hydraulic
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turbulence determines the dispersion of coagulant in the water (Oldsue, 1983) and
also the strength of the floc (Jarvisakt 2005). Park et a2003) confirmed that

the intensity ofhydraulic conditions is dependent on the pattern of energy
dissipation from the mixer. This energy dissipation pattern relates to the mixer
type. Even though the same mechanical energy has been employed, different
water mixing will be produced if a diffent mixer type is used.

Different types of mixer are used in water and wastewater treatment plants
for the rapid mixing process. According to Tchobanoglous et(2003), the
principal type of mixer used for rapid mixing in the wastewater treatment plant
are static mixers, Hine mixers, high speed induction mixers, pressurized water
jets and turbine and propeller mixers. Turbine and propeller mixers are the most
commonly used mixer types wastewater treatment plant$ieyuse a paddle or
a propeller as a tool to produce a movement in the fluid and have many shapes of
propeller. According to A.T.E. (2011) and Chemineer (2004) the most commonly
used mixers in water and wastewater treatmargsthose with axial, radial and
marine style propellers.

Different shapes and types of mixer and mixer chamber have been shown
to influence removal efficiency in coagulation (Leentvaar & Ywema, 1980;
McConnachie, 1989; Spicer & Pratsinis, 1996; Kinakt2006; Wu, 2010).The
different types of mixer produce different shear rates, different hydraulic
conditions, different distribution of mixing and different formation of dead zones.
The difference in hydraulic conditions affects the dispersion of mixmthe
fluid, the formation of coagulant hydrolysis products, contact efficiency between

the coagulant and the contaminant, the agglomeration prands#nally the floc
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properties The greater the mixing distribution in the fluid, the bettercoaguant
distribution (Tchobanoglous ai., 2003). The coagulant hydrolysis products are
formed very quickly after dissolution in water, usually less than 7s (Amirtharajah
& Mills, 1982), soa high mixing intensityis requiredto disperse the coagulant
andproduce contact between the coagulant and the contaminant.

Rossini et al (1990) observed the impact of different rapid mixing
velocities and times on coagulation efficiency. They compared the removal
efficiency produced by different mixerandfound that he different mixers can
make a difference in removal efficiency % to 80%. Some mixer shapes give
better outcomes than othgfer example the Rushton mixer which has ab&ade
turbine (Figure 3),produced a larger flodhan other mixer shapes in the
coagulation process examined by Spicer e{18196). This is due to the greater
distribution of turbulence in water mixing and this result demonssrakeat
different shapes of mixeranaffect the performance of coagulation. Hetection
of the rightpropeller for the mixing process is crucial in determining the quality
of the treated watelbecause othe different mixing produced, as well as the
quantity and quality of the residual sludge generated in the process (Taates et
1997).Mixer shapesnfluence the mixing pattern of fluscand the fluid mixing

conditions.

Rushton 4-Blade Fluid Foil

Scm

Figure 3. Examples of tested shapes of mixers (Spiceradt, 1996)
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Even though many researchers (Leentvaar & Ywema, 1980;
McConnachie, 1989; Spicer Rratsinis, 1996; Kim et al., 200@/u, 2011)have
demonstrated that different mixer shapesult in different removal efficiency
there is still no published research which explains the correlation between
different shapes of mixer and sludge dewateitgbiln water and wastewater
treatment plants, many shapes of mixers are used (Tchobanoglals2603).

The literature suggests that different sisaqed types of mixer produce different
coagulation efficiencywhich can be indicated by the removal toirbidity and
contaminanin water. There t@been no investigation to daté the influence of
different mixer shapeon sludge dewaterability. Thus, experimental data that
might be used to inform decisions about mixer shape is important and a key

outcome of this research.

2.3.2 The Influence of Rapid Mixing Velocity on the Coagulation Process

and Sludge Dewaterability.

At a fundamental level, the rapid mixing velocity provides interaction between
molecules and particles in the water and a coaguylamtrtharajah & Jones,
2000). Ths interaction iscontrolled by the hydrodynamic parameters and
geometry of the mixer, molecular properties of the source water, and the kinetics
of the coagulation reactions. For mechanical mixing, such as with an impeller
paddle, the mixing causes circulation and shear of the fluid. Mixing effectiveness
can be roughly determined by the power input per unit volume of liquid and is

characterded by power input or velocity gradient (G) (Parkakt2003).
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Previous resealnchas examined the relationship between factors such as
rapid mixing velocity, rapid mixing time and the type of impeller and floc or
sludge formation. The results show that all of these factors have a significant
impact on sludge formation (Black & RicE933; Clark & Flora, 1991; Leentvaar
& Ywema, 1980; Li etal., 2006; Yu etal., 2011). Different rapid mixing
velocities, different rapid mixing times and different types of impeller change the
floc conditions. These factors determine the formation offlttee and the floc
size. Rapid mixing velocity and rapid mixing time hakeir own optimum values
to produce the best floc formation (Rossinakt1999).

In the coagulation process, the contaminant can be removed from the
water by either sweep flocctilan or adsorptiordestabiliation processes. Sweep
flocculation is the condition where the coagulant dose exceeds the optimum value
due to the need for an excessive coagulant dose to entrap the colloid. In this
process, high, intense rapid mixing is nsed because the entrapment process
will not occur properlyin the presencef high mixing intensity. High, intense
rapid mixing will disturb the entrapment of contaminanttbg coagulant. For
adsorptiordestabilization processes, the coagulation dodewsr but it needs
immediate rapid mixing velocity application, so increasing the rapid mixing
velocity will enhance the contribution dlfiis stage otthe coagulation process
(Rossini, 1998). Kim et al2006) observed the effect of different initial migin
conditions on the fouling of filtration membranes in the coagulation process and
found that rapid mixing intensities affect the formation of coagulation species.
Furthermore, Kan et a2002b) who investigated the effect of rapid mixing

velocity on thecoagulation process of highly turbid watetated that the rapid
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mixing velocity affected the aggregation degree of fldkgpoor rapid mixing
velocity is not able to produce sufficient conditions to suppbg aggregation
process, so it produces smiidics, reduces the ability of flocs to settle down and
ultimately inhibits the reduction of water turbidity.

As the most important factor, rapid mixing velocity influences all of the
stages in this process and the formation of sludge (Zhaln 2011 and the result
of the whole treatment depends on this stage (Rossgili,et999). Guan eal.
(2005) showed that different rapid mixing velocities have various impacts on
contaminant removal while using alum sludge to remove particulate content from
sewage. The hydraulic velocity gradient also has an important role in the
aggregationLi et al. (2006) stated that the floc size, which is impacted by the
aggregation process, decreases with the average hydraulic gradient. Moreover,
Amirtharajah and Mills(1982) stated that rapid mixing velocity does make a
significant difference in the quality of the settled water produced for a specific
region of the alum stability diagram.

Following the addition of the coagulant and employment of rapid mixing
velocity, he hydrolysis products of coagulants such as alum or Fe (lll) are
produced in 19 to 1sec. Aluminium hydroxide starts to precipitate in about 7sec.
The coagulant hydrolysis product species is an important factor influencing sludge
structure determinng the structure of the floc (Wang ak, 2008). As mentioned
previously the floc structure is one of the factors thatfects sludge
dewaterability.

Rapid mixing velocityaffectsfloc size, where floc size decreases if the

rapid mixing velocity increases @yer etal., 2005). Rapid mixing velocity
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influences floc formation due to its intensity or quality to disperse the coagulant

into water and to determine the predominant reaction pathway (AWWA, 1999).

Each pathway produces a different coagulant hydrojysiduct and this affects

floc formation due to the interaction between the coagulant and the contaminant.
Figure 4 lists reaction pathways that the hydrolysis products may follow when a
Hydrolyzing Metal Salt (HMS) coagulant is added to water that canfzanticles

or Natural Organic Matter (NOM).

. (A) Natural organic material (NOM

» 2+
Sorption < COO AIOH

Coagulant  Hydrolysis » (B) Mineral particle = SIAIOH**
Solution Reaction | precipitation &

With Al(I1) | stabilization Floc
» (C) Al(OH); + sorbed NOM

H+

Precipitation
(D) Al(OH)s

v

(E) Soluble Al species e.g [AlI(Ok]) —

v

H* +HCO;, —» H,CO; (COy)

(alkalinity is reduced and the pH tends to decrease)

Figure 4. Pathway that hydrolysis products may follow when a coagulant is

added to water with organic particles or NOM (AWWA, 1999)

For mechanical mixing, such as with an impeller or paddle, the mixing
causes circulation and shearing of the fluid. Mixing éffeness can be roughly
determined by the power input per unit volume of liquid and is charzedeoy a
vel ocity gradient (G) . Camp and Stein in

flocculation in uniform laminar shear to derive a widely used flocanatate
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equation for turbulent flow that can be used to calculate the velocity gradient

(Tchobanoglous edl., 2003):

G= = (1)

Where G = average velocity;'T1/s
P = power requirement, W
H = dynamics viscosity, N.s/m

V = flocculator volume, m

For ue of theimpeller,theformula to calculate i:

P = Np J n )
Where P = Power requirement, W

Np = power number of impeller, unitless

) = densfty of water kg/m

n =impellerspeed (1/s)

D = diameter of impeller (m)

Although rapid mixing velocities have beprovento have an impact on
the floc conditiongKan et al., 2002b; Bouyer et al., 2005; Kim et al., 2006; Li et
al., 2006) the correlatiorbetween rapid mixing velayi and sludge conditioning
in the coagulation process are still uncertain. Sawalha (2010) and Wang (2010)
observed that mixing without subsequent chemical addition influences sludge
dewaterability where the betténe mixing, the betterthe sludge dewatemality.
To ensure high quality results in sludge dewaterability, sufficient mixing is

needed. Based on the correlation between rapid mixing and sludge conditions, this
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raisesa question about the effect of rapid mixing on sludge dewaterability. This

reseach explores the influence of rapid mixing velocity on sludge dewaterability.

2.3.3 The Influence of Rapid Mixing Time on the Coagulation Process and
Sludge Dewaterability

Rapid mixing time is the time needed to disperse a coagulant into water.
Alongside the rapid mixing velocity, the rapid mixing time also has an important
role in the coagulation process (FrancéisVan Haute, 1984; Rossini at., 1990;

Kan etal., 2002a;Chakraborti efl., 2003; Zheng Yu eal., 2011). Rossini edl.
(1990) and Mhaisalkar et.a11991) have obserdethe impact ofrapid mixing

time on turbidity removal. The results showed that optimum rapid mixing
produces better turbidity removal. Exceapid mixing time is not favourable for
contaminant settlement and coagulant efficiertmgcause increasing the rapid
mixing time leads to a decrease in the final floc size (Zheng Yu, 2011). The
excess of rapid mixing will erode and spiite coagulant hyblysis product
especially ferricand form small particles (Rossini &t, 1990). Even though the
formation of the floaoccursin the slow mixing process, élsmall particls from
therapid mixing process will endith evensmalker particles.

Kan et al (2002a) examined the time requirement for rapid mixing in the
coagulation process. They pravnat rapid mixing time h@an important role in
charge neutralization and sweep coagulation mechanisms. In the charge
neutralization process, the rapid mixitijme determines the size ttie formed
coagulant hydrolysis productAn excess of rapid mixing time breakbe

hydrolysis products into small sizes. The small sizeé hydrolysis product haa
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lower positive charge. This influences its capacity to neutralize the negative
charge ofthe contaminant andas a result, theemoval efficiency decreasebhe
sweep flocculation is not suitable for exaeegapid mixing time. The excessive
rapid mixingtime will disturb the entrapment process and produce smad dlod

poor coagulation efficiency. The residual turbidity of charge neutralization results
was similar or lower if rapid mixing time exceeded the optimum time. In contrast,
the residual turbidy of sweep coagulation ressilincreases if the rapid mixing
time exceeded an optimum value. This is because the duration of rapid mixing
affects the destabilization of the colloid and the downstream aggregation of
particles. For example, with long duiati rapid mixing, alum hydrolysis products
break up and prodeanicrofloc, which is not favourable for sedimentation and
filtration processes (Rossini ait, 1990).

Rapid mixing timehas animpacton floc breakage and recovery factors.
Recovery factor ishe degree of recovery of the ruptured flocs after the origina
velocity gradient is restored (Pawlowski et al., 1988)ese factors have been
calculatedby Chakraborti et al. (2003nd both were found to decrease with
increasing breakage timehus inceasing the rapid mixing time leads to a
decrease in the final floc size For adsorptil@stabilization mechanisms, the
rapid mixing time should be sufficient for complete adsorption of the contaminant
by the precipitate coagulant hydrolysis products (Zh¥noget al., 2011). The
precipitate coagulant hydrolysis product, aluminium hydroxide, has the ability to
adsob contaminants because it has a positive charge on its surface. These
products need sufficient time to ads@roperly the contaminant onto itsriace.

Extended rapid mixing times give more limited floc growmpinobably because
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small and compact aggregates are formed during rapid mixing, which leads to
smaller flocs. With only a brief period of rapid mixing there is less chance of
compact aggregatebeing formed and more open, larger flocs can grow. The
onset of flocculation can occur several minutes after dosing and the overall time
can be reduced by a longer period of rapid mixing.

Rapid mixing time influences floc sizéDespite many investigains
related to rapid mixing timethe investigation to seés influence on sludge

dewaterability hasot been doneMore research is still needed in this area.

2.3.4 The Role of Coagulants on the Coagulation Process and Sludge
Dewaterability

A coagulant is a chemical that is used in water treatment to destabilize
contaminants and make their removal easier (AWWA, 1989)\ater treatment,
the removal of suspended solid content is very important and this process is
strongly determined by the gfermance of the coagulant and the formation of floc
with suitable properties (size and dengity settle down (Kim eal., 2001). The
amount and type of coagulaaffects the quantity, composition and physical
properties of residue or sludge after thetewatreatment process. The costs
associated with coagulation and the effectiveness of the process depend on the
type and concentration of the coagulant, solution pH, ionic strength, as well as
both concentration and nature of the organic residues in flnergfto be treated
(Rodrigues eal., 2008).

An ineffective coagulation process is usually attributed to the

restabilization of particles in the case of excessive coagulant dosage, or
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stabilization in the case of underdosage (Xiao akét 2008). Coagulat
concentration is determined as a function of raw water quality and can vary for
each water coagulant (Barbotadt, 2008). The pH is another important factor in
water coagulation (Kim eal., 2001; Canizares dl., 2008; Almubaddal eal.,

2009; Caniares e#l., 2009; Ghafari eal., 2009). The pH of the water represents
the amount of Hions in the solution. The pH has an essential role in determining
the formation of coagulant hydrolysis products, where neutral pH produces a solid
precipitate ofcoagulant hydrolysis products and acid or alkali pH produces
soluble coagulant products. The solid precipitate coagulant hydrolysis product can
adsob the colloid particle onto its surface and destabilize the otherwise stable
colloid charge (Kim egl., 2001; Canizares, 2009; Ghafari @&t, 2009). Since a
simple change in the water pH can result in a significant change in coagulation
efficiency, pH must be set to an optimum value. For alum and ferric, Alimubaddal
et al (2009) showed that the optimal pH hetween6 - 8. In this rangethe
coagulant forms solid precipitated hydrolysis products. This precipitate adsorbs
and neutralies the water andhs a resultthe contaminant can be removed from
the water.

Many coagulants are used in conventional wasteemteatment plants
(Boisvert etal., 1997).They can be inorganic (e.g. aluminium sulphate and ferric
sulphate), synthetic organic (e.g. polyacrylamic derivatjvem) naturally
flocculant (microbial flocculant). Theseeused for different purposes deqling
on their chemical characteristics (Okudalkt1999). Alum and ferribased salts
such as alum, aluminium chloride, ferric chloride, ferric sulphate are commonly

used coagulants (Bektas, 2004; Shakt2007; Liang efal., 2009). Aluminium
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and ron salts are widely used as coagulants in water and waste water treatment
for removing a broad range of impurities from effluent, including colloidal
particles, and to dissolve organic substances.

Despite widespread use of alum as a coaguldabigengsere, (1995)
stated abouthe adverse effect of introducing aluminium into the environment.
Natural coagulants, such adoringa oleiferacan be used as an alternative
coagulant without any of the perceived negative environmental side effects of
metal sakbased coagulants and as a substitute therdfor@lum and ferric.
Moringa oleiferais a pantropical, multipurpose tree, the seed from which
contains a high quality edible oil (up to 40% by weight) and water soluble
proteins that act aan active agerfor water and wastewater treatment. Before the
use of synthetic chemicals like alum and ferric salts, natural coagulants of
vegetable and mineral origin likBloringa oleifera were used in water and
wastewater treatments (Ndabingengesé&e Narasiah, 1997).The further
advantages of usingloringa oleiferainclude a safe, natural and environmentally
friendly coagulant (Bhatia etl., 2007).1t is also antibiotieesistant and shaw
antimicrobial effects against bacteria (Ghebremichael, 2004).

The potential us of this natural coagulant material in water and
wastewater treatment plants nedadher investigation (Bhuptawat &tl., 2007).

It can be used in different ways in the water treatment pretges as a primary
source of activated carbon, and througged extraction, the product of which
works as a coagulant/flocculant agent. The last method is more effective and

suitableto appy in developing countries because it does not need a complicated
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process to use, and also doeshmte anegative impact ohealth (Heredia «dl.,
2009).

Agrawal et al (2007) compared the use Mbringa oleiferaand alum as a
coagulant in a coagulation process to remove turbidity. The results shawetinat
performanceis comparablewith the formerdecreamg the turbidiy in water
coagulationfrom 30 to 14.8NTU (50%) antthe latterfrom 30 NTU to 11.6 NTU
(60%) at the same concentration. Katayon 2806) compared the efficiency of
usingMoringa oleiferaand alum as a coagulant in a high rate settling pilot scale
wate treatment plant to reduce turbidity. At optimum dosage, alum effiency is
slightly better tharMoringa oleifera Alum decreased turbidity from 201 NTU to
6.9 NTU andMoringa oleiferafrom 201 NTU to 13.9 NTU. They also found that
Moringa oleiferacanbe wsed as a coagulant in a water treatment plant because the
resultingturbidity is lower than the World Health Organizatioguideline value
of < 5NTU for drinking water.

Considerable research has been undertaken to explore the efficiency of
alum, ferricand Moringa oleiferaas coagulants, but most research projects used
these coagulants in isolation, making it difficult to directly compare the relative
performance of eactBome research has considered comparing alum and ferric,
alum andMoringa oleiferg or ferric andMoringa oleifera(Musikavong etal.,
2005; Balkan & Pala, 2009; Liargf al., 2009; Maleki etal., 2009; Karamany,
2010), but no research has compared alum, ferricMmihga oleiferadirectly
within a single project, or considered how theydirectly influence sludge

dewaterability.
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2.3.5 The Role of Temperature on Coagulation Process

Temperature is a crucial factor in the coagulation process. It can affect the
metal ion hydrolysis reaction rate (Duan & Gregory, 2003). The reaction rate
incresses with increasing temperature and vice versa. Furthermore, in the
coagulation process, the temperature determines the distribution of the coagulant
(Duan & Gregory, 2003) and the formation of the hydrolysis products, which
affectthe coagulation and flealation efficiency (Gao el., 2005).

Low water temperature can result in poor coagulation due to
inhomogeneous distribution of coagulation species because the reaction rate is
poor. Not only does it have an effect on the performance of coagulation in
general,but the water temperature alsostiinguishes the efficiency of different
kinds of coagulant, where ferric has a better performamaealum under low
temperature conditions (Moris & Knocke, 1984; Duan & Gregory, 2003).
Furthermore, Kang & Cleasby (1995) stated that water temperaturalso has a
significant effect on flocculation kinetics by decreasing the minimum solubility of
Fe(OH} in water. Increasing the temperature and pH can accelerate the Fe (lll)
salt hydrolysis rate and decrease soluble polymeric iron species formation time
(Flynn, 1984; Vander Woude & De Bruyn, 1983).

