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Abstract

In this study, we have investigated in a comparative fashion the floccul ation behaviour and final properties of
both synthetic and activated sludge. Synthetic sludge was prepared according to established procedures; activated
sludge was produced in alab-scale, continuous-flow reactor which wasfed with live activated sludge from awaste-
water treatment plant. The novelty of our approach liesin the attempt to use the former as akey to characterising
the physical and chemical propertiesof thelatter. The effects of calciumion concentration on floccul ation dynamics
for both sludges were measured on-line using the photometric dispersion analyser; the effects of calcium,
polyelectrolyte conditioner and shear rate on final sludge propertieswere determined, including settleability, turbidity
of supernatant, sludge volume index and dewatering, sludge conditioning, and floc strength and structure. It was
thus possibleto link the flocculation dynamicsto the final sludge properties. The resultsindicate that calcium ions
play an important role in the floc formation and the final floc size for both types of sludge by the construction of
calcium bridges, and hence played a significant role in determining the final properties of the sludge. A qualitative
link exists between the floccul ation dynamics and the final propertiesfor both types of sludge, and between the floc
dynamics and properties of synthetic sludge on the one hand and those of activated sludge on the other. The two
typesof dudgehavevery similar settling and dewatering characteristics after cationic polymer conditioning. However,
there are quantitative differences in the calcium concentration required for flocculation, the supernatant turbidity,
the sludge-volume index and the floc strength. This difference is believed to be due to the absence of filamentous
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material in the synthetic sludge which is present in the activated sludge. The stable and well-defined nature of
synthetic sludge makesit useful as anon-complex analogue for the physical and chemical properties of activated
sludge, but filamentous cellul ose should be added to improve quantitative agreement with activated sludge.

Keywords: Synthetic sludge; Activated sludge; Wastewater treatment; Floccul ation; Floc strength; Sludge properties;

Sludge conditioners; Settleability; Dewatering

1. Introduction and review of sludge floc
formation

Activated sludge is an aerobic, suspended
growth process, in which microorganisms are
grown in a variety of bioreactor configurations
for the purpose of removing soluble organic mat-
ter. It is a flexible, reliable process, capable of
producing ahigh quality effluent. Soluble organic
matter isreduced tolow levels, and aclear effluent
low in suspended solids is produced due to the
flocculant nature of the biomass[1]. The floccu-
lated microbia aggregates, known as flocs, are
the essential components of the system. Flocs
typically vary in size from 10 to 1000 um [2]. In
the activated dudge process, theflocsremove both
colloidal matter and soluble BOD (biochemical
oxygen demand) by absorption and biodegrada-
tion, and their settling characteristics must be such
that the discharge standards of the final effluent
are met to a high degree of consistency [3].

Theflocculation of activated dudgeisan active
process, and depends on physical, chemical and
biological factors. The basis of activated sludge
floc formation lies in the abilities of micro-or-
ganismsto stick to each other and to non-biologic-
a particles. Microbial adhesion mechanismshave
been studied widely, but are still not understood.
It appears that exocellular biopolymers form the
bridges between mi cro-organisms; these biopoly-
mers typically contribute 15-20% by weight of
mixed liquor suspended solid (MLSS) [4]. At the
approximately neutral pH valuestypical of activ-
ated sludge, these polymers carry net negative
charges. It is thought that divalent cations, such
asCa?" and Mg?, interact with negatively charged

polymers to form bridges that allow the cells to
adhere to each other.

When built up by biopolymer bridging of rela-
tively spherical micro-organisms, the flocsthem-
selveswill beroughly spherical in shape. Toform
theirregularly-shaped flocs often seenin activated
sludge, other ingredients — filamentous organ-
isms— arerequired. The filamentous organisms
provide networks or “backbones’ for the flocs.
The networksdirect floc growth into shapes other
than spherical, and allow the flocsto grow larger
[5]. The schematic structure of activated sludge
isshowninFig. 1. Sincefloc strength dependson
theintegrity of the biopolymer bridging, it ispos-
sible for strong and weak flocs to exist both with
and without filamentous organisms. Due to the
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Fig. 1. Schematic structure of activated sludge.
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complex nature of the flocs, they display awide
variationin physical, chemical and biological pro-
perties[6]. Many major operating problemsinthe
process, such asthose which occur in solidHiquid
separation, can also be attributed to the properties
of the flocs. An understanding of the flocs and
their formation istherefore critical to the optimum
operation of the activated sludge process.