Morris and Knocke (1984) performed experimental research into
temperature effects on the use of matal coagulants for water treatment, and
showed that water temperature has a substantial impact on turbiibyal Low
water temperature leads to a decrease in the efficiency of turbidity removal. In
contrast, the precipitation temperature did not affect the rate of -roetal

precipitation. The authors also state thatinge of temperature betweerad
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23°Cdid not affect the precipitation of alum and Fe (lIl). Furthermore, Hanson et
al. (1990) showed that for the temperature rang@0%C, coagulation kinetics
whenusingferric sulphate were nearly identical if the pOH of the solution was
kept constant. Morisand Knocke (1984) argued that the effect of low
temperatures in the coagulation process was related more to the sludge
characteristics than to the reduction of the metal hydroxide precipitation rate. This
is due to the fact that water temperature imptuwshydroxide precipitation rate

and the establishment of equilibrium by the presence of dissolved coagulant

hydrolysis in solution.

2.3.6 Composition of Water Sample

Large volumes of raw water and domestic wastewater are processed every
day in water and wastewater treatment plants. In the US,atheunt of
wastewater is 1,409.68%=s (Tchobanoglous etl., 2003). The treatment of raw
water or reservoir water will prode tap water, while the treatment of domestic
wastewater separates the contaminant from water and produces a better quality of
water.

The quality ofthe raw water or drinking water source will determine the
selection of the treatment process in the watsatment plant. Thus, the stages
and the efficiency of the process will determine the qualityhefresultingtap
water. The quality ofhe drinking water source is dependent on natural geology,
land use and pollution (Gray, 2005). The quality of treateter and the
composition of sludge are dependent on the qualith@$ource water (AWWA,

1999; Jin eal., 2004; Zhang etl., 2011). Furthermore, the efficiency of the
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dewatering process is highly dependent on the nature of the sludge &lin et
2004). The presence of organic content and colloid material can cause a decrease
in sludge dewaterability (Dulin & Knocke, 1989; Li&t, 2005; Qi etal., 2011).

The organic content causes a reduction in sludge particle size and the fine size of
colloid material carhinderthe filterability which is notappropriateor the sludge
dewatering process (Neyenadt, 2004).

For laboratory tests, synthetic raw water and domestic wastewawder
used. The utiliation of synthetic raw water and domestic wastewis to prevent
differences in experimental conditionsbecause for laboratoigcale tests the
availability of certified samples and constant characterigicquired (Baudez et
al., 2007). The properties of natural samples are variable and highbngn
dependhg on the operating conditions of the treatment plants and changes over
time during transport, handling and storage.

Numerous studies have demonstrated that synthetic raw water and
domestic wastewater may be used for experimental purpoage &al., 2002;

Smith etal., 2002; Bracklow eal., 2007; Kuscu eal., 2009; Hu etal.,2011) The
biggest challenge in using synthetic water is in determining the appropriate recipe
to represent the raw water and domestic wastewater compositany. aspects

have been considered in previous studies to formulate synthetic raw water and
synthetic domestic wastewater. For synthetic raw water, not many recipes have
been published. Finding recipes focused on a particular contaminant that is the
target to beemoved fronthewater and wastewater. Smith et (@002) classified

the quality of raw water as soft, hard and aeidd formulated recipes for each,

because ofommon problems in preparing synthetic freshwgieen thatthere is
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no standard chemicahiraw water Page et al(2002) formulated a recipe for
synthetic reservoir watethe composition includg aqueous DOM (Dissolved
Organic Matter)or leachates from vegetation and soils diluted in synthetic water,
KCI (10mg/L), CaSO4 (35mg/L) and NaHCO300mg/L). Powdered quartz
(10mg/L) was also added to represent turbidity. Kaolin has also been used as the
main ingredient combined with tap water to simulate synthetic turbid water
(Ndabingengesere & Narasiah, 1997; Rossiai.e1998; Zouboulis edl., 2008).

In relation to the use of kaoliBottero et al(1993) observed that it seems
that aggregates formed in turbid waters may hawaracture similar to that
formed by the precipitation of coagulant in pure waerthermore, Baudez et al
(2007) bund that a combination of kaolin (90%), calcite (5%) and quartz sand
(5%) was better able to describe the behaviour of real inorganic sludge (e.g
waterworks sludge)Sun et al(2012), Wang et a(2012), Yang et al(2010) and
Zhao et al (2011) used hurm acid and kaolin as the main ingredierdas their
research was focused on the removal of humic acid constituents from water.
Based on these reviews, there appears to be no standard recipe for synthetic raw
water. The selection @ recipe seems to be téemined mainly by the aim of the
researchthat isby which ingredients to be investigatedThis researcltonsides
that kaolin carsatisfactorilyrepresent the conditions of real raw wagerd sahis
will be used as the synthetic raw water ingredient

For synthetic domestic wastewater, many recipes have been formulated by
many researchelfgg. Bracklow etl., 2007; Kuscu eal., 2009; Hu etal., 2011).

Each recipe represents the real condition of domestic wastewater with different

ingredients to mach the focus of investigaion. For natural wastewater,
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Tchobanoglous et a{2003) have created a list of common parameters to assess
the constituents found in wastewater. The list considers physical characteristics,
inorganic chemical characteristicsganic chemical characteristics and biological
characteristics. Baudez et §2007) stated that organic sludge has fatsgedibr
protein ad sugar within its compositipmarying with the ageof the sludge.

From a study of synthetic domestic wastewater recipes, the recipe used by
Hu etal. (2011)bestrepresergthe real condition of domestic wastewater. This is
shown in Table 3. The composition is consistent with wastewater in term of
physical characterists inorganic chemical characteristics, organic chemical
characteristics and biological characteristics. All of the ingredients are prepared
by dissolution in 1 | hot tap water.

Table 3. Synthetic domestic wastewater composition

No Constituents Concentration (mg/l)
1  Dextrin 150
2 Ammonium chloride 130
3  Yeast extract 120
4  Glucose 100
5 Soluble starch 100
6  Sodiumcarbonate 150
7  Detergent (commercial) 10

8  Sodium dihydrogen orthophosphate 100
9 Potassium sulphate 8.3
10 Kaolin 10,000

2.3.7 The Role of Floc Sizen Sludge Dewaterability

Coagulation mechanisms strongly influence floc size (Kinalgt2001;
Gao etal., 2008; Wang, 2009). Floc size also determines sludge dewaterability
and plag an important role in sludge dewaterability processes (Lee & Liu, 2001;

Zhao, 2003; Feng etl., 2009). Particle size in natural water is extremely variable,
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ranging from less than 1pum to 1.E+05um (AWWA, 1999). Fine floc is not
preferable becaussd itsimpacton the sludge dewatering procetise process can
be reduced significantly by the presence of fine floc in the sludge, as this can
cause clogging of the sludge cake pore structure and can also irttesbsand
water content in the sludge (Neyesisl., 2004).

In contrast to fine floc, large sidend dense flots preferable becauss
their higher sedimentation rate and ea$ dewateing (Larue & Vorobiev, 2003).
Large sizd ard dense floc have higher maasd settle downmore easilyjarge
paticles have larger floc porosity that easily releasgater. WenandLee (1990)
found an association between floc size and floc strength; larger flocs tend to have
greater strengtrgandfloc strength is recogped as an important element in sludge
dewateing (Lee & Liu, 2001).

Floc size is also related to rapid mixing intenslty increasing the slow
stirring rate, the floc sizes will be decreased (Bouyat.e2005 Yu etal.,2011).
As the coagulation mechanism is determined by rapid mixing inteii8&yWA,
1999; Byun etl., 2005) and since coagulant hydrolysis produatisosepresence
is specifed by rapid mixing) determinéhe coagulated floc structure (Wangast,
2008), it should be valuablen this researchto observe the impact ahe

coagulation process on floc size and its rolsludge dewaterability.

2.4 Sludge Dewaterability Measurement
Dewaterability concerns the ease with which water is released from the
sludge (Sanin al., 2011).Capillary suction time (CST) and specifiesistance to

filtration (SRF) are widely accepted measurements of sludge dewaterability
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properties (Smollen, 1996; Chenadt, 2004; Dentel & Dursun, 2009). The CST
measuremenwas devised by Baskerville and Gale in 1968. CST is obtained from
two electro@s placed at a standard interval from the funnel. Sludge is exposed to
an area at the centre of the CST filter paper and the filtrate from the sludge is
absorbed by the CST paper (Figure 5). The time is recorded for the filtrate to
travel between the twdextrodes. The lower the CST value, the easier it is for the

sludge to be filtered or dewatered (Besralg2000).

Central reservoir
Upper plate
Lower plate
Filter paper
Sensors

e

Case dimensions : 33 x 26 x 5.5 cms
Figure 5. Diagram of capillary suction time test apparatus

(Singh etal., 2006)

CST can be used to examine the impact of different rapid mixing
velocities (Sawalha, 2010), different impellers on sludge dewaterability (Dentel et
al., 2000) and is most commonly ustxt the rapid determination of flocculation
dosages (Smollen, 1986j.is a valuable tool for characterizing biosolids -pre

treatment for dewatering (Mayer, 2008).
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The main use for CST is to determine filterability after the addition of
coagulant aids (Scholz, 2005). The CST apparatus provides a simple, rapid, and
inexpensive method to measure sludge dewaterability (Scholz, 2005, 2006). The
test can be performed imw location by persons with little training because it
does not require an external source of pressure or suction, and the automated CST
test device is portable and easy to use. Baskerville and Gale (1968) and Sawalha
and Scholz (2012) observed that theutess of CST tests were sensitive to
variations in temperature. The results tenddducewith higher temperatuse
which is probably due to the increase in filtrate viscosity with increasing
temperature.

An alternative test, the SRF testilizes a Bucher funnel apparatus, with
vacuum port and filter paper. The CST and SRF results usually correlate well
(Scholz, 2005) and, for the same sludge sample, the CST and SRF values show a
significant relationship (Sawalh& Scholz, 2010). The SRF test, howevr,
more difficult to executes time consuming, and expensjve specific, standard
device to measure SRF is available (AgoDentel, 2005; Li etl., 2005; Teoh et
al., 2006 Yukseler etal., 2007). Furthermore, SRF varies with pressure, area of
filter paper, solid concentration and liquid viscosity (Sanin, 2011). Even
differences in the apparatus and procedures used, e.g. the filter medium and the
vacuum applied, have been found to cause variability in the reseptrted by
different workers (Smolie, 1986a;1986b).

The SRF equati on wa swhichadeseribstie flooom Dar cy
of fluid through porous media. Sanin et §011) explained the derivative

equation taken from Chapman in 1938 h o adapted Darcyods e
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filtration; and from Cackley and Jones in 1956v h o adapted Car me

theoretical analysis to filtration:

Darcyods | aw

- - 3)
where :
— = rate of flow, volume (V) per time (@)
P = pressure difference
A =area
M = viscosity
K = permeability
L =thickness
if R (resistance) = 1/K then,

— (4)

in a filter, resistance is influenced by both the filter medium and the filter cake:
- — (5)

Where Rf = resistana#f filter medium
The volume of the cake can be expressed
Where 3 = volume of cake deposited per ul

Substituting for L :

i e— (6)
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Cake is expressed as dry weight volume instead of volume of cake per volume of
filtrate. And, R (resistance by unit volume) is replaced by r (resistance by unit

weight), thus:

- — (7
Where :
w = weight of dry cake solids per unit volume of filtrate
r = specific resistance
Assuming constant pressure over time,
- Z — A0 (8)

_ id — )

Which is a straight line of type y = bx + a, where:

o — (10)
and

W — (11)

It should thus be possible to measure the volume of the filtvatat various
times,— plot these asFw vsV, and the obtain a straight lineThe elationship
of the slope of this line is calculated and since the slope b is equal #0 &,

it is possible to calculate specific resistance, r, the only unkrasvn

(12)

Where:

r  :the specific resistance to filtration (m/kg),
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P :the filtration pressure (Nfin

A :the filter area (A),

L the viscosity ofhe filtrate (Ns/m),

w : the weight of the cake solids per unit volume of filtrate (Rg/m

b :the slope of filtrate discharge curve &/m

According to Sawalha (2010), the results of the CST and SRF tests are
interrelated. This means that the SRF value can be predicted from the CST test
results. Thus, the CST and SRF apparatus are used in this research as a means of
quantifying sludge dewatability. The CST test is much easier and quicker than
the SRF measurement (Tebbut, 1998). The C$raterredbecause it i®ay to
use, resuft are obtained quicklyit is less expensive than SREnd it has a
standardied procedure. The SRF test is ussda verification tool for the CST

results.

2.5 Chapter Summary

Much work has been undertaken on coagulation, but very little in the area
of rapid mixing. The majority ofheresearch into mixing has been carried out in
the area of velocityeither in rgid mixing or slow mixingand little researclon
rapid mixing time. In the mixing process, the mixer is needed to produce
turbulence in the water. Different mixer geometries have been known to have
different impacts on turbidity removal from water, bue ihfluence of different
mixer geometries in water treatment on sludge dewaterability still needs to be
investigated. In industry, many types of mixer are used and a recommendation for

the best mixer shape is still needed. The literature review of ragidgnielocity
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and rapid mixing time shosvthat they havedifferent impacts on contaminant
removal from water. However, there has been no investigatiorthe impact of
rapid mixing velocity and time in coagulation to sludge dewaterability. Alum and
ferric are the most commonly used coagulantsMringa oleiferahas also been
used Most research uses only one coagul&mid, occasionally for comparison
two or three coagulantseaused simultaneously. Howevegmparison of alum,
ferric andMoringa olefera specificallyhas not been undertaken or documented.
The distribution of the coagulant into water is also influenced by temperature, so
that as well as the effect of different coagulants, the effect of different
temperaturg is investigated.The composition of the water sample also strongly
influences the sludge dewaterability process. CST test apparatus and SRF
methods are the most commonly usedheasursludge dewaterability

Therefore, in this research, the influence of different mixepeh with
different rapid mixing velocities and times, different coagulants, different
temperature and different water samesinvestigated to ascertain their impact
on sludge dewaterabilityusing the CST and SRF apparatus alongside the
turbidimeter ad particle size analyzer.

This research is based on experimental wosing many materials and
several methodsThe next chapter will discuss the materials and methodology of

this study
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CHAPTER 3

MATERIALS AND METHODS

3.1 Introduction
This section atlines the materials and specific test methods to be used in the
primary testing phasdt also describes the results of preliminary tests carried out

to establish the most appropriate test methodology.

3.2 Materials

3.2.1 Mixers

The Jar test is the mosbmmonly used in coagulati®iudies However, there is

no internationally accepted standard procedurquipment for this test (AWWA
2003). In this research, five shapes of mieee used (radial, axial, wheel,
magnetic and -Blades) to disperse thea@ ul an't into the water
The selectedmixersareturbine and propellemwhich usea paddle or propeller to
produce movement in the watdihe fve shapes of mixesire usedo investigate

their influence on sludge dewaterability (Figure &)eTaxial mixer represents the
shape of a jar test paddiehilst radial, wheel and-Blades are common shapes
produced and used in industry (A.T.E., 20Chemineer, 2004). The magnetic
stirrer produces different conditions within the fluid to the other mjXarsis a
common mixing apparatus in the laboratory. It operates at the base of the chamber
whereas the other mixers operate at different elevafibhscm) within the test

chamber (6.5 cm internal diameter anch® height) (Figure 6
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Diameter: 3 cm

Radial Axial Wheel Magnetic  -blades

Figure 6. Mixer types in experimental work

All of the mixer shapes havediameterof 3 cm.The radial shape has two
blades which are 1.2 cin length, 0.8 crin width andat a45° angle fromthe
mixerd &orizontal axisThe xial shape has two blades, 1.2 oy 0.8 cm.The
wheel shape is 1.7 cimigh andat a45° angle fromthe mixerd &orizontal axis.
The magnetic stirrer is 3 crby 0.5 cm.Finally, theblades of the3-blade shape
arel.7 cmby 0.4 cm.

The radial, wheel an8-blades mixer shapesvere chosen based on the
information provided by copanies producing and/or sellisgandard mixers used
by the water and wastewater industsych as Chemineer Ltd. (Cranmer Road,
Derby DE21 6XT, UK) and Promix Mixing Equipment anchdiheering Ltd.
(Columbus Road, Mississauga L5T 2G9, Canada).

The radial and axial mixers were obtained from Monmouth Scientific Ltd.
(Units 5 and 6, Kilnside, East Quay, Bridgwater, Somerset TA6 4DB, UK). JP
Accessories (J Perkins Distribution, LenhampK®IE17 2DL, UK) supplied the
wheel mixer. The magnetic stirdKA REO was obtained from Sartorius
Instrumental Ltd. (18 Avenue Road, Belmont, Surrey SM2 6JD, UK). Thlade
mixer was manufactured in the engineering workshapeatUniversity of Salford

based on designs obtained from Chemineer and Promix.
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G calculation for every impeller used the formula in equation (1) and
equation (2)Impeller power number (Np$ needed in this calculation andsiiae
most important role because other elementsgration (2) are constanExcept
magnetic stirrer, Ngs provided by impeller companwhere for radial is 0.5
(Fusion Fluid Equipment Ltd), axial is 3 (Hayward Gordon Ltd), wheel is 0.35
(Dynamix Agitators Inc), magnetic is 0.958WWA, 2000) and 3bladesis 0.32

(Fusion Fluid Equipment Ltd).

3.2.2 Coagulants

The coagulantsnvestigated weréAluminum SulphateAl ,(SQy)3 (alum)
and Ferric Chloride (Feg)l(ferric) (from Sigma Aldrich Company Ltd., The Old
Brickyard, New Road, Gillingham, Dorset SP8 4XT, UK), andringa oleifera
(from Xiamen Tianzhu Ecological Agriculture and Forestry Science and
Technology Co. Ltd., Haicargistrict, Xiamen City, Fujian Province, China)

Alum and ferric were prepared by dilutinige concentrate with distilled
water to obtain a 1000 mg/lI concentration. The purpose of using distilled water
was to avoid the addition of other ingredients whiciymaffect the performance
of the process. These solutions were renewed every three weeks in order to obtain
a fresh solutionMoringa oleiferawas prepared by grinding nahelled seed with
a blender into powder. This preparation process was based onotike by
Ndabingengesere et.g[1995). TheMoringa oleiferapowder was mixed with
distilled water using a magnetic stirrer for five minutes at 1200 rpm to obtain a
1000 mg/IMoringa oleiferasolution. This solution was renewed every week to

ensure that it as always fresh.
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3.2.3Temperature

The general temperature used for all investigations was room temperature
(20°C+1°C) unless stated otherwise. Thiaue reflects the general laboratory
temperature present in temperate and oceanic regi@sskept consint with the
intention of eliminating temperature effects on the CST measurements. In
addition, temperatures of 16°C+1°C and 26°C+19€&e used to simulate field

(i.e. outside) measurements in spring and autumn, and summer, respectively.
Thesetemperaturg not onlyvary according tathe location and time of the year,

but 26°C+1°C also represesthe optimum temperature for bacteria activity-(25
30°C) and 16°C+1°C the temperature when metmmoducing bacteria become
inactive (Metcalf & Eddy 2003). The higést temperature may also reflect
operating temperatures in laboratories located in warmer countries. All target

temperatures were obtained by adjusting the temperature in the laboratory.

3.2.4 Water Samples
In this experimental study, synthetic raw wadad synthetic domestic wastewater

were used.

3.2.4.1 Synthetic Raw Water

Kaolin was the main ingredient for synthetic raw water because it was easy to
obtain, inexpensive aritiseems that aggregates formed in turbid waters may have
a structure similar tdhat formed by the precipitation of coagulant in pure water
(Bottero etal., 1993;Baudez etl., 1997. Furthermore, kaolin is commonly used

to represent the TSS in raw wat¥a(g etal., 2010; Zhao eél., 2011; Sun eal.,

2012; Wang eal., 2012)
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3.2.4.2 Synthetic Domestic Wastewater
The synthetic domestic wastewater recipe followed that proposed by Hu et al
(2011) with the addition of kaolin as a suspended soliks recipe was chosen

because the composition represé¢hée compositiorof domestt wastewater.

3.3 Coagulation Test

Most results presented in this research were obtained from three repeat
coagulation experiments and from three readings. Some of the results presented
are based on more than three readings, primarily degtovariability in the

results.