1.1. Bonding theory

1.1.1. Double layer or DLVO (Derjaguin,
Landau, Verwey, and Overbeek) theory

DLV O theory, named after itsdevel opers Der-
jaguin, Landau, Verwey, and Overbeek, isaclas-
sical colloidal theory in which the surface charge
of the particles and the counter-ion chargein the
adjacent solution form adoublelayer surrounding
the particle. Thefirst layer of surface charge, in-
cluding adsorbed ions, is often referred to as the
Sternlayer [7], and the second layer asthe diffuse
layer. The concentration of ions in the counter-
ionlayer decreaseswith distancefrom the particle
surface, until the concentration of ions equal sthat
of the bulk solution. This resultsin an electrica
potential which developsaround theparticle. The
doublelayer resultsin osmotic repul sion of adjac-
ent particlesand inhibits aggregation. Astheionic
strength increases, the size of the double layer
decreases, which in turn decreases the repulsion
between the particles and allows short-range Van
der Waals attractive forces to promote aggrega-
tion. However, Sobeck and Higgins[8] state that
results from monovalent cation addition in their
reactor study conflict with the DLV O theory. Ac-
cording to DLV O, the addition of any ions such
asNa+ and CI-will increasetheionic strength and
compress the double layer, thereby improving
bioflocculation and the settling and dewatering
properties. On the contrary, as results from this
trial indicated, increasing the concentration of
sodium in the system results in a substantial de-
terioration in settling and dewatering properties,
aswell asfloc strength.

1.1.2. Divalent cation bridging (DCB) theory

Therole of divalent cations has been demon-
strated in experiments that examined floc form-
ation during the growth of monocultures, finding
that calcium and magnesium were important to
the biofloccul ation process[9]. A depiction of the
divalent cation bridging (DCB) model is shown
in Fig. 2. According to the DCB theory, divalent
cations bridge negatively charged functional
groups within the EPS, and this bridging helpsto
aggregate and stabilize the matrix of biopolymer
and microbes and therefore promote biofloccu-
lation. The DCB theory can be used to explain
theresultsof sodiumtrials. Previousresearch has
shown that high concentrations of sodium dis-
placed divalent cations from within the floc by
ion-exchangetypereactions[10,11]. Thereplace-
ment of divalent cations from within the floc by
monovalent cations results in a deterioration in
floc properties, dueto the lack of bridging by the
now monovalent cations.

(=) Negatively charged functional group
~ Biopolymer

(CT} Divalent cation
<> Bacteria

Fig. 2. Depiction of divalent cation bridging within floc
matrix.
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1.2. Therole of cation ions

lons such as calcium and magnesium are
commonly found in natural water systems, while
iron and aluminium may be prevalent if these are
used as conditioners. These metals, common to
water and wastewater systems, are believed to be
predominantly complexed by the extracellular
polymeric materials. Even though calcium and
magnesium ionshave similar properties, findings
indicate that their interactions with polymers are
not similar. The addition of magnesium ions to
sludge had been found to have no effect on the
bound water content, whereas the addition of
calcium ions was observed to reduce the bound
water remarkably [12]. A column of precipitated
polymer was packed with sand, and solutions con-
tai ning calcium and magnesium ionswere passed
through it. The results showed that there was a
remarkable removal of calcium ions by the col-
umn; however, magnesium ionswere not removed
[12]. Resultslikethisclearly indicate that calcium
ionsare more preferentially bound to sludge poly-
mersthan magnesiumions. Thefindingsof amore
recent study have also demonstrated the defloccu-
lation of activated sludge when the calcium ions
areextracted from dudgeflocsby severa different
methods [10]. This causes the sludge turbidity to
increase, and filterability to decrease. The same
research [ 10] proposesthat sludge polymerscould
be alginate, or another polymer with properties
very close to those of alginates. In later work,
synthetic sludge flocs were formed from stable
particlesby adding calciumionsand alginate[13],
further suggesting that one of the mechanisms of
bioflocculation could betheinteraction of alginate
and calcium ions.

Cations have been shown to have asignificant
effect on the bulk properties of activated sludge.
Novak and co-workers [11,14,15] have shown
that, for both lab-scale and full-scale wastewater
treatment systems, sludge settling and dewatering
properties could be improved by the addition of
cations to the influent wastewater. In each case,
settling properties were improved with the addi-

tion of calcium or magnesium. Batch addition of
cationsto activated sludge al so showed improve-
ment in the sludge settling characteristic [11].