3.3.1 Rapid Mixing Velocity

To investigate the influence of rapid mixing velocity on coagulant performance, a
100ml water sample was poured into a glass beaker followed tdthton of

the coagulant. After adjusting the pwith sulphuric acid (HSQ,) or sodium
hydroxide (NaOH) to reach a pH value of approximately 6.5, the fluid was mixed
rapidly at a variable high rate (60, 65, 70, 75, 80, 85, 90, 95 and 100 rpm) for 60 s
and then at a moderate rate of 50 rpm for 15 mintdeaccommodate the

agglomeration process.

3.3.2 Rapid Mixing Time
Tests to examine the influence of rapid mixing time zddi a 100 ml water
sample contained within a glass beaker, to which was adgle@kr NaOH to

adjust the pH. The coagulant was sdugently added to the water sample. Once a
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pH of 6.5 was reached, the sample was mixed rapidly at a range of times (10, 20,
30, 40, 50, 60, 70, 80, and 90 s) with a constant 100 rpm rapid mixing velocity
and then at a slower rate of 50 rpm for 15 misute accommodate the

agglomeration of flocs.

3.4 CST Measurement

A Triton Type 304B Capillary Suction Timer apparatus and Whatman 17
chromatographic papewrere used in this investigation (Triton Electronics Ltd.,
Bigods Lane, Great Dunmow, Essex CM6 3RBK). For the CST measurement,
following the flocculation process, sedimentation was employed fanibbtes.

The sludge (floc) was carefully separated from the supernatant by discarding the
supernatant so that only sludge remained in the coagulation ehawfier
turning on the CST apparatus, the sludge was poured into the funnel. The CST
timed automaticallyas soon ashe fluid reaches the first sensor circle and stops
when the fluid reaches the second sensor circle. The measured time is referred to
as the CST value. A lower CST value indicates good sludge dewaterability and a

higher CST value indicates poor sludge dewaterability (Setrah 2011).

3.5 Turbidity Measurement

The turbidimeter used in this investigatimasa Lovibond (The Tintometer Ltd.,
Lovibond House, Solstice Park, Amesbury SP4 7SZ, UK). The turbidity
measurement was perfomed on a sample of the supernatant taken during/after the
sedimentation process. This sample was poured into the turbidimeter vidl whi

was subsequently placed into the turbidimeter .
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3.6 Floc Size Measurement

To determine the size of flocs produced during the coagulation praceample

was obtained 15 minutes after the start of the sedimentation process following the
flocculation pocess. The sludge sample was charasdriby analging the
distribution of particle sizes with a particle size amaly(Horiba Laser Scattering
Particle Size Analyzer LA50 Horiba Instruments Inc., 34 Bunsen Drive, Insine,
92618, California, USA). Thénstrument calculates the correlation between the
intensity and angle of light scattered from a particle, and subsequently determines
the particle size based on Mseattering theory (scattering of electromagnetic
radiation by a sphere). Floc size sheanivas minimized during the experiment,

by careful mixing during the measurement process. An overview of the detailed
measurement  procedure is outlined on the company website

(http://www.horiba.com In this studyparticle size is synonymous with floc size.

3.7 Floc Density Measurement

To measure floc densitypulk of sludgeafter flocculationwaspouredon to filter
paper. The filtration process took place for 24 hour. Then, filter papes
weighted by scaleThe weight of floc is the difference beter of filter paper
weight after coagulation and befoteagulation.Floc densityis the resulfrom

the comparison betweemeight of floc and volume of floc/sludge after
coagulation To produce the result, 3 to 5 replicates have been used in the

experiment.
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3.8 Specific Resistance to Filtration (SRF)

There is no standard procedure dperatingthe SRF apparatusspeciallyfor the
intensity of vacuum pressure (Ay&8 Dentel, 2005; Li etl., 2005; Teoh etl.,

2008 Yukseler etal., 2007). The SRF method in this research followed the work
of Bache and Papavasilopoulos (2Q38ho used itto investigate the dewatering

of aluminahumic sludgeThe SRF test was started pguring the sample from

the flocculation process into a Buchner funnel. A vacuum pressure of 80kPa was
applied and a Whatmanumber 1 filter paper (Whatman International Ltd.,
Maidstore, 1 Rudolf Place, London SW8 1RP, Ukgs usedTheresult is the
relaionship between the time needed to separate the water and the solid, and the
filtrate volume. The filter was weighed to obtain the mass. Viscosity of the filtrate
was measured using a viscosity meter. The SRFewaas obtained from equation

(12).

3.9 Preliminary testing

The purpose of laboratory preliminary testing is to obtain a preparation for the
main experimental work, and to get early information about the influence of
experimental parameters (mixer shape, coagulation velocity and time, cdagulan
and water sample) on sludge dewaterabilypst important is to determirtbe
composition of the water sample, @aptimum coagulant dose, the range of
different rapid mixing velocity valuesndthe range of di#rent rapid mixing

time values.In this initial stage, laboratory worlvas performedvith different
shapes and types of mixand different rapid mixing velocities and timet

investigate their effects on sludge dewaterability.
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3.9.1 Determination of Water Sample Composition

3.9.1.1 SynthetidRaw Water

The first step in the preliminary experimental work was to find water sample
composition.For raw water preparation, kaol{from Sigma Aldrich Company
Ltd., The Old Brickyard, New Road, Gillingham, Dorset SP8 4XT, W&s
added to distilled war and stirred with a magnetic stirrer until well mixed
(Zouboulis et al., 2008)In this research, mixing was done for five minutes at
1200 rpm. Initially, a series of experimental works were carried out to determine
the optimum time and mixingniensityto produce a welmixed sample. The
experiment started by using 1000 rpm mixing intensity for 60 s. The solution was
not well mixed because the coarse unmixed kaolin was present at the bottom of
the glass. By increasing the time to 120 s, 180 s, 240 8Ghd, it was still not
possible to produce a homogenous kaolin solution. The mixing intensity was then
increased to 1100 rpm and 1200 rpm for 300 s. Finally, a 1200 rpm mixing
intensity and 300 s mixing time produced a homogenous kaolin solution.

In addiion to the rapid mixing intensity and rapid mixing time of the test,
different kaolin dosages were examined to find the optimum dosage. The kaolin
dosage was varied from 1 g, 2 g and 3.5 g kaolin per 100 ml distilled water. A
comparison of the results shew a consistent trend among gheconcentrations
(Figure 7. Considering the efficiency of using kaolin, 1g dose was chosen for this
research. The concentration of SS was 1% in the synthetic raw water solution and
became 80% for CST measurement, as a ufesof coagulation and

sedimentation processes.
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Figure 7. Comparison of different kaolin concentrations

3.9.1.2 Synthetic Domestic Wastewater
Raw water has different qualities from wastewater. Raw water has been identified
as having a mainly inorganic content whilst domestic wastewater has a large
organic content. This stage of the research investigated the impact of different
wastewater composition on the coagulation process and on sludge dewaterability.
Jin et al. (2004) bedve that the nature of the (floc) sludge affects the efficiency of
the cewatering process because evandge has different characteristics, such as
size distribution, surface properties and density, which determine the sludge
dewaterability. Moreover, th wastewater composition determines the sludge
composition (Zhang et al., 2004); for example, activated sludge has a complex
and heterogeneous composition, which can be changed and finally affects the
dewaterability (Jin et al., 2004). In this investigatiosynthetic domestic
wastewater was used.

The synthetic domestic wastewater recipe followed that proposed by Hu et
al. (2011), with the addition of kaolin as a suspended solik recipe was
chosen because the compositioas represented the compositiof domestic

wastewaterThe main purpose of using kaolin is to get 1% TSS (Total Suspended
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Solid) concentration, which is similar to the suspended solid concentration of
synthdic raw water. The sludge coentration at the bottom of the glass increased
5-30% due to coagulation and sedimentation processes. The solution was
produced by adding the ingredients (Table 3), except that kaolin in 1 | hot tap
water was followed by the addition of 10 g kaolin (well mixed by using 1200 rpm
mixing intensity for 5 mintes). All chemicals were supplied Brgma Aldrich
Company Limited (The OId Brickyard, New Road, Gillingham, Dorset SP8 4XT,
UK). This solution was prepared fresh everyday (or sometimes every two days)
and was always stored in the fridge to avaidhcontrolled growth of
microorganisms that might influence the wastewater quality.

The first investigation using synthetic domestic wastewater produced
almost consistent results in terms of sludge dewaterability and turbidity with a
change in rapid mixingelocity. In order to validate the recipe, other recipes for
synthetic wastewater and natural domestic sludge were investigated and used as a
comparison.

Another recipe was adopted from Sawalha (2010); it had been formulated
to investigate the performancé the CST test under various conditions, such as
different funnel geometries, different filter papers, different temperatures and
different CST tests. The ingredients are 100 ml 85 mM sodium chloride solution,
3.33 % w/w kaolin clay, 1.67 % w/w bentonitdgay, 10 mg/100 ml sodium
alginate, 60 mg/100 ml cellulose fibrous and 548 mg/100 ml &&O. Figure

8 shows the result of the different water samples comparison.
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Figure 8. Investigation of synthetic domestiavastewater recipes

The two recipes show that different rapid mixing velocities using synthetic
domestic wastewater as the water sample produce a fluctuating impact on sludge
dewaterability. In general, increasing the rapid mixing velocity increases fhe CS
value, although the trend is not always constant. For rapid mixing values of 60
rpm and 65 rpm, increasing the rapid mixing velocity causesraakein sludge
dewaterability. At rapid mixing speeds higher than 65 rpm, as the velocity
increases, sludggewaterability reduces and finally increases again in response to
the higher rapid mixing velocity.

Despite the level of sludge dewaterability value, the trends of rapid mixing
velocity vs CST value from the two recipes are similar. The initial recipe
proposed by Hu et al. produced experimental data that compares favourably with
other published recipes for synthetic wastewater. The results of this sensitivity
study therefore suggest t harecipeaxepikelyi ment a

acceptableso this recipe can be used as a synthetic wastewater sample
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3.9.2 Determination of Optimum Coagulant Dosage
The ®rrect coagulant dose is essential in the coagulation process as it determines
the effectiveness of the process. It must dadficient to destabilize the
contaminant.A low doseresults inan ineffective process because it cannot
provide sufficient coagulant hydrolysis products to destabtlie contaminant. A
high dosewill remove the contaminant but may not be efficargconomic

In order to obtain an optimum coagulant dose for this research, testig
done by adding different dosagé&om different coagulants to alhe water
sampla, for subsequent dewaterability measurement with the CST apparatus. The
magnetic stirrewas useds a mixer.

The test started by pouriregl00 ml sample into a glass beakidgSO, or
NaOH were added to adjust the pH. The coagulant was subsequently added to the
water sample. Once a pH of 6.5 was reached, the sample was mixed rapidly for 1
minute witha constant 100 rpm rapid mixing velocity and then at a slower rate of
50 rpm for 15 minutes to accommodate the agglomeration of flocs. After 15
minute® sedimentationthe sludge was separated carefully frahe water bya
decanting process. Then, tlevaterability of thesludge was measured usiting
CST apparatus. This experiment wpasrformed several time with different

coagulant doseto producehegraphs in Figur®.
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Figure 9. Optimum coagulantdoses

Figure 9 shows that in general, as the coagulant dosage increases the CST

values decrease. The graphs indicate that the optimum dose for alum is 21 mg
Al/l, for ferric is 17 mg Fe/l, and foMoringa oleiferais 80 mgMoringa/l. The
coagulant doses for the synthetic raw water sample and synthetic domestic

wastewater were the same.

3.9.3 Determination of Optimum Rapid Mixing Velocity

Rapid mixing velocitywas exploredn the preliminary research by employing a
rapid mixing ntensityof 100-2000 rpm or 30000 &' to examine the effect on
sludge dewaterability. The lower bound valuas selected based on the median

value of rapid mixing velocity used in typical wastewater treatment phahish
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lies between 4@nd125 rpm (Metcalf& Eddy, 2003)and the upper bound value
is related to typical values for coagulation velocity adopted in industnich
commonly lie between 308nd2000 rpm or 50@nd1000 &' (UFC, 2004).

In the preliminary investigations, different rapidixing velocities and
times using different shapes of mixer were employed to obtain information about
optimum values and/or ranges of values for these variables for the coagulation
process. Rapid mixing velocity and rapid mixing time must be performed unde
optimum conditions.

Rapid mixing velocity varies from -2000 rpm and tests usinfpur
different shapes of mixewere conducted. The coagulant used was optimum
dosage alum. Synthetic raw water was used as the water sample with kaolin as the
main ingrediet Rapid mixing time was 1 minuteh@ results are shown in Figure
10.

Figure 10 indicates that, in general, high rapid mixing velocity does not
affect the CST value. The gradual increase in rapid mixing velocities produced a
constant effect for the CSTalue, except for a rapid mixing velocity of less than
100 rpm. For rapid mixing velocities of less than 100 rpm, an increase brings
about a decrease in the CST value, with the average removal percentage around
50%. For rapid mixing velocities higher tha@Qlrpm, an increase has a similar

impact on the CST value, with the percentage of removal still about 50%.
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Figure 10. Optimum rapid mixing velocities

In this early investigation, the consistencytlie CST value measurement
seems tohave been slightly influenced by inconsistency in the wastudge
separation process. As a result, it produaa inconsistency in the free water
(bulk water that is not humd to sludge, so it can be easily removed by mechanical
means and represents a large proportion of the total water) content in the sludge.
This factor affects the measurement process of sludge dewaterability. Another
influencing factor that produdethis constant result maljavebeen an excess of
the optimum rapid mixing velocity valu&xcess rapid mixing velocities will
disturb the contact between the coagulant and the contaminant so that an efficient
process can occur (Rossiniat, 1999). Thus, an gwopriate mixing velocity is

required to produce efficiency in the coagulation process.

56



Employing this range of velocities in the preliminary research gave an
indication that rapid mixing velocity higher than 100 rpm had no significant
impact on sludge deaterability. The investigationsererepeated and performed
with different shapes of mixer and different rapid mixing velocities, with
consistent results whickvere indicated bythe similar sludge dewaterability
values. As a consequence, rapid mixing vélies less than 100 rpmereadopted
for the main investigation.

In the primary research, the rapid mixing velocity employes within
the range 60100 rpm. The value of 100 rpm was based on the result from the
preliminary researchandthe value of 60 nm on the range of mixing velocity in a

typical treatment plant (Tchobanoglousakt2003).

3.9.4 Determination of Optimum Rapid Mixing Time

In order to define an appropriate range of mixing times for rapid mixing, a
preliminary investigation was undertaken. Initially a ramge0-300 s was
considered, informed by research published by Kan. €2@02a) who observed

the impact of rapid mixingime on the coagulation process. This time interval
could describe the stage of removing turbidity from the water under the influence
of different rapid mixing times. Just as in the rapid mixing velocity investigation,
the parameters used were four diéier shapes of mixer (radial, axial, wheel and
magnetic)with a synthetic raw water sampl&.mixing velocity of 100 rpmwas
selected,based on the result from the determination of rapid mixing velocity

value. The esults are presented in Figure 11
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Figure 11. Optimum rapid mixing time determining experimental results

The results show that a rapid mixing time lower than 90 s has a substantial
impact on the CST value, compared to times higher thas $@r rapid mixing
times greater than 90 s, increasing the time brings no change in the CST value.
Even though larger floc is formed in the slow mixing process, continued rapid
mixing causes the formation of small flocs or microflocs (Rossini et al.,)1999
Based on these results, it is essential to investigate rapid mixing times lower than
90 s in the primary investigation. From this result, subsequent investigations

considered rapid mixing times within the rang@@s.
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3.10Statistical Analysis

I n this investigati on, waseused toadestribe theor r el a
strength otthe relationship between any two variables. The calculation used IBM

SPSS Statistics version 2vasus®ldecaugeonods co
can measur¢he strength and direction (decreasing or increasing, depending on

the sign) of a linear relationship between two variables X and Y (Ahlgrah, et.

2003). The correlation between the two variables can be considered to be good if

(r) is close to 1, andqwr if the value is close to zero. The correlation coefficient

between two variables is linear if the value (r) is positive andlinear if it is

negative. The linear correlation means that X and Y lie on the same side of their
respective means. The ntinear correlation means that X and Y tend to lie on

opposite sides of their respective means.

The Pearsah sorrelationcoefficient (r)can be expressed in terms(Q@fwens &

Jones, 1994

(= —— (13)

The covariance (XY) is

B B &
= 25 (14)
The variance of X is

B _B_ (15)
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The variance of Y is

B B (16)
So, he Pearsah sorrelationcoefficientcan be expressed as
o — (a7)

3.11Chapter Summary

This researclis based on experimental wonkhichwas conducted in two stages:
preliminary testing and primary testing. The preliminary testing was done in order
to determine the optimum coagulant dose, the value for rapid mixing velocity and
rapid mixing time, and the composition tbie water sample The primary testing

is the major testing to prokdisprovethe original hypothesisThe large amounof

data produced will be presented and discussed in detail in Chépfeand 6.
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CHAPTER 4
CAPILLARY SUCTION TIME (CST)
RESULTS AND DISCUSSION

4.1 Introduction

Rapid mixing has an important role in water coagulation in dispersing the
coagulant into the water; the better the dispersal, the better the agglomeration of
the contaminant in the water (AWWA, 1999). Rapid mixing needs a mixer to
produceand transfer the energy and the turbulence into the water. In order to
investigate the influence of a range of process variables on sludge dewaterability

(CST value), rigorous experimental womkas conducted. The investigation

examined:
1 mixer shape
1 rapidmixing velocity during coagulation
1 rapid mixing time during coagulation
1 coagulant
i temperature
1 water composition.

This chapter presengsd discusses tliata fromthe experimental work

' A part content of this chapter has beg@ublished as a manuscripin the Jounal of

Environmental Technology

Fitria, D., Scholz, M., and Swift, G.M. (2013mpact of different shapes and types of mixers on
sludge dewaterability Journal of Environmental Technology 34 (7), 93D36. DOI:
10.1080/0959330.2012.722692

' A part content of this chaptés also under reviewfor the Journal of Environmental Engineering

Science

Fitria, D., Scholz, M. and Swift, G.Mimpact of temperature, coagulant and mixer type on
capillary suction time used as indicatdos sludge dewaterability

61



4.2 Synthetic Raw Water
4.2.1 The Influence of Mixer Shape, Rapid Mixing Velocity and Time on CST
value
Water and wastewater treatment plants use different shapes and types of mixer in
their treatment processes (Tchobanogla2@03). In order to investigate the
influence of tkesedifference on sludge dewaterability, a series of investigations
wasundertaken in the laboratory using many different parameises shapes of
mixer were usechamely radial, axial, wheel,-blade ad magnetic stirrer

Figure 12 repo# the sludge dewaterability results as a function of
different shapes of mixer, different rapid mixing velocities, different rapid mixing
times, and different coagulants. Figure 12(1) showsetfext of different mixer
shapesused simultaneously with different rapid mixing velocity and different
rapid mixing timeson sludge dewaterabilityising alum as a coagulant. Figure
12(2) shows theesults wherderric is usedas the coagulant Figure 12(3)the
resultsusingMoringa oleiferaasthe coagulant

Figure 12a) shows the relatsimp between rapid mixing velocity (rpm)
and CST value (s), Figure 12b) shows the effect of rapid mixing timen(t)e
CST value (s), Figure 12c) shows the relaghip between G () andCST value
(s) and Figure 12d) shows the relasbip between rapid mixing velocity (rpm)
and G (3). Actually, Figure 12a) has informed about the effect of rapid mixing
velocity on sludge dewaterability, but this research used mixers to produce the
mixing in to the water so G value information is needadure 12c) and Figure
12d) illustrates morethe effecs of mixing conditions/turbulencéG) on the CST

valug and therefore on sludge dewaterabhility
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Figure 12. The effect of mixer shape onthe CST value
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4.2.1.1 The Effect of Mixer Shape on CST value

Each of CST value in Figure 12 ia averagef 3 replicatesCST values
Table 4 inforns about descriptive statistic for CST value in respondiiffigrent
mixer shapes.
Table 4. Degriptive statistic of CST value in responding different mixer

shapes.

Mixer Parameter Al Fe Moringa
Radial mean 21.77 23.08 25.99
min 18.28 21.00 18.23
max 26.80 29.26 31.76
std 1.94 2.13 4.56
Axial mean 22.41 20.75 26.87
min 18.44 19.30 20.43
max 25.60 22.63 33.17
std 1.88 0.92 3.82
Wheel mean 22.36 21.37 26.45
min 19.00 19.27 19.80
max 31.10 25.83 32.76
std 3.32 1.82 4.91
Magnetic mean 17.68 18.82 19.87
min 14.20 17.13 14.33
max 22.60 20.60 26.33
std 1.89 0.96 4.69
3-Blades mean 21.79 20.97 27.31
min 19.60 19.43 19.37
max 24.10 23.40 33.73
std 1.36 0.97 4.26

The resultsin Figure P2 indicate that a magnetic stirrer produces the
lowest CST although process variables have been changed. The other mixer
shapes have similar results regarding CST value. A magnetic stirrer also produces

the highest CST value remowalall themixers(Table C5Appendix 3.
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These results indicate that mixer shapdglsience CST value. This result
agrees withthe findings ofSpicer et al §1996) investigationthey also found
that the mixer shapedffects the coagulation efficiency. Park et @003) stated
thatthe mixer shape contrslthe mixing conditions irthe coagulation process. In
order to observe mixing conditions undke influence of mixer shape, G values
were calculated.G is a measure of the averagelocity in the fluid higher G
values will be observed near the blades and lower at some distance from the
blades (Tchobanoglous, 2003)n relation with mixing effectiveness or
turbulence, G value describes the average value of mixing or turbulence produced
by mixer in the coagulatn chamber.

Gradient velocity observation shows tledma gnet i ¢ st i rrer 6s
highest amonghe five shapes of mixefThe aial mixer produces the highest G,
followed by magnetic, radial, wheel andbdes. Radial, wheel andbBades
have almst similar G valuesThe figure also shows that the relation between
rapid mixing velocity in rpm is always linear with G values.

The axial impeller transfers the highest gradient velocity to the water but
does not produce the lowest CST value. This siegsthat G value of axial
impelleris too high relating to CST value. The magnetic stirrer praslaceore
suitable velocity gradient to produeelower CST value.The remainingthree
others (radial, wheel and-t8ades) impellers produce insufficient gradient
velocityto influence theCST value.

The relation between CST value and G shows that G shoult s
optimum value to producthe lowest CST value. It seems thanly themagnetic

stirrermeets this criteriomvhere its G value produces the lowest CST value. This
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due to nixing conditions affect the floc formation and floc size (Kanaét
2002b) andexcess mixing will increase floc breakage (Spicealet1996).The
size of a floc is an important factor forettassessment of sludge dewaterability
(Lee & Liu, 2001; Zhao, 2003; Feng ak, 2009) the bigger the floc size, the
lower the overall floc water content and the easier the dewatering process (Larue
& Vorobiev, 2003).

Floc size dpends on hydrodynamicebausdt changes when the mixing
is modified (Coufort etl., 2005). Higher gradient velocity produces higher shear
rates. Increased shear produces smaller floc size (Spiaér #896; Zheng Yu,
2011) and increasghe CST value. Further discussiohCST and its correlation
to floc size will bepresentedn Chapter 5.

Beside the G value, the mixer position in the coagulation chamber might
also influence the distribution ahixing. The magnetic stirrer works at the bottom
of the coagulation chamber ofags. It introduces mixing at the bottom of the
beaker glass and circulates the mixing from this point around the whole glass. Due
to its shape and position in the coagulation chambemntkimg is distributed to
all part of the chamber appropriatelit. seems that the mixingonditions
produced by the magnetic stirrer can avoid the creation of dead zones in the outer
part of the mixer because the stirrer moves freelymaixthg is spread effectively
so that all sections of the water are exposed to thelence flow.

In contrast, the four other mixers operated from a position highehe
chamber. The mixings produced at a distance from the bottom of the glass and
concentrated around the shaft position.

chambemproducesnixingt hat , i n general, only exists
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and is not well distributed to all parts of chamber. Due to this condition, dead
zone areas are to be found at the bottom and on the surface of the clirariber.

et al (2003) foundhat the formation of dead zones reduce the performance of
rapid mixing and the efficiency of the coagulation proc@$ss result indicates

that he absence of dead zones when using the magnetic stirrer avoids the
possibility of noncontacted of contaminm&by the coagulargo that produce more
efficient floc formation and lower CST valu®ue to the lack of evidence to
support this mixer position statement, further investigation mighteszled to

provide a proper explanation.

4.2.1.2The Effect of Different Rapid Mixing Velocities and Different Rapid
Mixing Times on CST values

Before further discussion about the effect of rapid mixing velocity and rapid
mixing time on CST value, Table 5 will show the descriptive statistic of CST
value This descriptive is classified in to rapid mixing velocity and rapid mixing
time.

Figure 12 shows, in general that the different rapid mixing velocities and
times do not influence sludge dewaterability, even though the optimum conditions
based on the ptiminary research results have been used. Based on Figure 12(1)a,
12(2)a, and12(3)a, employing rapid mixing velocity and rapid mixing time has no
significant impact on the CST values. The values are still almost identical in
response to the gradual incseaof rapid mixing velocities and times; even using
Moringa oleiferaas a coagulant, the use of rapid mixing velocity increases the

CST value.
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Table 5. Descriptive statistic of CST value in responding rapid mixing

velocity
Parameter Radial Axial Wheel Magnetic 3-blades Coagulant
mean 22.10 22.96 23.42 18.13 21.31
min 19.83  20.30 19.20 15.10 19.60 Al
max 24.00 2560 31.10 22.60 24.10
std 1.16 1.66 3.97 2.26 1.40
mean 23.57  20.95 20.44 19.05 20.59
min 21.00 19.73 19.27 17.13 19.43 Fe
max 29.26  22.63 22.37 20.60 21.73
std 2.81 0.88 0.91 0.97 0.79
mean 30.07 30.11  30.76 24.28 30.95
min 28.67  27.17 27.20 21.90 29.33 Moringa
max 31.76  33.17 32.76 26.33 33.73
std 1.07 1.86 1.89 1.46 1.49

Table 6. Descriptive statistic for CST value in responding rapid mixing time

Parameter Radial Axial Wheel Magnetic 3-blades Coagulant
mean 21.43 2187 21.30 17.22 22.28

min 18.28 18.44  19.00 14.20 20.30 Al
max 26.80 2470 25.20 19.00 23.70

std 2.53 2.03 2.27 1.42 1.20

mean 2259 2054 22.29 18.58 21.34

min 21.50 19.30 19.40 17.48 19.97 Fe
max 25.07 2157 25.83 20.15 23.40

std 1.07 0.96 2.08 0.95 1.02

mean 21.90 23.63 22.15 15.45 23.66

min 18.23  20.43 19.80 14.33 19.37 Moringa
max 26.70 27.17  26.50 17.30 26.93

std 2.33 1.98 2.42 0.88 2.54

Statistical analysis, specifically the coefficient of correlation, was used to

explain the correlation between different rapid mixing velocities and sludge

dewaterability. The calculatiowas intwo parts(Table7 and TableB). The first
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used aninitial CST value with O rpm rapid mixing velocity or O minute rapid

mixing time and the secondvas without the initial value. The purpose of

including theinitial valuewasto see the effect of rapid mixing velocity and time

employment onthe CST value not including the initial value investigaté the

effect of increasing rapid mixing velocity aticthe onthe CST value.

Table 7. The impact of rapid mixing velocity on CST value.

Velocity (rpm) CST Value (s) Coagulant
Radial Axial Wheel Magnetic  3-blades
r (with O rpm) -0.90 -0.84 -0.86 -0.93 -0.86 Alum
r (without Orpm) -0.33 0.00 -0.64 -0.61 0.04
r (with O rpm -0.74 -0.87 -0.89 -0.89 -0.87 Ferric
r (without O rpm) 0.26 0.14 -0.15 -0.15 0.32
r (with O rpm) 0.05 0.05 0.07 -0.51 0.12 Moringa
r (without O rpm) -0.37 -0.18 -0.35 0.53 -0.45
Table 8. The impact of rapid mixing time on CST value
Time (s) CST Value (s) Coagulant
Radial Axial Wheel Magnetic 3-blades
r (with O rpm) -0.74 -0.59 -0.76 -0.64 -0.55 Alum
r (without O rpm) -0.73 -0.32 -0.83 -0.75 -0.19
r (with O rpm) -0.58 -0.53 -0.73 -0.52 -0.58 Ferric
r (without O rpm) -0.47 -0.09 -0.83 -0.02 -0.51
r (with O rpm) -0.67 -0.56 -0.46 -0.49 -0.04 Moringa
r (without O rpm) -0.51 -0.32 -0.16 0.14 0.39
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By including the initial CST value and using alum and ferttie rapid
mixing velocity has a beneficial impact tre CST valuelncreasing rapid mixing
velocity results in decreasingthe CST value. UsingMoringa oleifera, the
correlation between rapid mixing velocity and CST valsepoor Different
coefficiens of correlationoccurif the initial CST value is excludethey become
very low for alum and ferric and slightly higher filoringa oleifera These data
show thatthe implementation of rapid mixing is very importantdecreasinghe
CST value, but its gradual incresdoesnot haveany essential impaethenusng
metatbased coagulants. It seeitst as long aghe rapid mixing velocity has
been applied, the CST s will decrease.

For rapid mixing times, Figure 12(1)b, 12(2ahd 12(3)b show that there
is no significant impact othe CST value when different rapid mixing times are
applied. The coefficient of correlation valuéy including O pm into the
calculaton (Table §, rapid mixing timehas a reasonable association wtitle
CST value Without an initial value, all the coefficient of correlation values
decreasegeven though tis decreas is not as much aeccurred withthe rapid
mixing velocity coefficient of correlation. Just likde rapid mixing velocity,
rapid mixing time is importanin decreasingthe CST value but the gradual
increag is not importantThis means tha& low rapid mixing time is sufficient to
decrexsethe CST value.

The trend for rapid mixing velocity and rapid mixing time are slightly
different. The formerhas a fluctuating trend, whilghe latter ismore stable
especiallywhen using alum and ferric. The fluctuating trend in rapid mixing

velocity maybedue to the difference in the coagulant hydrolysis product which is
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influenced by the mixing conditions (AWWA, 1999). Every type of hydrolysis
product has its own interacting mechanism for removing particles. This result is
similar to the investigain results achieved by AWWA (1999) and Byunaét
(2005) both found that different rapid mixing intensities affect the formation of
coagulation hydrolysis products andtimately produce different types of
coagulant hydrolysis product§he velocity grdient also determines the number
of floc collisions (Mhaisalkar edl., 1991) which is an important influence on the
settling performance and sludge dewaterability.

For rapid mixing times, the straight and stable linEigure 12(1)c, 12(2)c
and 12(3)c and the poor correlation show that the enhancement of rapid mixing
times does not have any impact on CST vane low rapid mixing time is
enough.As explained in Chapter 2, coagulant hydrolysis products are formed
shortly after coagulant dosing. Prol@trapid mixing time can limit floc growth,
possibly due to the formation of small flocs during the rapid mixing process.
SchuetzandPiesche (2002) have confirmed that sufficient coagulation tondi
is needed to enablefloc formationthatis easily gparated and dehydrated. The
excessive mixing time may result in breakage of microflocs and reduce-the re
growth potential of the floc (Yu etl.,2011).

When comparing the effect of different rapid mixing velocity and different
rapid mixing times on CSTalues, the results show that rapid mixing veloditys
more impact on the CST values thapid mixing time This finding is supported

by Mhaisalkar et al(1991) and Liang et a{2009).
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4.22 The Effect of Coagulant on CST value

Aluminium sulphate, ferric sulphate arioringa oleifera were used in this
researcho investigatetheir effect onthe CST value.Table 9informs about the
statistic descriptive of CST value in responding different coagul&idgsre 13
presents thanfluence of coagulastonthe CST value using rapid mixing velocity
and rapid mixing time.

Table 9. Statistic descriptive of CST value in responding different coagulants

Coagulant Parameter Radial Axial Wheel Magnetic 3-blades
mean 21.77 2241  22.36 17.68 21.79

Al min 18.28 18.44 19.00 14.20 19.60

max 26.80 25.60 31.10 22.60 24.10

std 1.94 1.88 3.32 1.89 1.36

mean 21.77 22.41 22.36 17.68 21.79

Fe min 18.28 18.44 19.00 14.20 19.60

max 26.80 25.60 31.10 22.60 24.10

std 1.94 1.88 3.32 1.89 1.36

mean 25.99 26.87 26.45 19.87 27.31

Moringa min 18.23 20.43 19.80 14.33 19.37

max 31.76 33.17 32.76 26.33 33.73

std 4.56 3.82 491 4.69 4.26

40 ——Al —=—Fe —+—Moringa 40 ——Al —=—Fe —&— Moringa
35 a) 35

b)

60 70 80 90 100 10 20 30 40 50 60 70 80 90
Rapid mixing velocity (rpm) Time (s)

(1). Radial Mixer
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Figure 13. Comparison of coagulants performances

Figure 13 shows that coagulardre more sensitive to rapid mixing
velocity thanto rapid mixing time. Using rapid mixing velocity, alum and ferric
have analmost similar impact othe CST value anda lower CST value than
Moringa oleifera Ontherapid mixing time variable, no conclusion candrawn
Different coagulant trends on tidpmixing velocity and rapid mixing timalso
indicate that rapid mixing velocitglays amore important rolén accommodating
coagulant mechanism in water thdmesrapid mixing time.

Using mixer shapeand rapid mixing velocity provides evidence that
different coagulants produce different CST valugvhich means that the
coagulant characteristics affect sludge dewaterability. The difference in
performance of different coagulants is influencedtlgir base material. Alum
and ferric are metatbased coagulast which produce coagulant hydrolysis
producs (AWWA, 1999). On the other handjoringa oleiferadoes not yield

coagulant hydrolysis products. The agglomeration happens as a result of
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adsorption and &rge neutralization processes of the contaminanMbyinga
oleiferads acti ve pr ot eialnl995\Blhaidbenln2g0d)n geser e
Ndabingengesere et. §1995) said that every coagulant produces different
sludge volume, so it influences the cantcation of solid in the wateMoringa
oleifera produces a smaller volume of sludge compared to a +betald
coagulant because it only stimulates small contaminants to gather together without
generating a precipitated coagulant. Mdtased coagulantskk alum and ferric
are associated with larger volumes of sludge (Ndabingengesere & Narasiah,
1998).
The explanation about coagulant and rapid mixing time seems correlated
with the explanation of the effect of rapid mixing time on CST value. This can be

found in the previous sub chapter.

4.23 The Effect of Temperature on CST value

Temperature is a crucial factor in the sludge dewatering process because it
affects sludge viscosity (Sawalha & Scholz, 2012). Christensen(&9aB) found
that viscosity has a linear correlation with sludge dewaterability. In theory,
viscosityis reducel at higher temperaturesand water will be released from the
sludge more easily. This means sludge dewaterabifityreducel as the
temperaturerises. In the coagulation process, the temperature determines the
distribution of the coagulant (Duan & Gregory, 2003). The reaction rate increases
with increasing temperature and vice versa.

In this research, the effect of mixer shape was studied sinadisly with

temperaturg coagulant and rapid mixing velocity. Rapid mixing time was not
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investigated because it halseadybeen demonstrated in this study that its impact

on sludge dewaterability Issssignificant.

4.23.1 Using Alum as a Coagulant

Alum was used as a coagulant to investigate the effect of mixer shape on the CST
value. In this research, a temperature of 20°C was compared with a temperature of
26°C. Five shasof mixer were used as a pad@lable 10, and a comparison of

thedifferent shaps at 26°C has been produdgdgure 14.

Table 10. Statistic descriptive of CST value in responding temperature

(alum)

Temperature Parameter Radial Axial Wheel Magnetic 3-blades

20°C mean 22.10 22.96 23.42 18.13 21.31
min 19.83 20.30 19.20 15.10 19.60
max 24.00 25.60 31.10 22.60 24.10
std 1.16 1.66 3.97 2.26 1.40
26°C mean 141,98 23.90 15.99 11.88 12.24
min 0.39 0.55 1.32 0.75 0.47
max 921.11 89.00 31.10 22.60 24.10
std 343.71 30.47 11.44 8.73 10.63
35 Radial Axial
a) —+—26C 3 b) ——26C
30 —=—20C 30 —e—20C

CST (s
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o (6]

<>_._./\///'/
15 15
10 T T T ) 10 + T T T )
60 70 80 90 100 60 70 80 90 100
Rapid mixing velocity (rpm) Rapid mixing velocity (rpm)

78



Wheel Magnetic

35 4
c) —+—26C 35 d) ——26C
30 - —8—20C 30 —&—20C
C
225 - w25
= =
B 20 - %20
15 15
10 T T T 1 10 T T T )
60 70 80 90 100 60 70 80 90 100
Rapid mixing velocity (rpm) Rapid mixing velocity (rpm)
3-blades comparison for 26°C
35 ——26C
€) —s—20C
30
w25
|_
& 20
Magnetic —=— 3-Blades
10
15
10 - J 5 T T T |
60 70 80 90 100 60 70 80 90 100
Rapid mixing velocity (rpm) Rapid mixing velocity (rpm)

Figure 14. The influence of temperature on CST value (alum)

Of the five mixers, the magnetic stirrer still yields the lowest CST value.
This same result is similar at &D, again confirming that the magnetic stirrer is
superior to the other four shapes of mixgsing different temperatures shows
that 26°C produces a lower CST valdlean 20AC for each of the mixer shapes.
This phenomenois supported by the results of Duand Gregory (2003)that
temperature affects the distribution of coagulant types in the water. A higher
temperature makes the coagulant distribution easier than at a lower temperature
and ultimatéy affectsthe floc conditions. As the condition of the flocs is an
important factor in sludge dewaterability (Lee & Liu, 2001), the impact of

temperature is also important on the sludge dewatering process.
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In relation to the viscosity, it confirms the theory thhe thigher the
temperature, the lower the viscosity. A0 water has a higher viscosityan at
26/C, so it cannot be released from the sludge as easily atheahigher
temperature (Sawalh& Scholz, 2012). As a result, the CST valueQ@C are
higherthan tlose at 2@C. As alum was used as the coagulant, it can be concluded

that alumbés performance i s affected by

4.23.2 Ferric as a Coagulant

The second coagulant to be used was fefrable 1landFigure 15 show
the influence of temperature on sludge dewaterability ubisgoagulant
Table 11. Statistic descriptive of CST value in responding temperature

(ferric)

Temperature Parameter Radial Axial Wheel Magnetic 3-blades

20°C mean 23.57 20.95 20.44 19.05 20.59
min 21.00 19.73 19.27 17.13 19.43
max 29.26 22.63 22.37 20.60 21.73
std 2.81 0.88 0.91 0.97 0.79
26°C mean 20.56 21.16 19.70 17.99 21.91
min 16.60 18.10 16.90 14.60 18.90
max 24.40 24.60 22.30 20.80 28.50
std 3.04 2.30 1.79 1.89 2.85

Comparison of the five shapes of mixer using ferric as a coagulant at a
temperature of 2& indicates that, in general, the magnetic stirrer produces the
lowest CST values. This result is comparable to previous tests dsgfagent
parameters; that the magnetic stirrer produces better mixing conditions so that the
coagulant and water can be properly mixed and thus produce a better

agglomeration compared with the four other shapes of mixer.

80



The results show that temperatatees not have a significant impact on
sludge dewaterability while using ferric as a coagulaithough the comparison
was done repeatedly using different shapes of mixer, findings still indicate that the
performance of ferric is notaffected by temperatte. In contrast, other
investigations have shown that ferric as a coagulant was influenced by
temperature (Van der Woude &e Bruyn, 1983; Flynn, 1984Kang &
Cleasby,1995).