1.3. Bioflocculation

Biosolid-iquid separation by gravity settling
inaclarifier isone of the most critical operations
in the activated sludge process. Bioflocculation
of activated dudge determineshow the sludge will
dewater, flow, and settle, all of which are obvious
concernsin the operation of wastewater treatment
plants. The identification and eventual control of
bi of loccul ation mechanismsistherefore of major
interest [16]. The formation of stable biological
flocs is essential for the successful operation of
the process. In many cases, the efficiency of the
clarifier isthe limiting factor in producing ahigh
quality effluent, and it is often regarded as the
bottleneck of the processin term of upgrading or
increasing the capacity of thetreatment plant. The
settling properties of sludge are determined pri-
marily by the conditions prevalent in the aeration
basin. Changes in the composition of activated
sludge will lead to changes in the nature of the
flocs, which can result in poor formation of bio-
logical flocs. The most notably adverse effect of
poor or no flocculation is inefficient settling in
the clarifier, resulting in aturbid effluent. Poorly
floccul ated dudge can also have an adverse effect
on sludge dewatering. The thickened sludge that
is produced as waste from the process is often
dewatered to reduce the sludge handling costs.
Sludge dewatering characteristics are influenced
by biologically induced flocculation, and awell-
flocculating sludge will dewater easily.

1.4. Synthetic sludges

The living micro-organism consortium in ac-
tivated sludge is complicated and unstable. It
changes the sludge characteristics continuously,
making it practically impossibleto carry out con-
trolled experiments during sludge studies. Sanin
and Vesilind [13] developed a novel chemical
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surrogate for activated sludge, which they named
synthetic sludge, to study sludge dewatering,
settling and conditioning characteristics. Synthetic
sludge is made up of non-living particles that re-
semble activated s udge components. The compo-
nents of synthetic sludge include: polystyrene
latex particles of bacterial size, which smulate
individual bacteria; alginate to simulate extra-
cellular polymeric substances; and the use of cal-
ciumionsasbridging cations. Theresults obtained
by Sanin and Vesilind [13] have shown that it is
possibleto create achemical sludge having close
resemblance to a biological sludge by using bac-
teria-like particles, polysaccharides, and cations
common to activated sludge at quantities typical
of those in activated sludge. In this work, pre-
liminary tests show that synthetic sludge and
activated sludge behave very similarly in terms
of their filterabilities and their responsesto a cat-
ionic conditioner. This stable, chemically well-
defined and less compl ex system can thus be used
as an analogue for real sludge during physical,
chemical (and non-biological) tests.

The study of flocculation processes requiresa
method of assessing the state of aggregation of
suspensions, preferably one which is rapid and
doesnot cause significant disturbance of thesample.
There are several methods avail ableto determine
the coagulation dose, based on either turbidity
measurementsor particle counting. Turbidity mea
surementsarerelatively easy to carry out, but fail
in characterizing the size of the flocs as well as
the state of aggregation. Particle counting is effec-
tive only for highly diluted suspensions, but fails
to provide real-time responses during the opera-
tion. An optical method has already been devel op-
ed for flocculation monitoring [17]. This method
has been found to give a sensitive indication of
floc formation, using a rather simple technique
which is very well-suited to online application.
The novelty of the technique lies in the fact that
large numbers of particles can be simultaneously
present in the sensing zone, and in the method of
processing the fluctuating signal.

The overall objective of this research is to
monitor and investigate the floccul ation behaviour
of both synthetic sludge and activated sludge, and
its' relationship to final floc properties. In this
fashion, we can establish thevalidity of using syn-
thetic dludge asaphysical and chemical anal ogue
tothereal, activated sludge.

2. Materialsand methods
2.1. Bacteria simulating particles

Polystyrene sul phate latex particleswere used
to form a stock solution of concentration 5% by
weight. Such mini-spheres of 0.5 um mean par-
ticle diameter areintended to simulate individual
bacteria. The coefficient of variation of particle
diameterswasusually lessthan 5%. The procedure
of preparing the sulphate latex particlesfollowed
previousguidelines[18]. About 20% of the surface
area of particlesis covered with sulphate groups,
to give them the necessary stability and negative
surface charge. The zeta potential was measured
as —14mV. The stock solution was diluted to
0.05%, to match the design particle concentration
to that of bacteriain activated sludge.