The insignificant effect of temperature on ferric performance losan
explainedby the previous observation. It found that increase in temperature
results in reduced amounts of soluble oxygemd the formation of iron salis
inhibited by protongVilcaez etal., 2009). Morisand Knocke (1984) also found
the same for the range ofniperatures -R3AC; the rate ofiron (Ill) growth was
not affectedsignificantly. Moreover, Hansoand Cleasby (1990) found that at
temperaturesof 5-20AC and constant pOH, almost identical ferric sulphate

coagulation kinetics occurred.
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Figure 15. The influence of temperature on CST value (ferric)

4.2 3.3 Moringa oleiferaas a Coagulant

As an alternative coagular¥joringa oleiferais yet to be fully explored
This section shows the results from an investigatitmthe effect of mixer shape
and temperature on sludge dewaterabilitgble 12and Figure 16 indicate the

impact of temperature ahe CST value using/loringa oleiferaas a coagulant.
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Table 12 Statistic descriptive of CST value in responding temperature

(Moringa)

Temperature Parameter Radial Axial Wheel Magnetic 3-blades

20°C mean 30.07 30.11 30.76 24.28 30.95
min 28.67 27.17 27.20 21.90 29.33
max 31.76 33.17 32.76 26.33 33.73
std 1.07 1.86 1.89 1.46 1.49
26°C mean 22.26 22.68 21.88 14.47 21.76
min 18.10 18.60 16.70 11.20 17.70
max 25.40 25.50 27.00 16.30 25.10
std 2.43 2.25 3.19 1.59 2.45

Using radial, axial, wheel, magnetic andblade types omixer, the CST
values yielded at temperatsréetween 28C and 26C were compared. The
graphs present the results. The CST valeereasess temperaturencreases
This is due to the effects of viscosity. For sludge which does not contain ¢ations
especiallyof potassium and calcium, the viscosity of the sludge increases as the
temperature decreases (Sawalha, 2010).

In general, at 2&C, asthe rapid mixing velocity increasethe CST value
increases However at 26'C, an increase in rapid mixingitensity cause a
reductionin the CST value. This indicates thitoringa oleiferd s per f or manc e
better at 26C than 2@C, which is probablybecausehe higher temperature mesk
the Moringa oleifera protein more active thus increasing the sludge

dewateability. Further investigation is still needed to support this finding.
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Figure 16. The influence of temperature on CST valueMoringa oleifera)

4.2.34 The Influence of DifferentCoagulants at 26C
The aim of this analysisvas to compare the performance of different
coagulantswith increasing temperature. Figure 17 represéme CST values in

respect of different mixers, different velocities and different coagulants®at &6
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can be seen that different coagulants havsignificant influence on CST values
in general, all of the coagulants have a similar impact AT .2Bowever, if the
data is examined in more detail, alisrseen to givéhe lowest CST value.

Most of the loves CST valueswere produced by alum. @xall, the
highest CST values wembtained usingMoringa oleiferaas a coagulant. The
coagulant type determines the amount and properties of slddgenperature of
26/C produceddifferent results froma temperatu of 20C. At 204C, alum and
ferric were shownto be the best coagulant with the lowest CST \alddis
shows that alum and ferrare more effective thamMoringa oleiferaat 20C but
not at 2@C. At 26°C all three coagulantsavea similar impact orthe CST value.
This maybe becaus#Moringa oleiferdd s pr ot ein i s moate acti v
20°C so that all the coagulasmhave asimilar impact on sludge dewaterability at

the higher temperature
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Figurel7 Compari son of different coagul ani

4.3 Synthetic Domestic Wastewater Sample

4.3.1 Observation Results

The aim of this investigatiowasto examine the effect of water composition on
CST valus. It was undeataken simultaneously with the study of the effect of
mixer shape, rapid mixing velocity and coagulant on CST value and turbidity. In
order to obtain a comparative measurement, a turbidimeteused for the first
time when using synthetic domestic wasaésv. Using synthetic raw water, rapid
mixing time had lesseffect on the CST value, so that in this investigation only

rapid mixing velocity is used.able 13, Table 14ndFigure 18 show the results
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Table 13 and Tabl&4 inform about the statistic descriptive of CST and
turbidity values inresponding mixer shapes. Figure 18 (1) shows the result of
CST and turbidityusing alum as a coagulant, Figure 18 (@ing ferric as a

coagulant and Figure 18 (@3ingMoringaas a cagulant.

Table 13. Statistic descriptive of CST value in responding mixer shapes

Mixer Parameter Al Fe Moringa
Radial mean 19.75 20.50 24.21
min 18.67 18.90 21.70
max 21.77 22.40 26.80
std 1.14 1.26 1.70
Axial mean 20.42 20.76 24.64
min 17.83 15.20 23.70
max 22.75 26.70 26.87
std 1.57 3.51 1.08
Wheel mean 20.68 22.24 24.31
min 16.83 19.50 22.77
max 24.23 26.50 25.53
std 2.35 2.22 1.08
Magnetic mean 15.87 17.61 23.14
min 14.60 16.20 21.30
max 17.40 19.50 25.23
std 0.89 0.97 1.23
3-Blades mean 18.23 22.73 22.15
min 15.47 20.60 19.80
max 20.97 25.00 24.20
std 1.64 1.42 1.38

87



Table 14. Statistic descriptive of turbidity in responding mixer shapes

Mixer Parameter Al Fe Moringa
Radial mean 592.85 609.56 367.70
min 538.67 542.00 328.33
max 742.67 703.00 412.00
std 78.79 48.27 25.30
Axial mean 530.44 596.11 395.37
min 501.00 467.00 368.67
max 641.50 686.00 439.33
std 45.41 86.06 25.29
Wheel mean 517.96 543.67 417.04
min 479.33 479.00 375.00
max 598.00 605.00 446.33
std 36.75 38.51 24.72
Magnetic mean 438.33 452.22 379.15
min 42433 417.00 332.00
max 460.00 488.00 411.33

std 11.80 24.33 26.48
3-Blades mean 539.74 688.00 424.89
min 519.67 451.00 392.33

max 570.00 886.00 481.00
std 18.66 139.02 34.14
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Figure 18. Results of using domestic wastewater as a water sample

Figure 18a) shows the relat&mp between rapid mixing velocity (rpm)
and CST value (s), Figure 18b) shows the effeatapfd mixing velocity(rpm)
and turbidityvalue (NTU), Figure 18c) shows the relatiitipbetween G (3) and

CST value (NTY and Figure 18d) shows the relatsbip between rapid mixing
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velocity (rpm) and Gof CST (s%). Furthermore, Figure 18e) informdet
relatiorship betweenG (s*) andturbidity value (NTU) and Figure 18f) informs
the relatioshipbetween rapid mixing velocity (rpm) anddBturbidity (s™).

Investigating the effect of mixer shapes on CST value gave similar results
using different coagulants, except fbtoringa oleifera The magnetic stirrer
produced the lowest CST value compared to other shapes of mixer. The lowest
turbidity was also producely the magnetic stirrer. Hence, although the water
sample is different, in general, the magnetic stirrer still produces the lowest CST
values. Therefore, it can be concluded that water composition does not influence
the effectiveness of the magnetic &irras a paddle when using metaked
coagulants.

Despite the same trend of the CST value and turbidity results, the turbidity
value after coagulation was still very high, more than 400 NTU, although the
optimum coagulant dose was used. Determination afjwant dose was done
using CST apparatus, but this maybe inappropriate for turbidity, as the CST
apparatus and turbiditimeter measure different things. So, probably this is the
reason why the turbidity is still very high after coagulation process andidgites
that the optimum coagulant dosage by using CST apparatus is not suitable for
turbidity removal.

Using synthetic domstic wastewaterapid mixingwas not significantin
decreasingthe CST value. Although the mixer shapes and coagulardgse
change the rapid mixing velocitystill had little impact on the decrease tife
CST value. The turbidity results also confirm tgeddual increasingapid mixing

velocity is not important in removing turbidity. Synthetic domestic wastewater
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hasa different compositiorfrom synthetic raw wateibut it wasreveakdthat this
differencedid not result in anysignificant variationin the sludge CST value.
Syntheticraw waterand synthetic domestic wastewater contdin kaolin along

with other ingrediets, and hasa turbidity valueof more than 300 NTU. This
result further indicates that highly turbid water does not need an excessive rapid

mixing velocity (Mhaisalkar edl., 1991).

4.4 The Effect of Water Sample Composition on CST value
4.4.1 Alum asa Coagulant
Rigorous experimentsvere carried out by utilizing synthetic raw water and
synthetic domestic wastewater. €ble water types have different compositions.
Figure 19 shows the result of direct comparison of water composition when using
alum as thecoagulantDomestic raw water produces slightly higher CST results
thansynthetic domestic wastewater for alixer shapes.

Table 15shows the decreasn CST value. It can be seen thdhere is a
significant differencein CST valus between synthetic raw water and synthetic
domestic wastewatgthe formerhaving ahigherremoval percentage.
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Figure 19. Comparison of different water composition (alum)

Table 15. CST and rapid mixing velocity coefficient of correlation

Mixer shape Decrease in CST value (%)
synt. raw water synt. dom ww
Radial 40.26 -7.93
Axial 37.95 -11.59
Wheel 36.69 -13.00
Magnetic 50.99 13.30
3-blade 42.41 0.36
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Despite thehigher CST value of synthetic raw wateyrghetic raw water
has a higher decrease @ST value(the result of comparison between average
CST values after coagulation to initial CST value before coagulatizan)
synthetic domestic wastewatdhis is probablya resultdifference elemenn the
water sample. Synthetic raw water only contains kaalimich is inorganicbut
synthetic domestic wastewater contains not only inorganic but also organic and
biological material This result indicates thdhe coagulation process removes
inorganic content better thalne organic and biological content. This is due to the
presence othe hydrophilic content in synthetic domestiastewater. Coagulation
removeshydrophobic matter better than hydrophitiatter(Zhan etal., 2010b).
The hydrophobic fraction has a higher molecular weight and lower reputgion
the flocculant (Kim etl., 2006).

The CST valus for synthetic raw wateare slightlyhigher thansynthetic
domesic wastewater after coagulatiomlthough the decreasing CST value is
much higherThis is due to the presence of microorgasisrhich is presented by
yeastin the wastewatefyeasts are eukaryotic microorganism (Kurtman and Fell,
2006). The presence of any microorganism is associated withlatively large
surfacearea (Jin efal., 2003). Thismeans thasynthetic domestic wastewater
producesalower CST value even though the coagulation prodessnot happen
effectively. This indicates thaalum is lesseffective todecrease CST value in

synthetic domestic wastewater than synthetic raw water.
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4.4.2 Ferric as a coagulant

Figure 20 shows the influence of different water compositions on the CST value.

Ferric is used as a coagulaatong withdifferent mixer shapes and rapid mixing

velocity.
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Figure 20. Comparison of different water composition (ferric)
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Table 16. CST and rapid mixing velocity coefficient of correlation (ferric)

Mixer shape | The decreasing of CST value (%
synt. raw water synt. dom ww
Radial 40.84 31.43
Axial 42.42 30.58
Wheel 48.70 25.60
Magnetic 52.18 41.09
3-blade 48.33 23.96

Using ferric with both water samples produces different trends to those
produced when using alum. With ferric, in general, there is no difference in the
trend of CST results between synthetic raw water and synthetic domestic
wastewater, although there isshght difference in the decrease of CST value
(Table 16). Again, the slight difference the CST value is due to the presence of
hydrophilic content in synthetic domestic water, which is unfavourable to the
coagulation process (Zhan, 2010). This indicatiest ferric is effective in
coagulating the contaminants in synthetic raw water and synthetic domestic

wastewater.

4.4.3 Moringa Oleiferaasa Coagulant
Moringa oleiferawas used as a coagulant investigaing the effect of water
composition ornthe CST. This observation also involdemixer shape and rapid

mixing velocity. The resudtcan be found in Figure 21.
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Figure 21. Comparison of different water compositions loringa oleifera)

101



Table 17. CST and rapid mixing velocity coefficient of correlation Moringa)

Mixer shape | The decreasing of CST value (%
synt. raw water synt. dom ww
Radial -2.62 -4.24
Axial -2.76 -6.07
Wheel -4.97 -4.66
Magnetic 17.12 0.40
3-blade -5.63 4.65

Figure 21 and Table 17 show that when usiMgringa oleiferaas a
coagulant, in general, there is no significant influence of water composition on the
CST. All the mixer shapes, except for the magnetic stirrer, show that the effect of
water composition oi€ST value is almost similar. It means, in general, there is
no effect of different water samples while usigringa oleiferaas a coagulant

on CST value.

4.4 Summary

Using the Capillary Suction Time (CST) apparatus as a measuremerfbrtool
sludge dewatability, a number of paragerswereinvestigatedshape of mixer,
rapid mixing velocity and rapid mixing time, coagulant, temperature and water
composition. Only the magnetic stirrer appears to have inflderstedge
dewaterability with the four other nxers similar to each otherThe magnetic
stirrer consistently produced the lowest CST value although rapid mixing velocity
and rapid mixing time, coagulant, temperature and water compositens

modified. This is due tahe optimum mixing intensity appéd to water bythe
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magnetic stirrer.Rapid mixing velocity had a more important effect on CST
values than rapid mixing timalthoughincreasedapid mixing velocity and rapid
mixing time are not importarb the CST value.

Alum and ferric hae the same impact aime CST value with consistatly
lower CST values tharMoringa oleifera. This indicates that metdlased
coagularg play a more important role than nemetal based coagulanin
determination the€CST valus. Temperature has an importaote to play when
using alum orMoringa oleiferaas a coagulantalthough withferric, the CST
valuesappeared insensitive to temperature. Water compositiomot have a
significant effect on CST value when usingalum, ferricor Moringa oleifera
Synthetic raw water and synthetic domestic wastewater produced similar CST
values when using ferric andMoringa oleifera but lower on decrease of CST
valuewhenusing alum.

In order to compare and verify the CST value, turbidity and floc size have

been @amined details are presented @hapter 5

103



CHAPTER 5

PARTICLE SIZE ANALYSIS

RESULTS AND DISCUSSION

5.1 Introduction
Coagulation increases the tendency of particles to attach to each other in order to
form a largercontaminant. Particle (floc) size is therefore an important factor in
the coagulation process (Zhan, 2011) where it influences settlement following
coagulation. The larger the 8pthe more readilyt canbe removed from water
(Besra etal., 2000). As aconsequence, sludge conditions, including particle size,
have an important role in sludge dewaterability (Razi & Molla, 2007).

In order to verify the CSTesults floc sizes produced by the coagulation
processhas beennvestigated,using a particle sizeanalyzer. As withthe CST
analysis, five shapes of mixer were used @Mdrying the rapid mixing velocity

and rapid mixing time, choice of coagulant, temperature and water composition.

' A part content of this chapter has been published as a marustripe Journal of Chemical

Engineering and Techology.

Fitria, D., Scholz, M., Swift, G.M. and Hutchinson, S.M. (201&)pact of sludge floc size and
water composition on sludge dewaterabilit€hemical Engineering and Technology
Journal.DOI: 10.1002/ceat.201300378
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5.2 Synthetic Raw Water

5.2.1 The Effect of Mixer Shape on Particle Size

Experimentsusing the CST were undertaken using synthetew water and
synthetic domestic wastewater. In order to obtain a deeper understanding of the
subject, the research continues using a particle size analyzer to investigate floc
size.

Initially, synthetic raw water was utilised with only ferric as a
representve coagulantbecause in thearlierresearchmetal based coagulants
produced the lowesEST value Figure 12showed thaffour shapes of mixer,
(radial, axial, wheel and-Blade)hada consistent influence on the CST result; in
this investigationonly three mixer shapes (radial, axial and magnetic stirrer) were
investigated. Radial and axial mixers are representative of the four shapes of
mixer in that they act at a certain height from the bottom of the charaber
magnetic stirrewas also used dhis wasthe most effective mixein producéng
the lowest CST value. The investigation results are shawmable 18 andrigure
22.

Table 18. Descriptive statistic of floc size in responding mixer shape

Mixer Parameter CST

Radial mean 6.11
min 5.35
max 7.06
std 0.63

Axial mean 6.79
min 5.17
max 7.53
std 0.82

Magnetic mean 19.05
min 17.13
max 20.60
std 0.97
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Figure 22. Comparison of sludge dewaterability,median floc sizeand size

standard deviation (synthetic raw water)

In this investigation, the median particle size was used to evaluate the floc
size after coagulation, flocculation and sedimentation processes. This is because
the median presents tlhpperhalf data of floc size, and in due course it can be
used as representative floc size data. Figure 22a indite€ST value Figure
22bthe floc sizeand Figure 22c the floc standard deviation

In relation to mixer shape, the magnetic stirrer produced the lowest CST
values, but this resulwasnot supported by th#oc size The data indicated that
the magnetic stirrer did not produce the largest fifdbie three mixer shapén
this experiment It appears that when using synthetic raw water, there is no

correlation between the floc size and sludge dewaterablitiis is due to the
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density of floc.Another experiment was conducted to give evidence. The result

indicatesthatfloc density of syrtietic raw waters higher than synthetic domestic

wastewatefloc (Figure 23).And, dudge produced using the magnetic stirrer has

a higher density flodhansludge from other mixer shapes (Figure 24); therefore

the magnetic stirrer still produdehe lowest CST value even though did not

have the largest flocs.
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Figure 23. Density of different water sample
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Figure 24. Water density related to mixer shapes
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This mechanism could be explainedthgwork of TurchiulliandFargues
(2004) they stated that one of the factors that determine sludge dewaterability is
the floc structure anids physical characteristics (size and densikyhigh-density
solution hasa high concentration of soligand theehave smaller basic units and
less bound water. These sludges #rerefore, dewatered further and faster than
those obtained frorsolutions withlow concentrdons of solid

Figure 22 shows that increasing the rapid mixing velocity has an impact on
floc size. Floc size data suggest that lower rapid mixing velocity produces smaller
flocs. Increasing rapid mixing velocity increases the floc sibesg once the
optimum rapid mixing velocity has been reached, the floc size decreases in
response to the increasn velocity. Rapid mixing velocity seems to have an
important role in the formation of flocs and on its semed this result confirsithe
investigatiorresult in Sub chapter 4.2.3.2.

Furthermore, using synthetic raw water as the water sample in the
cogyulation process produdeshortrange standard deviatip@asit appearghat
using only kaolin creates a uniform floc size in the coagulation processisThis
probably due to the cohesive property of kaolin clay particles and theit@dge
face electrostatic alignment (Sawalha, 2010). As utilizing kaolin in the water
sample brings about similar floc sizes, further research needs to be conducted

using different water compositions.

5.3 Synthetic Domestic Wasisater

It appears that a single ingredt makes the agglomeration process slower.

This was shown using kaolin as the only ingredient in synthetic raw water
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produéng a uniform size of floc and sherange particle size distribution in
response to different mixers. In order to compare the afs&aolin, the
investigationthenusal a synthetic domestic wastewater sample. This additional
investigationwasto obtain a morelefinitive explanation for the influence of the
coagulation parameters on sludge dewaterability and also the effect of the

conmposition of the water.

5.3.1 The Influence of Mixer Shape

Five shapes of mixer were useudth only ferric as the coagulantable 19 and
Figure 25 represernhe influence of mixer shape on CST vaaad turbidity. In
general, there is a similarity between these factotisainresposeto thedifferent
shaps of mixer, as showrin Figure 25. From the CST, turbidity and particle size
analyzer readings, the magnetic stirrer, in general, producedwrestl CST and

turbidity values but larger floc size and higher standard deviation.
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Table 19. Statistic descriptive of floc size and turbidity in responding mixer

shape

Mixer Parameter CST  Turbidity

Radial mean 8.44 609.56
min 5.74 542.00
max 10.80 703.00
std 1.49 48.27
Axial mean 9.98 596.11
min 7.70 467.00
max 12.55 686.00
std 1.94 86.06
Wheel mean 9.98 596.11
min 7.70 467.00
max 12.55 686.00
std 1.94 86.06
Magnetic mean 11.72 452.22
min 10.00 417.00
max 13.25 488.00
std 1.15 24.33
3-Blades mean 8.32 688.00
min 5.90 451.00
max 11.90 886.00
std 1.70 139.02

110



—e— Radial —&— Axial —a— Wheel —e— Radial —a— Axial —a— Wheel

30—EI— Magnetic —*— 3-Blades 9oF— Magnetic —=— 3-Blades
a)
= 800 b)
25 P
@ Z 700
20 2
k20 = 600
© S 500
15 - 5
400
10 T T T " 300 - . . . )
60 70 80 90 100 60 70 80 90 100
Rapid mixing velocity (rpm) Rapid mixing velocity (rpm)
—e— Radial —&— Axial —a— Wheel —— Radial —a— Axial —a— Wheel
—8— Magnetic —*— 3-Blades —&— Magnetic —=— 3-Blades
~ d
= )
=
) > 35
N ()
'G a
g =
2 n 20
[}
=
3+ . . . ) 5 4 . . . )
60 70 80 90 100 60 70 80 90 100
Rapid mixing velocity (rpm) Rapid mixing velocity (rpm)

Figure 25. Comparison of CST, turbidity, median floc size and standard

deviation while using different shapes of mixer

Floc size investigation shadthat the magnetic stirravasthe best mixer
shape to produce larger floc size. mgntioned in Chapter 4he magnetic stirrer
produce&l more appropriate hydrodynamic conditgofor floc formation in the
waterthan did theother mixersas indicated by CST and the turbidity meiene
correlation is the lower of CST value, the lower of turbidity, the larger of floc size
and the higher of standard deviation

The lower CST value nams that it is easier for the sludge to release water
and normally, the larger the floc size, the easier it is for water to be released
(Turchiulli & Fargues, 1994; Larue & Vorobiev, 2003mall flocs with narrow

capillaries do not easily release wafBesra etal., 2000). In respect of water
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turbidity, the larger floc size makes it easier for particles to settle (Gab, et

2009) thereby reducing the turbidity.