2.2. Preparation of synthetic udge

The creation of synthetic sludge follows the
previously established procedure established by
Sanin and Vesilind [13]. Sulphate polystyrene
latex particles of concentration 0.05% were sus-
pended in distilled, deionised water. Samples of
500 mL, with an added alginate concentration of
100 mg/L, weretirred at 12 rpmin a25°C incuba-
tor for 12 h. Alginate was adsorbed onto the par-
ticlesduring theincubation period, and thissimu-
lated extracellular gel. When theincubation period
was completed, Ca (I1) was added to the samples
invarying concentrationsto monitor flocculation
dynamics. Calcium is known to act as a sludge
conditioning agent.

Numerous preliminary experimentswere con-
ducted to determinethe minimum, or dight excess,
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concentrations of alginate and calcium required
for floc formation in synthetic sludge. Alginate
concentration wasvaried between O and 125 mg/L .
The minimum concentration of alginate required
for floc formation was observed to be 100 mg/L.
Calcium concentration wasvaried from 0to 25 mM
Ca(ll). Tiny flocs were formed after reaching
15 mM Ca(ll) concentration in synthetic sludge,
and larger flocs were observed at 20 mM Ca(l1).
A standard dludge wastherefore defined as20 mM
Ca(ll), 100 mg/L aginate, and 0.05% latex par-
ticles. The standard synthetic sludge was used as
a bench mark to compare the changes that occur
in the floccul ation behaviour and final properties
of synthetic sludge.

2.3. Activated sludge

2.3.1. Laboratory activated sludge system
setup and operation

Afive-litre, continuous-flow, bench-scalereac-
tor was used to simulate the activated sludge pro-
cess. Thereactor configurationisshowninFig. 3.
The reactor consisted of a complete mixing zone
and a settling zone, separated by a slanted baffle.
An aeration stone provides air and mixing to the
system.

Baffle Influent Feed
\ ) --—
Effluent ;l
-—=1
Complete
Settling —1—® L Mixone
Zone

\_DK
Aerator

Fig. 3. Profile of laboratory scale activated sludge reac-
tor.

2.3.2. Seady state determination

Wastewater and activated d udge were obtained
from Stoke Bardolph municipal wastewater
treatment plant in Nottingham, UK. After collec-
tion, the samples were returned to the laboratory
(within 1 h) and stored at 4°C. All the samples
were kept for amaximum of five days. Bactopep-
tone, amicrobiological enzymatic digest of pro-
tein for use in culture media, was chosen as the
food sourcefor seeding to thereactor at aconcen-
tration of 300 mg/L. The concentration of several
cationsand nutrientsin the bactopeptone seed are
giveninTable 1. Theinfluent pH was consistently
near 7 for all seed conditions. Thehydraulic reten-
tiontime (HRT) was 0.5 days, and sludge agewas
maintained at 10 days.

The activated sludge in the reactor was first
fed with mixed liquor from Stoke Bardolph. The
activated dudge reactor was operated until steady
statewasachieved, typically after 20 daysof oper-
ation. Measured treatment efficiency parameters
were plotted as a function of time to determine
the steady state period. The reactor was considered
to be at steady state when the variability in treat-
ment efficiency waslessthan 20% between sampl-
ing periods. The steady-state val ues of each para-
meter were calculated as the average of values
during the steady-state period. The sampling

Table1
Cation and nutrient concentration in bactopeptone seed
used in laboratory activated sludge reactor

Constituent mg/L mM/L
Na' 20.9 0.9
NH," 05 0.03
K* 21 0.05
Mg 38 0.16
ca* 137 0.34
POZ 2.3 0.024
NO3 15.9 0.26
TKN 465 —

COD 300 9.38
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Table2
Sampling results from activated sludge reactor at steady
State

Determinant mg/L mM/L
COoD 220 344
BODs 154 —
Nitrate 0.1 0.0016
Phosphate 9.0 0.095
MLSS 1148 —
ca* 20.8 0.52
Mg* 16.32 0.68
Na 81.88 356
K* 5.46 0.14

results of activated sludge from the reactor at
steady state are given in Table 2.

Examples of steady state determination, as a
function of timefor thereactor, areplottedinFigs. 4
and 5.

2.4. Settleability and turbidity

Settling was measured in 100 mL graduated
cylinders. The height of theinterface wasrecorded
after 60 min of settling. Thesmall sizeof thecylin-
der was thought to produce an unwanted wall
effect, but the cost of producing larger quantities

of various types of synthetic sludge would have
been prohibitive. The low solids concentration
would a so minimizethe effect of the small cylin-
der diameter. Theturbidity of the supernatantswas
measured using aHach 2100AN turbidimeter after
60 min of settling.

2.5. Settling and dewatering properties

Total suspended solids (TSS) were analyzed
using method 2540D in Standard M ethods (1998).
The settling properties of biological suspensions
were characterized by sludge volumeindex (SVI),
asdescribed by method 2710D in Standard M eth-
0ds (1998). The dewatering characteristics of bio-
logical suspensionswere determined by capillary
suctiontime (CST), using method 2710G in Stan-
dard Methods (1998).

2.6. Conditioning

Cationic polymer polydiallyldimethyl ammon-
ium chloride (PDADMAC) was used for the con-
ditioning of thickened sludges from the reactors.
Polymer of 20 wt % in water stock solution was
madeto thefinal design concentration, by mixing
the concentrated polymer with distilled water.
During conditioning and dewatering, the polymer
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Fig. 4. COD and BOD of the effluent from the activated sludge reactor seeded with bactopeptone.
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Fig. 5. SS and turbidity of the effluent from the activated sludge reactor seeded with bactopeptone.

was added to a100-mL sludge sample and mixed
for 30 sin abeaker. Themixing speed was 250 rpm
(200 s™). After mixing, the CST was measured
and the optimum dosage was considered as the
dose which resulted in the minimum CST.

2.7. Floc strength and floc structure

Floc strength was analyzed by measuring CSTs
following every 30 sinterval of stirring, using a
Triton-WRC (Essex, England) stirrer/timer. The
floc structure of sludge was examined through a
scanning electron microscope (SEM).

2.8. Filamentous organism gquantification

Microscopic observations of thebiological sus-
pensions were performed periodically to assess
the culture characteristics, and aso to quantify
thefilamentous organism content. Filamentousor-
ganism content was quantified using the method
of Jenkinset a.[19], inwhichthe number of fila-
mentous organisms was rated on a scale of 0-6,
where 0 correspondsto no filamentous organisms
present and 6 corresponds to excessive growth of
filamentous organisms. All data reported in this
study represent studies with a filamentous count
less than or equal to 2.

2.9. Cation analysis

Calcium used in this investigation was added
aschloride salt. Analysis of the cations Ca?*, Mg,
K*, Na" was carried out by a Flame Atomic Ab-
sorption Spectrometer, using method 3111 in Stan-
dard Methods (1998).

2.10. Monitoring the dynamics of flocculation

A simple but sensitive optical technique, the
photometric dispersion analyser (PDA), hasbeen
developed to monitor the state of aggregation of
colloid suspensions [20,21]. In this instrument,
light scattering in aflow-through detector isused
to monitor the dynamicsof coagulation. The PDA
2000 isintended as amonitor of flowing suspen-
sions and emulsions, both in laboratories and in
industrial applications. It provides an indication
of changes in the state of aggregation of suspen-
sions — either aggregation (flocculation) or dis-
aggregation (dispersion, de-flocculation). It isap-
plicable over awiderange of suspension concen-
trations and particle sizes. The output value of
PDA can accurately reflect the state of formation
of flocs. A schematic description of the experi-
mental setup for monitoring the dynamics of
coagulation by the PDA 2000 isshownin Fig. 6.
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|||||||||||||||||

Fig. 6. Schematic description of the experimental set up
for monitoring the dynamics of coagulation by PDA 2000.

On-line analysis of floc size has been performed
previously during the flocculation of activated
sludge [22]. The flocculation dynamics were de-
scribed interms of two keys mechanisms, aggreg-
ation and breakage. Initially, aggregation was con-
trolling, resulting in arapid increase in floc size.
Breakage became more dominant asthe floc size
increased. Eventually, equilibrium was reached
between aggregation and breakage, and steady
state floc size was maintained.

8

285

A 500 mL synthetic Sludgeand areal activated
sludge were used in the flocculation dynamic ex-
periments. When calcium ions were added to the
suspension, rapid mixing was performed with a
gtirrer in a batch reactor at a speed of 250 rpm
(200 s?) for 30°s, in order to provide blending of
calciumionswith the synthetic dudge and activat-
ed sludge, and thiswas followed by slow mixing
at aspeed of 100 rpm (50 s?) for 100 sto promote
flocculation. The term “Flocculation Index (FI)”
inthis paper refersdirectly to the state of floccula-
tion.

3. Results and discussion
3.1. Effect of calcium on flocculation dynamics

Two separate experiments were conducted to
investigate the effect of cal cium concentration on
the dynamics of synthetic and activated sludge
flocculation, respectively. Calciumin theform of
CaCl,.2H,0 wasdissolved in distilled water. The
appropriate volume of concentrated salt solution
was added to the samplesto match thedesign cal-
cium concentration for each experiment. The re-
sults from both experiments are shown in Fig. 7
and Fig. 8 as the flocculation index (directly re-
lated to aggregation) vs. the time, for different
calcium ions concentrations.