5.3.2 The Influence of Rapid Mixing Velocity and Rapid Mixing Time

The influence ofapid mixing velocity and rapid mixing time were observed using
the CST and turbidimeter. The CST value was unaffected by the rapid mixing
velocity and the rapid mixing time, and turbidity was also unaffected by the
mixing velocity. As the coagulation press produces a larger particle size that is
more easily removed, particle size investigation could be useful in this research.
Particle size analyzer results should be able to verify the CST and turbidity
results.

In this part of the investigation, a magjoestirrer was used to create
mixing in the water sample. The use of only the magnetic stirrer was because the
results previously presented indicated that this is the most effective shape of mixer
for sludge dewaterability. Therefore, the magnetic stimexrs selected as
representative of all of the mixers in the investigation of the influence of
coagulant on floc size. Table 20 and Table 21 inform about descriptive statistic of
CST and turbidity values in responding rapid mixing velocity and rapid mixing

time.
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Table 20. Descriptive statistic of CST and turbidity values in responding

rapid mixing velocity

Variable Parameter Al Fe Moringa

CST mean 12.05 11.72 7.20
min 7.30 10.00 4.29
max 18.12 13.25 8.20
std 3.20 1.15 1.18

Turbidity mean 436.78 452.22 850.89
min 403.00 417.00 583.00
max 465.00 488.00 1042.00
std 17.01 24.33  186.24

Table 21. Descriptive statistic of CST and turbidity values in responding

rapid mixing time

Variable Parameter Al Fe Moringa

CST mean 10.08 11.72 8.63
min 7.08 10.00 7.34
max 16.95 13.25 9.38
std 2.92 1.15 0.62

Turbidity mean 504.00 452.22 656.67
min 415.00 417.00 471.00
max 677.00 488.00 966.00
std 86.18 24.33 155.57

5.3.2.1 Alum as a Coagulant

In order to obtain better information abdbe influence ofrapid mixing
velocity and rapid mixing timegifferent coagulants were used as a comparison.
Figure 26, Tabl&2 and Table23 show the results of the influence of rapid mixing
velocity and time o CST values, floc size and turbidity when using alum as a

coagulant.
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Figure 26. Influence of rapid mixing velocity and time on CST, floc size and

turbidity (alum)
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Table 22. The coefficient of correlation of CST value, median floc size and

turbidity (alum)

Parameter r
Velocity & CST -0.29
Velocity & floc size -0.07
Velocity & turbidity -0.19

Table 23. The coefficient of correlation of rapid mixing time, CST value,

median floc size and turbidity (alum)

Parameter r
Time & CST -0.35
Time & floc size -0.29
Time & turbidity 0.37

From Figure 26t can be seen that the CST, floc median size and turbidity
have almostdentical trends.At lower rapid mixing velocityand time the CST
valuesand turbidity measurement becornigher andfloc size becomemalkr.

When increasing the rapid mixing velociayd time the CST and turbidity also
decreaseas more effective contact between the coagulant and the parsicle
adhieved as a consequence, the floc size increases. As the rapid mixing velocity
and timeincreases further, the CST and turbidity values continue to increase until

the optimum rapid mixing velocityand time have been reachedWhen the
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optimum rapid mixingvelocity and time havdseen exceeded, the floc sime
reducel because the breakage procgsmindes overfloc formation.

Tables 22 and 23 indicatethat the CST value, floc size and turbidigre
correlatedwith each otherwhen consideringapid mixing velocity and time.
Rapid mixing velocity and time withoudn initial value (O rpm) have similar
impacs on CST, floc size and turbidity. Floc size and turbidity reshhse
confirmed CST value in term of gradual increasingpid mixing velody and

rapid mixing timeusing alum as a coagulant.

5.3.2.2 Ferric as a Coagulant
The experiment witlmapid mixing velocity and time&as repeated, but witkerfric
as the coagulant Figure 27, Table 24and Table25 present the resudltof this

investigation.
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Figure 27. Influence of rapid mixing velocity and time on CST, floc size and

turbidity (ferric)

Table 24. The coefficient of correlation for rapid mixing velocity, CSTvalue,

floc size and turbidity (ferric)

Parameter r
Velocity & CST -0.06
Velocity & median size -0.75
Velocity & turbidity -0.15
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Table 25. The coefficient of correlation for rapid mixing time, CST value,

median floc size andurbidity (ferric)

Parameter r
Time & CST 0.13
Time & median size 0.30
Time & turbidity 0.49

All the coefficient correlation values in Tabl@4 and 25show that,in
general, rapid mixing velocity and rapid mixing hdiwge impact on CST value
even thoughwhen examinedh more detail, rapid mixing velocitig seen to have
a good correlation with median floc sidaecreasing turbidityeduces thenedian
floc size but this effect isnsufficientto affect CST and turbidity.

Rapid mixing time sghtly correlates with turbidity. Excepfor the
correlation between rapid mixing velocity and medike size, allthe results
verify the CST valuethat rapid mixingvelocity andtime does not have an
important influence on CST valu€hanging the coaguiato ferricresulted in the
CST value, mediafloc size and turbidity produeg the same relationship with
rapid mixing velocity and rapid mixing tim&his confirms that the CST is not

sensitive to increasing rapid mixing velocity and rapid mixing time.

5.3.2.3Moringa oleiferaas a Coagulant

The effectsof Moringa oleiferaon the relationship between CST value, floc size

and turbidity areshownin Figure 28, Table 26nd Table27.
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Figure 28. Influence of rapid mixing velocity and time on CST, floc size and

turbidity ( Moringa oleifera)
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Table 26. The coefficient of correlation of rapid mixing velocity, CST value,

median floc size and turbidity (Moringa oleifera)

Parameter r

Velocity & CST 0.73
Velocity & median size 0.38

Velocity & turbidity -0.55

Table 27. The coefficient of correlation of rapid mixing time, CST value,

median floc size and turbidity (Moringa oleifera)

Parameter r
Time & CST 0.48
Time & median size 0.70
Time & turbidity 0.28

Figure 28 indicates that the influence of rapid mixing velocity and rapid
mixing time on the CST value and median floc size look similar. Turbidity is the
exception.

From Table 26, the coefficient of correlation data for rapid mixing velocity
shows that floc size and turbidity values do not verify the CST value. Only rapid
mixing velocity has a significant impact on turbidity, though the correlation is not
very good. hcreasing rapid mixing velocity increases the CST value, but there is

no effect on floc size and the turbidity reduces. Although the floc size and
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turbidity do not correlate well with the CST results, this still indicates that rapid

mixing velocity is noimportant to the CST value, floc size or turbidity result.
These figure and tableshowthat turbidity verifiesthe CST value in its

relationship with rapid mixing time but not with floc size. The relationship

betweenthe CST value and turbidity with rapid mixing time is pobtowever

floc size has a good relationship with rapid mixing time. This tateatesthat

increasing floc size does nbavea beneficialeffect on the CST value. It seems

that even though the flagize becomeglarger, there isstill no beneficialeffect on

the CST value and turbidityn summary, withMoringa oleiferaincreasing rapid

mixing velocity and time araot importanto theCST value.

5.3.3 The Effect of Coagulant®n CST, turbidity and floc size

The @mparison of the effect of different coagulants on sludge dewateraftmigy
based on CST and turbidity values. In order to obtain a comparison from particle
size analysis results, a further comparison must be ,;aadethis is presented in
Figure 29. In this investigation, a magnetic stim@sagainused ashe mixer.

Figures 29a) and 29b) illustrate the performance of different coagulants in
terms of CST and turbidity. Figure 29c) shows the floc size data. All of the graphs
show similar tends, that ferric and alum are almost identical in term of CST,
turbidity and floc size. They produce lower CST and turbidity results, and larger

floc sizes than when usingoringa oleiferaas a coagulant.
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Figure 29. Comparison of different coagulants on CST, turbidity and floc size

The turbidity and floc size results confirthose results describedin
Chapter 4. In the pwvious results, alum and fert@ve almost the sansdfecton
CST wlues. Moreovertheyhave anore positivempact tharMoringa oleifera It
appears that the presence of coagulant hydrolysis psyolags an important role
in determining theCST value, floc size and turbidity. This investigation has
shown that alum anéerric, which contain precipitatedoagulantspecies have
lower CST values, larger floc &€ and lower turbidity resultdloringa oleifera
floc does not contain precipitated coagulam@ind the results showigher CST

values, smaller floc sizes and higher turbidity. summary the coagulant
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comparison shows thdbe higher CST value results in a higher turbidity value,
and lower floc sizes. These results also indicate that sludge dewaterability,

turbidity ard particle size are inteelated.

5.3.3The Effect of Temperature
5.3.31 Ferric as a Coagulant
The CST results shadthat alum andMoringa oleiferasludge dewaterability are
influenced by changes in temperatuas the temperature increasesudge
dewaterabilityis reduce. This wasnot eviden in the ferric CST resudt Using
ferric as a coagulant and altering the temperature st ferric was not
affected by changes in temperature. Following the investigatesctribedin
Chapter 4testswere carried outvith temperaturesf 164C, 20°C and 26C, using
a particle size analyzer to observe the particle size and temperature (Figure 30).
Figure 30 indicates that at a range of temperatures, ferric has a different
effect on the CST, turbithi and floc size. Since the effect for each parameter is
different, so no conclusion can be drawn from these results. The impact trends of
temperature on these factors are irregular. It seems that the inconsistency of ferric
in responding different tempédtaes has indicated about no effect of temperature
on CST value using coagulant ferric. The particle size analyzer and turbidity
results confirmed that the sludge dewaterability when using ferric is virtually
unaffected by differences in temperature. Aplaxed in Chapter 4, this is
because temperature did not significantly influence the rate of metal ion
precipitation, and for temperatures between 1 ai 2@mperature did not affect

the rate of iron precipitation (Moris & Knocke, 1984). Furthermowyid
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hydrolysis product at & and #C were almost identical if pOH remained

constant (Hanson et al., 1990).
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Figure 30. The effect of using ferric at different temperatures

5.4 Comparison of DifferentWater Compositions
The particle size analysis allows the statistical distribution of floc sizes to be
examined. Particle size distribution graphs illustrate the floc size distribution due
to the coagulation process.

The investigation was carried out usisgnthetic raw water and synthetic

domestic wastewater. This comparison was made in order to obtain additional
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explanation of the process in each sample, and its influence on floc size and

ultimately, on sludge dewaterability.

5.4.1 Synthetic Raw Water

Synthetic raw water has an inorganic content. Particle sizefdatathis study

allows for an assessment of the distribution of floc sizes. Each data peaist

based on threeeadings from theparticle size analyzer. Particle size statistical

distribution graphs illustrate the floc size distribution influenced by the

coagulation procesgFigure 31) Floc diameter distribution is in X axis, a

percentage of similar floc size (q) is in first Y axis and the accumulative

percentage of similar floc size (undemizs in the second Y axis.
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Figure 31. General synthetic raw water floc size distributions

Kaolin was the only ingredient in the synthetic raw water recipe. Figure 31

showsthe similarityin floc size before and afteéhe coagulation process his
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meansthat thecoagulation process is not effectire increagng synthetic raw
water floc size. Corresponding general particle size analysis iadieasmall
range of uniform floc distribution (concentrated around 7 pm) witholsis and
skewness values of 3.51 and 0.47, respectividlg. kurtosis value indicates that
the particle size distribution of this sample isrertely leptokurtic (i.enarrow
with asharp peak). Moreover, there is very little skewness in the distribTitnis.

data verifes thedatapresentedn Chapter 5.2that coagulatiorhasno impact at

all on kaolin floc size

5.4.2 Synthetic Domestic Wastewater
In this investigation the recipe for synthetic domestic wastevinateterdifferent
ingredients. The purpose of using this water sanwsées to obtain further

information about the influence of different water compositions on floc size.
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Figure 32. General synthetic domestic wastewater floc size disitriition
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Figure 32 indicates the corresponding general particle size distribution for
synthetic domestic wastewatérhas different floc size after coagulation compare
to floc size before coagulation pexs. This particle distributiohas no clear
peak unlike the distribution of raw water (FRige 31). Synthetic domestic
wastewater has a wider range of particle sizes and a larger mean fldbasize
synthetic raw water. The distribution can be described as platykurtic (i.e. a wide
and flat profile) with a asymmetric particle size distribution and a tendency
towards coarse characteristics. The synthetic domestic wastewater may also have
a different impact on the floc formation process. A synthetic domestic wastewater
floc is characterized more by its size&hile a synthetic raw water floc is
influenced considerably by its densitgs indicated by the poor correlation
between the CST value and floc size.

Synthetic domestic wastewatevith its ten differentngredientsproduces
a wider range of particle sizes and larger flocscdntrast synthetic raw water,
which has onlya singleingredient, produces a narrow particle size range and
relatively small flocs. This might be explained by the more likely presence of
naturlly developing microorganisms within synthetic domestic wastewater
compared to the synthetic raw water. The presence of any microorganism is
associated with a relatively largeurface area (Jin etal., 2003), ultimately
affectingthe floc size distribugin.

Coagulation increasdhle floc size of synthetic domestic wastewater. This

indicates that water composition influesdec size.
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5.5 Summary
Observation of floc sizes usintye particle size analyzewas carried out. The

results maket clear that ér synthetic raw water, which has a single ingredient,

small flocs are produced and there is no correlation between sludge dewaterability

and floc size. Synthetic domestic wastewater prodllargerflocs, so the study of
floc size was continued by usingg sample.

Using synthetic domestic wastewatéinc size had a better correlation
with CST, rapid mixing velocity and turbidity when using alum and ferric as a
coagulant. The floc sizeanalysisshow that the magnetic stirrer is the most
effective mixershape, confirimg the CST and turbidity valueslum and ferric,
in contrast toMoringa oleifera produces a sludge with larger floc sizes, thus
lowering the sludge dewaterability. Using the floc size dat@agshown that the

performance of ferric as a coagulamés irsensitive to temperature, which is

consi stent wi t h t he CST t est resul t .

distribution indicatesthe importance of floc size on sludge dewaterability. It
appears thathe wider the range of floc size and the larger the size of floc, the
lower the sludge dewaterability. The floc size and turbidity resoitrelate well
with the CST data.

The next chapter will present the data fraghe SRF results and the

comparison wh CST valus.
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CHAPTER 6
SPECIFIC RESISTANCE TO FILTRATION

(SRF) RESULTSAND DISCUSSION

6.1 Introduction

Along with the CST, Specific Resistance to Filtration (SRF) is one of the most
common methods of measuring sludge dewaterability. As the SRF vessilt
intertwined withthe CST result in many investigations (Buyukkamaci, 2004;
Scholz 2005, 2006; Sawalha&)ID), it was important to carry out an investigation

to verify the CST results

6.2 Synthetic Raw Water

Previous results using the CST apparatus, the turbidimeter and the particle size
analyzer indicatea generalrelated trend. In order to explore further the influence

of different parameters on sludge dewaterability, the gRFwascarried out as

an alternative measurement of sludge dewaterability. Synthetic raw waser
used with different mixer shapes, di#at rapid mixing velocities and ferric as a
coagulant Table 28 andrigure 33). Ferriovas used as it produces the lowest

CST value.

' The content of this chaptés being under reviewas a manuscript to the Journal @éparabn
and PurificationTechnology.

Fitria, D., Scholz, M. and Swift, G.MSludge dewaterability testing: relationship between
capillary suction time and specific resistance to filtratibimder review forJournal ofSeparation
and Puification Technology
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Table 28. Descriptive statistic of SRF value in responding different mixer

shapes

Mixer Parameter SRF value
Radial mean 18.03
min 17.44
max 18.60
std 0.33
Axial mean 56.72
min 54.33
max 57.85
std 1.06
Wheel mean 18.66
min 18.20
max 19.65
std 0.41
Magnetic mean 52.57
min 50.79
max 53.98
std 0.88
3-blades mean 30.05
min 29.21
max 30.79
std 0.51
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Figure 33. The effect of mixer and rapid mixingvelocity on SRF using

synthetic raw water

Figure 33 presents the resulfsthis stage otheinvestigation. Each mixer
responds to different rapid mixing velocity in a different wale SRF result
shows thatachmixer shape producesdifferent SRF vala, except for radial and
wheel| which have the sameffecton SRF. Radial and wheel misare also the

best shape to produce the lowest SRF.

131



In respose to rapid mixing velocity, in general at the beginning of the
experiment lower intensityesulted m lower SRF valuesWith an increase in
rapid mixing velocitythe SRF value also increakep to a certain point, after
which it began to decreas@®ased on the graph in Figure 33, rapid mixing
velocity and SRF trendare almost similar to CST, turbidity and floc size. This
trend is due to the difference in floc condition produced by different rapid mixing
velocities. As explained itChapter 5,Muyibi and Evison (1995)and AWWA
(1999) observed thatthe different rapid mixig velocities produce different
coagulation pathwaysach pathway prodirg a different coagulant hydrolysis
product. Therefore, this affects the floc formattbroughthe interaction between
the coagulant and the contamindrtrthermore, the CST and SReésults can be

compared in order to explore the relationship between the two tools (Figure 34)
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Figure 34. Comparison of CST and SRF results
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Figure 34 shows that for different rapid mixing velocities, the CST and
SRF trends are quite similar. Both CST and SRF results show almost the same
response for sludge dewaterability, even though a variation in rapid mixing
velocity wasemployed.

With the CST test as a measurement apparatus, the magnetic stirrer
producel the lowest sludge dewaterabilitin contrast,the four other types of
mixer produd almost similar trends (Figure 34a)Vith the SRF test aas
measurement apparatus (Figure 34gwheel and radial mixer shapes proddce
the lowest SRF results, and th&ial mixer producd the highest SRF value.
Based on this result, wheel and radial are the most effective mixers compared to
axial, 3-blade and the magnetic stirrer.

SRF values show thahére is a significant impact ¢fie mixer shape on
sludge dewaterability. Figure 34b reveals that different shapes of mixer do have a
significant impact on sludge dewaterabilitjomparig CST and SRF results by

using a synthetic raw water sample, theat#hce is quite significant.

6.3 Synthetic Domestic Wastewater

Following the previous investigation, synthetic domestic wastewasrused as

the water sample. Using these two different compositions of water, the CST
apparatus, turbidimeter and partisiege analyzer yieled similar results. In order

to verify the effect of water composition, further reseavels conducted using the

coagulants ferric and alum.
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6.3.1 Impact of Rapid Mixing Velocity

Different parameters such as mixer shape, rapid mixitacig and rapid mixing
time, coagulant and temperatwerealso used in this studyable 29 andrigure

35 presenthe effect of different mixer shapes and different rapid mixing velocity
on the SRF test results.