7

Flocculation Index
N

30 40 50

20

0 10

Time(s)

60

70 80 90 100

Fig. 7. Synthetic sludge flocculation dynamics via PDA with varying concentration of calcium.



286 T.P. Nguyen et al. / Desalination 204 (2007) 277-295
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Fig. 8. Activated sludge flocculation dynamics via PDA with varying concentration of calcium.

Standard synthetic sludges (0.05% latex par-
ticles, pH 7.5, 100 mg/L alginate) were prepared
in 500 mL samples, and the calcium concentration
of the sampleswas varied between 0 and 25 mM
Ca(Il). Therewas no significant changein the pH
of the sample after calcium addition. The results
showed that no floc formation occurred without
adding calciumions. Thefloc formation occurred
when Ca(ll) ion concentrationincreased to 15 mM,
and was readily apparent for 20 mM Ca(l1) and
above (see Fig. 7). The flocculation index (FI)
dramatically increased at 20 mM Ca (1) ions.

For all experiments, activated sludge was
withdrawn from the five-litre, continuous-flow
bench-scale reactor at the steady state. For each
experiment, 500 mL of sample were withdrawn,
containing a concentration of total suspended
solids(TSS) of 1 g/L. Thisconcentration remained
constant for all experiments, and was similar to
the concentration of particlesin synthetic sludge.
The results showed that some floc formation
started to occur without the addition of calcium
ions. This phenomenon results from the natural
characteristic of activated sludge collected from
awastewater treatment plant; at the beginning, a
certain amount of calcium ions already existsin
the sample. Thefloc formation wasreadily appar-

ent for 10mM Ca(l1), and above (seeFig. 8). The
flocculation index (FI) dramatically increased at
20mM Ca(ll) ions.

Visual observation showed that, at higher con-
centrations of calcium (>20 mM), larger flocs
were formed, and sludge started to settle to the
bottom of the stirred batch reactor at the slow
mixing speed of 100 rpm (50 s?). At lower con-
centrations of calcium, the slower floc dynamics
led to alower FI.

The results from the experimental technique
provide valuable information about the floccu-
lation dynamics of synthetic and activated sludge.
FromFig. 7and Fig. 8, it can be seen that, in each
case, therate of aggregation increasesrapidly until
asteady state of flocsisreached. Itisalso apparent
that, for the higher calcium concentrations, the
rate of aggregation is faster, but approaches a
limiting value. Cousin and Ganczarczyk [23] in-
vestigated the effect of calcium on specific floc
properties, such as size and density. It was found
that the addition of calcium (>2 mM) resulted in
anincreaseinfloc size, and adecreasein porosity.
A minimum addition of 2 mM was thought to be
necessary to overcometheion exchange between
competing ions, such as sodium. The increasein
floc size was then speculated to be due to the
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formation of calcium bridges among microbial
aggregates and particles.

These results are in agreement with the work
of Biggs et a. [24]. They found that the initial
rate of change of floc size increasesinitially with
the addition of calcium concentration, and then
approaches a steady-state val ue at the higher con-
centrations. Thissuggeststhat, at ahigher calcium
concentration, saturation of thefloc has occurred,
and the rate of change of floc size isindependent
of calcium concentration. The experimental inves-
tigation reported here supports the model that
cations are involved in flocculation, most likely
through cationic bridging. Theflocculation dyna
mic behaviour of synthetic Sludgeisqualitatively
similar to that of activated sludge. This supports
the idea that synthetic sludge is useful as aless-
complex analoguefor the study of activated dudge
flocculation.

3.2. Settleability and turbidity

Theresultsfor the settling of synthetic activat-
ed sludgeareillustrated in Fig. 9. No sludge settl-
ing was observed until the Ca (I1) concentration
reached 10 mM in both synthetic and activated
sludge. All the flocs were dispersed in a turbid
environment below 10 mM. When the calcium

100 »

90 -
80 -

—&— Synthetic sludge

—m— Activated sludge

70
60 -
50 -
40 -
30 -
20
10 1

Final interface height
(% of original)

20
Ca (mM)

25

287

concentration exceeded 10 mM, a sudden im-
provement in the settleability of synthetic activ-
ated sludge was observed. However, settleability
of activated sludge was improved beyond that of
synthetic sludge when Ca (Il) ion was beyond
10 mM. This phenomenon isthought to be dueto
the lack of filamentous micro-organismsin syn-
thetic sludge. It has been observed that the pre-
sence of filamentous organismsin activated dudge
has an effect on the structure of the flocs; accord-
ing to onetheory, it is probable that the filament-
ous organisms' network provides a “backbone”
for the build up of thefloc, which is subsequently
formed with the additional assistance of various
polymer bridges between primary particles and
smaller flocs[5].

This finding seems to agree with the view of
Ormeci [25] that the addition of cellulose fibres
to simulate the filamentous micro-organismsfound
in activated sludge al so ensured good settling and
compaction of synthetic sludge. The settling abili-
ty of synthetic sludge was greatly improved upon
increasing the cellulose concentration.

Theresultsfor the turbidity of the supernatant
of synthetic activated sludge after settling are
illustrated in Fig. 10. Theturbidity of supernatant
after settling was decreased significantly whenthe
calcium concentration reached 15 mM for syn-

Fig. 9. Synthetic activated sludge settleability in-
creaseswith increasing concentration of calcium.
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thetic sludge. Therewasamuch smaller decrease
in the already low turbidity of the supernatant of
activated sludge after Ca (I1) ion addition. This
phenomenon could again be due to the lack of
filamentous micro-organismsin synthetic sludge
samples. Thisseemsto agreewith Ormeci’swork
[25]. This stated that the turbidity of supernatant
also started to improve after the addition of cellu-
lose to synthetic sludge.

Jenkins's work [19] concluded that when a
filamentous, bulking activated sludge settles, it
produces avery clear, low turbidity supernatant,
because the filamentous organism network filters
out the small particles that can cause turbidity.
Sanin and Vesilind [16] demonstrated that the
removal of calciumionsfrom the dudge floc mat-
rix causesthe sludgeflocsto disintegrate, asindi-
cated by adecreaseinfilterability and particlesize,
anincreasein turbidity and solution carbohydrate
concentration. This result would also seem to
support thedivalent cation bridging theory. Thus,
Ca(Il) ionsmay not only improve floc formation
and synthetic activated sludge settleability, but
also decrease the turbidity of supernatant. In real
sludge, filamentous material plays a significant
role, and this should therefore be borne in mind
when Ca(ll) ions are used as an indicator during

25

Fig. 10. Supernatant turbidity decreases with in-
creasing concentration of calcium.

the monitoring and prediction of activated sludge
settling properties.

3.3. Settling and dewatering properties

The effect of calcium concentration on the
settling and dewatering properties of synthetic
activated sludge are shown in Figs. 11 and 12.
When no Ca(l1) ions were added to the synthetic
sample, no floc formation occurred; all the par-
ticles were dispersed in the liquid solution. For
the activated sludge sample, a non-filamentous
bulking occurred. However, the settling improved
in both synthetic and activated sludge as the
calcium concentration in the feed was increased.

AscanbeseeninFig. 12, the dewatering pro-
perty measured by CST followed atrend similar
to that of the SVI. The CST values indicated a
relatively poor dewatering at the lowest calcium
concentration, but the dewatering property im-
proved as the calcium concentration increased.
Most of theimprovement in SVI and CST occur-
red after the first incremental addition of Ca(ll)
ion, withamodest improvement beyond thislevel.

This result is in agreement with the work of
Higginsand Novak [11]. They demonstrated that
the cation content in a wastewater could have a
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major impact on the settling and dewatering char-
acteristics of an activated sludge. In our work,
thereisasimilarity in behaviour between the settl-
ing and dewatering characteristics of both syn-
thetic and activated sludge when calciumisadded.
However, the settling and dewatering of activated
sludge is improved more than that of synthetic
sludge after calcium concentration addition. This
phenomenon can be explained by the existence
of filamentous organisms in activated sludge.

25

289

Fig. 11. Synthetic activated sludge settling in-
creaseswith increasing concentration of calcium.

Fig. 12. Sludge dewatering of synthetic activated
sludge.

Filamentous organisms also cause an improve-
ment in the compaction and settling of synthetic
sludge. The types of compaction and settling
effects depend on the causative filamentous or-
ganism involved [19]. In addition, it should be
noted that there are interactions between cations
and biopolymers in activated sludge. An ion-
bridging model has been proposed to explain the
effect of cation on biological sludge properties
[9]. Thismodel proposesthat divalent cations act
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as a bridge between negatively charged sites on
exocellular biopolymer (gel). Therefore, improve-
mentsin settling and dewatering dueto increased
particle sizes should correlate to an increase in
the bound exocellular polymer content involved
in the aggregation process.