Table 29. Descriptive statistic of SRF value in responding different mixer

shapes(rapid mixing velocity)

Mixer Parameter SRF value
Radial mean 51.25
min 49,57
max 53.09
std 1.33
Axial mean 77.87
min 75.10
max 83.09
std 2.89
Wheel mean 142.29
min 135.04
max 155.81
std 6.28
Magnetic mean 248.15
min 238.13
max 257.02
std 7.56
3-blades mean 65.33
min 62.83
max 71.13
std 2.76
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Table 30. Coefficient of correlation of rapid mixing velocity and SRF value

using a synthetic domestic wastewater sample

Mixer Shape Parameter

r

Radial Velocity & SRF
Axial Velocity & SRF
Wheel Velocity & SRF

Magnetic Velocity & SRF

3-blade Velocity & SRF

-0.62

0.68

0.19

0.06

0.29

Figure 35 showshe effect of different rapid mixing velocity on the SRF

varies. The graphs show a fluctuating trend andctiedficient of correlatiorin

Table 30 reveals a variaklrelationship between rapid mixing velocity and SRF

value. Onlyin usingthe radial shapedid rapid mixing velocity hae a beneficial

relationship with SRF. In general, this is similar to the CSTltgswhere the

effect of rapid mixing velocityvas not significant on sludge dewaterability. To

compare this SRF value artkde CST value,testsusing different mixer shapes

werecarried outpresented in Figure 36 and Table. 31
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Figure 36. Effect of mixer and rapid mixing velocity on CST and SRF

Table 31 CST and SRF rapid mixing velocity coefficient of correlation values

using a synthetic domestic wastewater sample

Mixer Shape Parameter r

Radial CST & SRF -0.07
Axial CST & SRF 0.72
Wheel CST & SRF 0.09
Magnetic CST & SRF 0.12
3-blades CST & SRF 0.27
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The correlation of rapid mixing velocity and CST and SRF vaiuas
good only when usinthe axial impeller, it was poor for other four mixers. The
above comparison also suggests that different mixave different impacts on
SRF resultsThe radial mixer producs the lowest SRF values$ollowed by 3
blade, axialand whee| with magnetic stirrer as thieighest. Theseresuls differ
from thoseusing synthetic raw water. Thigfference iningrediens seemdo bring
abouta chang in the coagulation mechanisnand thusin the SRF value. In the
case of comparing CST and SRF results, there are distinctive trends between the
CST and SRF valseAs explained beforayith the CST value, only the magnetic
stirrer producd distinctive sludge dewaterability, whitee other four shapzall
showedthe same trendseach other. On the other hafol, the SRF value, every

mixer producd different sludge dewaterabilities.

6.3.2 The Impact of Rapid Mixing Time

SRF observation continued by investigating the effect of different rapid mixing
times onthe SRF test. In the previous resultsth CST, turbidity and floc size
followed a similar trend with no significant impact of different rapid mixing
times on these factors. Table 32 &hgure 37presenthe effect of different mixer

shapes andifferent rapid mixing times on SRF values.
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Table 32 Descriptive statistic of SRF value in responding different mixer

shapeg(rapid mixing time)

Mixer Parameter SRF value
Radial mean 390.90
min 372.81
max 422.63
std 18.93
Axial mean 13.09
min 12.60
max 13.93
std 0.42
Wheel mean 178.15
min 157.99
max 206.13
std 15.79
Magnetic mean 22.44
min 20.66
max 26.05
std 1.53
3-blades mean 104.72
min 99.65
max 113.97
std 4.60
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Figure 37. The effect of mixer shape and rapid mixing time on SRF value
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Table 33. Coefficient of correlation for rapid mixing time and SRF using

synthetic domestic wastewater

Mixer Shape Parameter r

Radial Time & SRF -0.33
Axial Time & SRF  -0.14
Wheel Time & SRF 0.81

Magnetic Time & SRF  -0.33

3-blade Time & SRF 0.44

Figure 37 shows that different mixers yield different SRF results. The
radial mixer produced the lowest SRF, andwheel mixer the highest. Different
rapid mixing times, except for the wheel impeller, had no significant impact on
the SRF value. This observation is aligned with those from the CST experiments,
turbidity and floc size investigations, that rapid mixing dirdoes not have a

significant impact on sludge dewaterability

6.33 Alum as a Coagulant

Alum was used as a coagulant with different shapes of mixer, different rapid
mixing velocities andhe syntheticraw water sampleThe purpose of thipart of

the studywas to investigate the effect of choice of coagulant on sludge
dewaterability as measured by the SRF. As part of this investigation, other process
variables were also considered, including mixer shape, mixing velocity and water
sample composidn. Table 34 andFigure 38 show the results of these

investigations.
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Table 34. Descriptive statistic of SRF value in responding different mixer

shapes
Mixer Parameter SRF value
Radial mean 518.24
min 496.18
max 540.39
std 13.55
Axial mean 373.44
min 348.65
max 405.81
std 23.06
Wheel mean 197.68
min 181.77
max 225.13
std 12.31
Magnetic mean 25.39
min 24.26
max 27.33
std 0.96
3-blades mean 236.29
min 0.32
max 540.39
std 188.96
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Figure 38. Relationship between coagulant, mixer shape and rapid mixing

velocity on SRF value

Table 35. Coefficient of correlation between rapid mixing velocity and SRF

Mixer Shape Parameter r

Radial Velocity & SRF  -0.27
Axial Velocity & SRF  -0.14
Wheel Velocity & SRF 0.41

Magnetic Velocity & SRF  -0.21

3-blades Velocity & SRF  -0.65
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Different rapid mixing velocities while using different mixer shapes
exhibitedfluctuating trendssimilar to those produced from the CST, turbidity and
floc size investigations presented earlier. Theasa similar response to changes
in the rapid mixing velocity for four of the mixers, the radial, axial, wheel, and
magnetic. Thecoefficient of correlation between rapid mixing velocity and SRF
(Table 35)are similar to previous resujthat rapid mixing velocity does not have

a beneficial impact othe SRF value.
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Figure 39. Comparison of CST andSRF results

Table 36. Coefficient of correlation for rapid mixing velocity and SRF

Mixer Shape Parameter r

Radial CST & SRF  -0.33
Axial CST & SRF -0.16
Wheel CST & SRF 0.29
Magnetic CST & SRF -0.11
3-blades CST & SRF -0.45
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The coefficient of correlation between CST and SRF results shgwor
association, with the exception of theblades results. This supports the
contention that CST and SRF are not related for certain water treatment process

variables.

6.4 Comparison of Different Coagulants orCST and SRF value
Ferric, alum andMoringa oleifera were compared in this stage of the
investigation using the magnetic stirrer to examine the influence of different

coagulants on sludge dewaterability in terms of the SRF. The results are presented

in Figure 40.
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Figure 40. Influence of coagulant on SRF value

Figure 40indicates that different coagulants have different influence on
the SRF test. Alum produdethe lowest SRF valugdollowed by Moringa

oleifera and then ferric. This result contradicts the CST results in which ferric
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produced the lowest CST values followbg alum andMoringa. Again, this
suggests that the CST and SRF tests do not appear to correlate well when different

coagulants are used.

6.5 Influence of Temperature

6.5.1The Effect of Temperature on the SRF value

It was shownpreviously that changing the water sample composition, rapid
mixing velocity and rapid mixing time produces different trends in terms of the
performance of different mixers at a constant temperature of 20°C. Each of these
parameterdiad a differenteffect on the test resultsResults ofexploiing further

the effect of different shapes of mixet a different constant temperature (26°C)
using SRF are presented in Figure 41.

20°C 26°C

280 - 1100 +

- 1000 -."___‘___‘\‘/‘__‘_——a\‘
240 -W 900 4

g’ 200 _3’ 800 -
c 00 E 700 -
N N
S = 600 -
o
160 =
g/ .l—.—ﬂ_‘/‘/.\.\‘/‘ Q 500 1
L L 400 -
120 - L
e e T — S
& & 300
e —e—e—pw et 2007
40 . . T Y 0 —a—a—s—f— & & &3
60 70 80 90 100 60 70 80 90 100
Rapid mixing velocity (rpm) Rapid mixing velocity (rpm)
—e— Radial —a— Axial —a— Wheel —e— Radial —=— Axial —a— Wheel

Magnetic =~ —=— 3-Blades

Magnetic —*— 3-blades
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The increase in temperature prodilie different trend in the results
compared with previous test results. In the previous result, the radial mixer
producel the lowestSRF valueand themagneticmixer the highestAs with
previous experimental results, SRF appears to be insensitive to rapid mixing

velocity.

6.5.2Comparison of temperature effects on CST and SRF value

From the experimental work presented earlier, it appears that the effectiveness of
the coagulant ferric as part dig water treatment process is unaffected by the
operating temperature. This conclusion is based on the experiments using CST.
When using SRF, however, a different conclusi@s reachedThis is illustrated

in Figure 42, in which the SRF results are présgrior thecoagulant ferricat

three different operating temperatures. It is clear that when using SRF as a
measure of sludge dewaterability, temperature does affect the performance of the

coagulant ferric in the treatment process.
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Figure 42. Influence of temperature on SRF value using ferric
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Linear correlation between temperature #m&SRF value is probably due
to the effect of the negative pressure in SRF testidike CST, which uses
positive (atmospheric)rpssure, SRF uses constant negative (vacuum) pressure.
From this result, it seems that the effect of temperature is more apparent when
using negative pressure. The higher temperature reduces the sludge viscosity and
makes it easier fothe sludge to releas water under the influence of negative
pressure. This does not happen when using positive pressure. This result and

hypothesis need further investigation to enshedr validity.

6.6 The Influence of water composition on SRF value

The CST resultsfor raw water and wastewatemdicatal that sludge
dewaterability is unaffected by water compositidn contrast, the floc size
investigation reveald that the wastewater ddarger particle sizes than the raw
water. According to the floc size investigation, the CST value of domestic
wastewater should be lower than the CST value of raw water. To verify or
contradictthese results, SRWwas used with different water samples. Tiresults

are presented in Figure 43.
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Figure 43. Influence of water composition on CST and SRF results

The SRF results indicate that synthetic raw watemigyeneralmore
readily dewateredhan synthetic domestic wastewateFhe comparisorshows
different trendsrom the CST resultswith CST, these two recipes do not produce
a significant variation in the degree of sludge dewaterability. Again, the results of
thetest withwater composition cdimm that the CST and SRF results are poorly

correlatedjnfluenced bythe factors under consideration.
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6.7 Correlation between CST and SRF results

It is evident that the CST and SRF results are interrelated for some faataase
not correlated or arpoorly correlated for other SRFandCST resutis agreethat
the gradually increasingrapid mixing velocity and rapid mixing time are not
beneficialto sludge dewaterability.

In the case of theffect of different mixershape, coagulant, temperature
and different water sample composition, the comparison of the results of the CST
and SRF tests show distinctive trends. Investigatieglifferent shapes of mixer
the CST results show that only the magnetic stirrer has a different impact on
sludge dewatability; the other mixers have a similar degree of influence to each
other. The SRF results show that the influence of each mixer shape on the sludge
dewaterabilityvaries or inconsistent to CST, turbidity and floc size values.

The CST test results indited that ferric was the most effective coagulant
with the lowest sludge dewaterability, followed by alum d&moringa oleiferg
where alum andMoringa oleifera had a similar influencdo each otherlIn
contrast, using the SRF test, alum appears to be t# effective coagulant
followed by Moringa oleiferaand ferric. In addition, the CST test results were
unaffected by temperature when using thegotent ferric. Howeverthe SRF test
indicates that temperature ddefluence sludge dewaterability. TI8RF results
correlate well with temperature change, where a lower temperature pidoauce
higher SRF valueanda higher temperature produte lower SRF value.

From theresults of theexperimental workit appears that for mixer shape,
coagulant, temperatel and water composition, the correlation between CST and

SRF is poorThere has been limited work investigating the relationship between
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CST and SRF which compare about different materials i.e mixer shapes, rapid
mixing velocity and time, coagulants arehperaturelnvestigatiors by Smollen
(1986), Chang et a(2001),Lee andLiu (2001) also found that CST and SRF are
not correlated in responding different water and polymer compositions. The
relationship between these two tests is undoubtedly influenced by the difference
in test equipment and the difference in test methodology (Chaalg 2001; Lee

& Liu, 2001).

The overall study outcome ®ipported by Smollen (1986), Chang et al.
(2001) and Lee and Liu (2001), who also found that CST and SRF do not
correlate well for different water and polymer compositions. This has been
explained by the differences in test equipment and methodology (Gaalg
2001; Lee and Liu, 2001).

Lee and Liu (2001) observed that the difference in results between CST
and SRF can be directly linked to the different pressures adopted in their
respective tests. All CST tests are carried out at atmospheric pressus&kind
tests at negative pressure of 80 kPa.

The processes immediately before measuring the sludge dewaterability by
CST and SRF also differ. Before measuring with the CST equipment, the floc
settles and is then separated from the supernatant. Thus, oahatsdpsludge
was measured for its dewaterability. Concerning SRF, the full solution is used for
dewaterability measurement.

The CST operation only requires the sludge to be poured into a funnel. A
filter paper subsequently filters the sludge and draihthefwater. In comparison,

when applying the SRF test, the sludge is poured into a Buchner funnel in which
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the filter paper has been placed, and a vacuum suction is then applied to facilitate
the filtration process. The SRF value is a function of the wmactiltration
pressure intensity, the area of the filter paper, the slope of the curve relating
volume of filtrate and filtration time, filtrate volume, filtered weight, and filtrate
viscosity. The SRF test considers not only water running time but alsp otizer
parameters which influence the result.

Concerning process complexity, the CST test is more stable than the SRF
apparatus in responding to variability in the coagulation process. The CST value
is a function of the filter paper properties (depth dhitkness), instrument
characteristics (diameter of the open part of the solar and sensor location) and
sludgerelated properties (solid concentration, filtrate viscosity, sludge cake
permeability and deposit cake thickness) according to Sanin et all)(2lMe
equipment and measurement procedure are simpler than those for SRF (Scholz,
2005; Peng et al., 2011). The CST time requirement is simply the time to flow
through the filter between two electrodes (Scholz, 2005).

Despite many investigations showitigat the CST and SRF are inter
related (eg. Scholz, 2005; Sawalha, 2010, SawalkaScholz, 2010), this
investigation found that the CST and SRF are irgtated for some parameters,
but are not related for athewater treatment process variables.

Relaing to the floc size and turbidity, it seems that CST is more
favourablefor measuing sludge dewaterability than SRF. The CST value has
been verified by floc sizand turbidity results. CST is also quickermeasure,
easierto operae and cheaper tharR¥. Other worker also said the same thing that

CST provides a simple, rapid and inexpensive method to measure sludge
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dewaterability (Scholz 2005, 2006). In contrast, SRF test is a more difficult to
execute, time consuming, and expensive test and no spstEfidard device to
measure the SRF is available (Ayol and Dentel, 2005; Li et al, 2005; Teoh et al,

2006 and Yukseler et al, 2007).

6.8 Summary

Different parametersvere used in this investigation. Different shapes of mixer,
different coagulants, diffent temperatuseand different water compositiomad
different effects on sludge dewaterability. The influence of these different
parametersvas not constant, especially for mixer shape. If other parameters are
changed, theffect of different mixer shapes also changes. So, no conclusion can
be reached about the comparison of different mixer shapis sludge
dewaterability. The trend of rapid mixing velocity and rapid mixing time are
constants anthe formerhasa more signifcant impact on sludge dewaterability
thean the latter.

In using rapid mixing velocity and rapid mixing times as the process
variable, the CST and SRF test results can be correlated. When using different
mixer shaps, different coagulants, different temptenas the coagulant ferric and
different water sample compositions, the C&8¥ SRFtest resultsare not well
correlatel. This is probably because oflifferences in test procedures and
equipment. CST is more appropriate to measure sludge dewateralskiyskeit

has more stable ressjland isquicker, easier and cheaper thhaSRF apparatus.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction
In this final chapter, the conclusions are directly aligned with the

objectives presented in Chaptemhd are explaineith accordance witthe results
of the literature review anthe experimental researcfihis chapter discusses the
conclusions relating to:

1 The influence of mixer shape on sludge dewaterability

1 The influence of rapid mixing velocity otuslge dewaterability

1 The influence of rapid mixing times on sludge dewaterability

1 The influence of types of coagulant on sludge dewaterability

1 The influence of temperature on sludge dewaterability

1 The influence of water composition on sludigvaterability
Some recommendations for further study are also idedtdnd presented within

this chapter

7.2 The Influence of Different Shapes of Mixer on Sludge Dewaterability
The CST investigation results show tluditthe five mixer shapes, the nragic
stirrer had the lowest CST valuedicating that this mixer hasoth the greatest
influence on sludge dewaterabiliéyd the only distinctive result$his isbecause

the magnetic stirrer produs¢heoptimum G value for floc formation.
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The turbidty meter and the particle sizedicatesimilar trendswith CST
value These three tests indicated that the magnetic sitertéie most effective in
terms of sludge dewaterabiljtyprodudng the lowest turbidity value and the
largest floc size. The SRFsteresults, unlike the CST test results, showedahat
five shapes of mixer produddlifferent degrees of sludge dewaterabjliy the
same time the magnetic stirrer did not yield the lowest SRF value. This
investigation revealthat the CST results correlate well with the results from the
turbidity meter and the particle size analyzer, but showed poor correlation with

the SRF test result®ecause of thdifferent equipment and different procedures

7.3 The Influence of Differet Rapid Mixing Velocity on Sludge
Dewaterability

Rapid mixing velocityitself playsan essential rolen CST valus, but different
velocites do not have a significant impacis confirmed by theoefficient of
correlation This means that low rapid mig velocity is sufficiento decrease
sludge dewaterability. The floc size, turbidity and SRF results compare favourably
with the CST results, so that the CST, floc size, turbidity and the SRF values are

inter-related in terms of rapid mixing velocity .

7.4 The Influence of Different Rapid Mixing Times on Sludge Dewaterability
In general, rapid mixing time is significambr the CST value although this
increasing does not have a significant impact on the CST test rebistss
supported by the turbiditand floc size analysis. Again, the coefficient of

correlation confirms this observation. It is plausible that there is an optimum time
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for the coagulation process, beyond which the rapid mixing time is largely
irrelevant to the process. Based on the hssof the CST, turbidity meter and
particle size analyzer, a relatively short rapid mixing time might be sufficient to
produce contact between the coagulant and the colloidal material. This
investigation revealgherefore that there is ndlifferencebetween theextended

and shorterapid mixing time. The SRF resultindicatethe same trend as the
CST resultssuggestinghat for rapid mixing time, CST and SRF are relafdds

is dueto using the same predorysludge methodologfor bothCST and KF.

7.5 The Influence of Different Coagulants on Sludge Dewaterability

The coagulants alum, ferric aibringa oleiferahad differenteffectson the CST
test resultsthe effect ofalum and ferricbeing similar to each otherAlum and
ferric have the lowst CST value, whiléMoringa oleiferaproduced the highest
when correlated with the rapid mixing velocity. When considering the rapid
mixing time, CST values for the three different coagulants were consistent. Alum
and ferricwereaffectedmoreby rapid mixng velocity tharby rapid mixing time

in contrast,Moringa oleiferawas affected by rapid mixing time more thday
rapid mixing velocity. The turbidity and medidloc size data verified the CST
test results The coagulant ferric produced the lowest turbidity value and the
largest mediariloc size, followed by alum antoringa oleifera The SRF test
results indicate that alumvasthe most effective coagularibllowed by Moringa
oleiferaand ferrig in produang lower sludge dewaterability. This indicates that
the CST and the SRF test resudi® not well correlatel when using different

coagulants as the test variable.
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7.6 The Influence of Different Temperature on Sludge Dewaterability

A comparison of coagulamfficiency at different temperatures indiedthat the
performance of alum andMoringa oleifera was sensitive to temperature.
Experimental results showed that higher temperafun@duced lower CST values
and vice versaChanges in temperatuneith ferric as a coagulant produced
consistent with CST test results, suggesting that ferric is insensitive to
temperature.

The turbidity and mediafioc size data supported the CST result that the
coagulants alum aniloringa oleiferaare sensitive to temperature. The data also
confirmed the relative insensitivity of ferric to temperature changesvever,
the SRF test results indicated that the performance of the coagulant ferric was
sensitive to temperatur64C produding the lowes$ SRF test results, followed by
20/C and 1@C. The results of these experiments indicate a lack of correlation

between the SRF and CST &st

7.7 The Influence of Different Water Sample Composition on Sludge
Dewaterability

The synthetic raw water and tegnthetic domestic wastewater sampilesulted
in almost the same the CST values. The turbidity and mdttiarsize showed
different trend in the CST valuesbeing higher withsynthetic raw water and
lower with synthetic domestic wastewater. The SRRiltesasalso differenfrom
the CST value with the synthetic raw water prodag the lowest sludge
dewaterability. The use of different water compositiomsyields an uncorrelated

relationship between CST and SRF.
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7.8 Recommendations

The magnetic stirrgproduced the lowest CST and turbidity vauegut the largest
median size in this investigation. Along with optimum G value, only the magnetic
stirrer hal a different mixer positiorin the coagulation chamber compdréo
other mixer shapes. The mixer comjes statethat the mixer shapes woukt
specific heighs from the bottom of coagulatioothamber As a result of this
researchit is recommended th@aompanies manufacturing industrsdale mixers
should consider those mixer types that best emulateaiditmons produced by
the magnetic stirrerThe coagulation process witherefore produce a better
quality of treated water andt the same time, improved sludge dewaterability.

For the treatment of high turbid water,wuld be more effective and
econanic if a lower rapid mixing intensitywereused in the coagulation process.
This research has shown that low mixing intensity is sufficient toeaehi
appropriate coagulation and lower sludge dewaterabil®ymilarly, ashort rapid
mixing time issufficient to produce appropriate contact between the coagulant
and the colloid material. The role of rapid mixing velocity is more important than
rapid mixing time, so that in designing the coagulation prodeskspuld begiven
greaterconsideation.

The effectiveness d¥loringa oleiferais influencedmore by rapid mixing
time thanby rapid mixing velocity unlike the coagulastalum and ferric which
areaffected more by rapid mixing velocityloringa oleiferashould beallowedto
havea longer time fo the rapid mixing stagéecause this investigation showed

thatthis results ira lower CST value and better correlation
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If the temperature varibetween 18C and264C in water and wastewater
treatment plants, its more appropriate to use ferric #% coagulant as this
investigation has proven that ferric is hardly affected by temperaiitinen this
range

The organic content in synthetic domestic wastewater desrdhse
dewaterability of the sludge. In order to increase the efficiency of the latagu
process and sludge dewaterability, it is necessarinttoduce a preliminary
treatment toremove or decrease the organic content from wastewater before

continung thecoagulation process in water and wastewater treatment plants.
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Appendix 1

List of research in Coagulation Mixing Area

Rapid Mixing Parameter

No | Author and Title of Journa Mixing Velocity Mixing Coagulants Mixer Tank Based on Sludge Conclusion
Coagulation | Flocculation| Time Alum | Ferric | MO Shape and | Geometry Industry Dewater
Type ability
1 Black & Rice, 1933 a a Continuous stirring is necessary in t
AFor mati on a conduct ofjar test which will check eac
alumi ni um su other and give accurate data for plg
operation
2 Leentvaar & Ywema, 198( a a a The removal of colloidal compounds at
iSome di mg givenG value differs with the type of
parameter of impelle stirrer and vessel applied in square tan
power in coagulation
fl occul ati on
3 Amirtharajah and Mills, a a High-intensity rapid mixing does make
1982 significant difference in the quality of th
ARapid mixif settled wateproduced only for a specifi
alum coagul a region of the alum stability diagram
4 McConnachie, 1989 a a a Turbulence intensity is shown to be
A Tur bul enc¢ alternative measure of flocculatic
mixing in relation to efficiency tovelocity gradient or powe
fl occul ati on input. A stirrer that extends througho
the volume of the reactor and has shg
edged blades is shown to be mg
versatile than the other types.
5 Torres et.al, 1990 a a Analysis of the model
AFl oc Stru suggests hydrodynamic interactions ¢
Growth Kinetics for Rapid be neglected in kinetics calculations a
ShearCoagulation further, that a stickfloc attraction
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of Polystyre

suffices for our
purposes.

Rossini et.al, 1990
AOpti mi oat the
coagulatiorflocculation
treatment: Influenced o
rapid mixing

Rapid mix time and velocity have
strong influence on coagulation results

Mhaisalkar et.al, 1991
AOptimizing
parameter of rapid mixing
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APPENDIX 2

Preliminary Testing Result

1. Optimum Coagulant Dosage
Table Al

Sample : synthetic raw water
Coagulant: alum

Dose (mg Al/l) | CST (s)
3.6 24.8
7.2 25.9
10.8 26.1
14.4 23.4
18.0 22.3
21.6 20.1
25.2 20.0
28.8 19.8

Table A2
Sample : synthetic raw water
Coagulant: ferric

Dose (mg Fe/l) | CST (s)
3.4 25.9
6.9 24.8
10.3 23.6
13.8 22.9
17.2 19.8
20.7 19.2
24.1 19.0
27.5 18.8

Table A3
Sample : synthetic raw water
Coagulant: Moringa Oleifera

Dose (mg MO/ml) | CST (s)
10 31.7
20 25.3
30 25.0
40 24.4
50 23.8
60 23.0
70 22.0
80 21.0
90 21.2

100 21.0
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2. Optimum Rapid Mixing Velocity

Table B1

Sample : synthetic raw water

Coagulant : alum
Parameter : velocity

Mixer : radial

Mixing Velocity (rpm) | CST (s) | Mixing Velocity (rpm) | CST (s)

0 37.0 1050 18.5
100 17.2 1100 17.0
150 16.9 1150 16.1
200 17.0 1200 16.1
250 17.2 1250 17.8
300 17.7 1300 15.6
350 16.8 1350 17.2
400 17.4 1400 17.1
450 17.8 1450 17.1
500 15.8 1500 18.2
550 16.3 1550 16.2
600 17.1 1600 16.4
650 17.3 1650 16.5
700 15.9 1700 15.5
750 16.2 1750 17.0
800 17.4 1800 16.2
850 16.9 1850 15.3
900 16.1 1900 16.7
950 16.7 1950 16.2
1000 15.9 2000 16.2
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Table B2

Sample : synthetic raw water

Coagulant : alum
Parameter : velocity

Mixer : axial

Mixing Velocity (rpm) | CST (s) | Mixing Velocity (rpm) | CST (s)

0 37.0 1050 28.4
100 24.0 1100 27.8
150 28.0 1150 26.5
200 28.3 1200 25.2
250 28.9 1250 23.9
300 30.3 1300 21.6
350 32.0 1350 20.2
400 32.0 1400 19.0
450 32.3 1450 16.4
500 32.6 1500 15.1
550 32.4 1550 16.2
600 32.2 1600 17.7
650 31.0 1650 17.4
700 30.7 1700 18.1
750 30.5 1750 18.2
800 30.6 1800 18.8
850 30.6 1850 17.6
900 29.7 1900 18.0
950 29.1 1950 17.6
1000 28.5 2000 18.1
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Table B3

Sample : synthetic raw water
Coagulant : alum
Parameter : velocity

Mixer : wheel
Mixing Velocity (rpm) | CST (s) | Mixing Velocity (rpm) | CST (s)

0 39.85 1050 20.80
100 23.00 1100 20.90
150 20.00 1150 21.00
200 19.65 1200 21.05
250 19.25 1250 21.40
300 18.40 1300 21.40
350 18.60 1350 21.30
400 18.20 1400 21.00
450 18.10 1450 20.90
500 18.00 1500 20.80
550 18.40 1550 20.60
600 19.40 1600 20.80
650 20.05 1650 20.50
700 19.60 1700 20.50
750 19.50 1750 20.60
800 19.70 1800 20.60
850 19.40 1850 20.60
900 19.80 1900 20.60
950 20.00 1950 18.30
1000 20.20 2000 17.10
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Table B4

Sample synthetic raw water

Coagulant : alum
Parameter : velocity
Mixer : magnetic

Mixing Velocity (rpm) | CST (s)

0 37.0
100 19.3
150 23.3
200 25.2
250 25.5
300 25.9
350 26.1
400 28.6
450 31.9
500 19.8
550 20.4
600 20.9
650 21.2
700 22.2
750 24.0
800 26.0
850 27.0
900 28.0
950 23.7
1000 20.7
1050 20.2
1100 20.0
1150 19.7
1200 19.4
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3. Optimum Rapid Mixing Time

Table C1

Sample : synthetic raw water

Coagulant alum

Parameter : time
Mixer : radial

Mixing Time (s) | CST (s)

0 37.00
60 17.28
90 18.28
120 20.30
150 21.36
180 22.20
210 22.00
240 21.90
270 21.00
300 21.18
330 21.50
360 19.64
390 18.93
420 18.90
450 19.20
480 19.40
510 18.76
540 17.86
570 16.00
600 16.00
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Table C2

Sample : synthetic raw water
Coagulant : alum
Parameter : time

Mixer : axial
Mixing Time (s) | CST (s)

0 37.00
60 24.02
90 18.44
120 18.36
150 16.40
180 16.92
210 17.20
240 17.24
270 17.30
300 18.40
330 19.44
360 21.60
390 22.20
420 21.30
450 21.66
480 20.44
510 19.77
540 19.40
570 17.78
600 16.73
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Table C3

Sample : synthetic raw water

Coagulant : alum

Parameter : velocity

Mixer : magnetic

Mixing Time (s) | CST (s)
0 37.00
60 19.30
90 14.22
120 15.96
150 16.74
180 16.28
210 16.27
240 16.60
270 17.66
300 16.60
330 16.46
360 16.34
390 16.72
420 17.95
450 18.56
480 17.56
510 18.26
540 18.32
570 20.84
600 21.78
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Table C4

Sample : synthetic raw water
Coagulant : alum

Parameter : time
Mixer : 3-blades

Mixing Time (s) | CST (s)

0 37.00
60 21.00
90 22.50
120 19.50
150 20.45
180 20.75
210 19.30
240 16.70
270 20.80
300 18.45
330 20.50
360 19.50
390 19.60
420 18.70
450 20.50
480 20.90
510 20.30
540 20.40
570 20.30
600 20.00

189



Primary Testing Result
1. CST Synthetic raw water

Table C5. The Influence of Mixer Shape, Rapid Mixing Velocity on CST (synthetic

raw water)
Velocity (rpm) CST Value (s) Coagulant
Radial Axial Wheel Magnetic  3-blades
0 37.00 37.00 37.00 37.00 37.00
60 24.00 23.50 28.50 22.60 21.23
65 22.30 23.10 31.10 19.60 19.60
70 22.80 20.90 23.00 17.40 21.73 Alum
75 21.60 22.80 19.20 15.40 21.60
80 19.83 25.60 22.80 18.20 24.10
85 22.47 23.30 21.20 18.50 20.15
90 21.23 22.40 20.10 19.00 20.50
95 22.03 20.30 24.00 17.40 22.60
100 22.67 24.70 20.90 15.10 20.25
% removal 40.26 37.95 36.69 50.99 42.41
0 39.85 39.85 39.85 39.85 39.85
60 26.53 21.00 19.70 20.00 21.37
65 21.50 20.50 22.37 20.60 19.53
70 21.00 21.40 19.27 17.13 19.43
75 22.83 19.83 20.53 18.83 20.53 Ferric
80 24.90 20.90 20.63 18.50 20.17
85 21.10 21.13 21.00 19.03 21.73
90 21.97 21.43 20.57 18.97 21.16
95 23.06 22.63 19.77 19.06 20.53
100 29.26 19.73 20.13 19.37 20.83
% removal 40.84 47.42 48.70 52.18 48.33
0 29.30 29.30 29.30 29.30 29.30
60 30.87 30.27 32.76 24.26 32.37
65 31.76 28.97 31.60 21.90 30.70
70 28.67 28.80 30.70 22.60 32.07
75 29.13 31.16 29.26 25.03 30.17 Moringa
80 30.57 33.17 32.70 23.80 33.73
85 30.90 30.97 27.20 25.30 29.63
90 30.27 31.80 32.73 25.73 29.33
95 28.76 28.67 30.00 26.33 29.60
100 29.70 27.17 29.87 23.60 30.97
% removal -2.62 -2.76 -4.97 17.12 -5.63
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Table C37. The impact of mixer shape, time and coagulant on CST value

Time (s) CST Value (s) Coagulant
Radial Axial Wheel Magnetic 3-blades

0 37.00 37.00 37.00 37.00 37.00
10 26.80 23.00 25.20 18.60 23.70
20 20.60 22.10 25.10 19.00 22.00
30 20.60 23.00 21.00 17.30 21.30
40 22.90 20.20 20.40 17.70 23.00 Alum
50 22.70 20.20 19.80 16.70 20.30
60 21.40 24.70 20.90 18.00 23.50
70 20.80 24.00 20.50 17.20 23.20
80 18.80 21.20 19.80 14.20 22.50
90 18.28 18.44 19.00 16.30 21.00

% removal 42.07 40.88 42.43 53.45 39.78
0 39.85 39.85 39.85 39.85 39.85
10 25.07 19.80 25.83 17.48 22.40
20 21.50 20.33 23.53 19.03 23.40
30 23.50 21.57 23.73 20.15 21.40
40 21.93 21.43 23.43 18.97 20.57 Ferric
50 22.30 19.87 22.30 17.77 19.97
60 22.30 21.57 19.87 18.10 20.80
70 22.13 19.30 20.63 17.68 21.13
80 22.13 21.47 19.40 19.73 20.93
90 22.43 19.55 21.87 18.30 21.50

% removal 43.31 48.44 44.07 53.37 46.43
0 29.30 29.30 29.30 29.30 29.3
10 22.47 27.17 26.50 14.93 25.03
20 22.53 23.27 19.87 15.37 24.60
30 26.70 22.50 19.90 16.07 19.37
40 20.77 23.40 23.07 15.97 23.00 Moringa
50 23.00 22.93 20.53 15.10 20.10
60 20.00 25.07 22.57 14.33 23.13
70 21.40 22.47 25.07 14.77 25.67
80 18.23 20.43 19.80 17.30 25.13
90 22.03 25.40 22.03 15.23 26.93

% removal 25.24 19.36 24.40 47.26 19.24
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Table C7. The influence of temperature on CST value (alum)

Velocity CST Value (s) Temperature

(rpm) Radial Axial Wheel Magnetic 3-blades (JC)
0 37.00 37.00 37.00 37.00 37.00
60 24.00 23.50 28.50 22.60 21.23
65 22.30 23.10 31.10 19.60 19.60
70 22.80 20.90 23.00 17.40 21.73

75 21.60 22.80 19.20 15.40 21.60 20
80 19.83 25.60 22.80 18.20 24.10
85 22.47 23.30 21.20 18.50 20.15
90 21.23 22.40 20.10 19.00 20.50
95 22.03 20.30 24.00 17.40 22.60
100 22.67 24.70 20.90 15.10 20.25
% removal 40.26 37.95 36.69 50.99 42.41
0 24.05 24.05 24.05 24.05 24.05
60 16.80 16.90 14.75 15.85 17.00
65 16.60 19.70 18.80 16.35 18.15
70 16.60 21.20 19.40 17.10 18.25

75 17.20 20.50 17.10 16.00 19.25 26
80 15.00 21.10 20.90 14.00 18.70
85 15.80 19.00 16.40 12.80 17.60
90 17.90 19.30 20.80 14.50 18.80
95 18.60 16.60 18.60 15.50 18.65
100 20.10 15.40 15.00 16.10 19.10
% removal 28.57 21.59 25.27 36.15 23.53
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Table C8.The influence of temperature on CST value (ferric).

Velocity CST Value (s) Temperature

(rpm) Radial Axial Wheel Magnetic 3-blades (JC)
0 39.85 39.85 39.85 39.85 39.85
60 26.53 21.00 19.70 20.00 21.37
65 21.50 20.50 22.37 20.60 19.53
70 21.00 21.40 19.27 17.13 19.43

75 22.83 19.83 20.53 18.83 20.53 20
80 24.90 20.90 20.63 18.50 20.17
85 21.10 21.13 21.00 19.03 21.73
90 21.97 21.43 20.57 18.97 21.16
95 23.06 22.63 19.77 19.06 20.53
100 29.26 19.73 20.13 19.37 20.83
% removal 40.84 47.42 48.70 52.18 48.33
0 39.00 39.00 39.00 39.00 39.00
60 16.60 18.70 18.10 18.80 28.50
65 17.00 22.20 22.30 20.80 21.20
70 17.40 24.60 20.40 19.20 20.90

75 22.60 21.00 19.70 18.00 18.90 26
80 24.40 20.70 18.30 17.70 22.60
85 20.50 19.60 19.00 17.80 19.40
90 20.20 18.10 20.90 14.60 20.80
95 21.90 24.50 16.90 19.30 21.40
100 24.40 21.00 21.70 15.70 23.50
% removal 47.29 45.75 49.48 53.87 43.81
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Table C9.The Influence of temperature on CST value (Moringa oleifera)

Velocity (rpm) CST Value (s) Temperature
Radial  Axial Wheel Magnetic 3-blades (£C)
0 29.30 29.30 29.30 29.30 29.30
60 30.87 30.27 32.76 24.26 32.37
65 31.76 28.97 31.60 21.90 30.70
70 28.67 28.80 30.70 22.60 32.07
75 29.13 31.16 29.26 25.03 30.17 20
80 30.57 33.17 32.70 23.80 33.73
85 30.90 30.97 27.20 25.30 29.63
90 30.27 31.80 32.73 25.73 29.33
95 28.76 28.67 30.00 26.33 29.60
100 29.70 27.17 29.87 23.60 30.97
% removal -2.62 -2.76 -4.97 17.12 -5.63
0 25.00 25.00 25.00 25.00 25.00
60 24.40 24.50 21.70 11.20 23.70
65 25.40 19.80 18.80 14.90 22.20
70 22.90 23.80 23.40 16.30 25.10
75 20.10 23.20 16.70 16.10 20.60 26
80 22.20 25.50 25.00 13.80 19.20
85 25.00 18.60 27.00 13.90 20.30
90 21.50 21.60 23.00 15.40 17.70
95 20.70 23.80 21.80 13.40 23.80
100 18.10 23.30 19.50 15.20 23.20
% removal 10.97 9.28 12.48 42.13 12.97
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2. CST Synthetic domestic wastewater

Table C10. Influence of mixer shape, velocity and coagulant on CST

value.
Velocity CST Value (s) Coagulant
(rpm) Radial Axial Wheel Magnetic 3-blades
0 18.30 18.30 18.30 18.30 18.30
60 20.07 19.47 19.73 14.73 18.17
65 21.77 17.83 20.87 16.10 18.77
70 18.73 22.33 16.83 17.40 16.53
75 18.67 20.43 20.13 16.00 15.47 Alum
80 19.67 20.57 17.80 16.60 17.70
85 18.83 21.40 22.10 16.03 17.73
90 18.70 22.75 21.70 16.13 19.53
95 20.23 19.05 22.73 15.20 20.97
100 21.10 19.97 24.23 14.60 19.23
% removal -7.94 -11.59 -13.00 13.30 0.36
0 29.90 29.90 29.90 29.90 29.90
60 21.70 26.70 19.80 19.50 22.60
65 21.60 23.60 19.50 17.70 22.90
70 19.80 20.70 24.40 16.20 21.90
75 19.10 21.00 22.60 17.00 20.60 Ferric
80 21.10 23.60 22.50 17.50 21.40
85 19.50 15.20 21.40 16.80 22.10
90 20.40 19.20 26.50 17.30 23.90
95 18.90 17.30 20.80 18.10 25.00
100 22.40 19.50 22.70 18.40 24.20
% removal 31.43 30.58 25.60 41.09 23.96
0 23.23 23.23 23.23 23.23 23.23
60 25.47 23.90 22.87 21.30 21.47
65 23.60 24.37 22.77 21.50 24.07
70 24.03 26.07 23.73 23.03 22.53
75 24.73 26.87 24.83 23.20 24.20 Moringa
80 21.70 24.10 23.70 22.63 21.33
85 26.80 24.00 25.47 25.23 19.80
90 21.97 23.70 25.53 24.10 21.47
95 25.87 24.53 24.60 23.67 22.00
100 23.77 24.23 25.33 23.57 22.47
% removal -4.24 -6.07 -4.66 0.40 4.65
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