3.4. Sudge conditioning

A conditioning was performed using thickened
sludge sampleswith 1 g/L of total suspended solid

T.P. Nguyen et al. / Desalination 204 (2007) 277-295

(TSS), in both synthetic and activated sludge. The
sludge conditioning asafunction of calcium addi-
tionisshowninFig. 13and Fig. 14, withand with-
out conditioning polymer addition. The CST of
the samples with added calcium decreased over
time, but the sampleswith polymer added showed
a better improvement of sludge conditioning, as
indicated in Fig. 13 and Fig. 14.

The addition of calcium improves the sludge
conditioning of both synthetic and activated dudge.
However, the sludge conditioning of activated

CST(s)

—&— No polymer add
—m— Polymer 3 mg/g TSS
—— Polymer 6 mg/g TSS
Polymer 9 mg/g TSS
—¥— Polymer 12 mg/g TSS
—e— Polymer 15 mg/g TSS

5 10 15
Ca(mM)

Fig. 13. Synthetic sludge conditioning with polymer.

CST(s)

—&— No polymer add
—m— Polymer 3 mg/g TSS
—~— Polymer 6 mg/g TSS
Polymer 9 mg/g TSS
—¥— Polymer 12 mg/g TSS
—e— Polymer 15 mg/g TSS

5 10 15
Ca(mM)

Fig. 14. Activated sludge conditioning with polymer.

20

25
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sludge showed a greater improvement than that
of synthetic sludge. Although the solid content
wassimilar in both types of dudges, thevariability
associated with the sludge, such as viscosity and
the surplus polyelectrolyte present in the sludge,
could affect the CST values. The polyelectrolyte
will increase the liquor viscosity and so increase
therate of absorption by thefilter paper. Neverthe-
less, the Ca(ll) ion strongly enhances the condi-
tioning of industrial wastewater sludge, especially
biological sludge. The good conditioning when
calciumionisadded to the system could possibly
result from theinteraction of polysaccharidefrom
the biological sludge with calcium ion [26].
Theseresults seem to support Erikssoneta.’s
work [27,28]. They stated that polyelectrolyteis
mainly consumed in the neutralization of biopoly-
mers and the flocculation of colloids, and to a
lesser extent in rebuilding floc fragmentsand im-
proving existing flocs, whichisespecially evident
with high degrees of stirring. This, however, de-
pends strongly on sludge characteristics. Theaddi-
tion of calcium can al so decrease polymer demand
for the conditioning. Therefore, the soluble cal-
cium content in synthetic activated sludge should
be included in evaluations where flocculation,
settling, and dewatering problems are evident.

100
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3.5. Floc strength and floc structure

Floc strength measurements indicated that
flocsare moreresistant to shear at higher calcium
concentrations. The floc strength was analyzed
by imparting a constant shear rate at the mixing
speed of 250 rpm (200 s*) toamixing liquor sample,
and measuring CST over time. The CST measure-
ment wasmadeat every 1 mininterval. Theresults
from CST measurement over time are shown in
Fig. 15and Fig. 16 for both synthetic and activated
dudge. Weak flocsare characterized by anincreas-
ing CST, dueto floc break up during mixing, whereas
stable flocs show amuch smaller increasein CST
withmixing. AscanbeseeninFig. 15and Fig. 16,
the strongest flocs were those with the highest
calcium concentration.

The results show that activated sludge flocs
exhibit greater floc strength than synthetic sludge
flocs. The reason for this is believed to be the
absence of a backbone structure of flocs formed
by the filamentous microorganisms in the syn-
thetic dudge, and thismakesthese flocs more sus-
ceptible to shear. This seemsto be in agreement
withWen et a [29]. They stated that for the present
synthetic sludge system, there exists no “back-
bone” to strengthen the floc. Only after a finite
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30
20
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Fig. 15. Floc strength of synthetic sludge.
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Fig. 16. Floc strength of activated sludge.

amount of polymer flocculants had been added
could larger flocs with sufficient strength form,
and then the flocculation process could take over.

The chemically produced synthetic sludge
flocs created by using components and systems
similar tothat found in activated dudge also looks

physically very similar to activated sludge flocs.
The striking similarity in general appearance is
exhibited in Fig. 17, in the micrograph of both
synthetic and activated sludge.

The typical floc size of synthetic sludge was
examined through ascanning el ectron microscope

(b)

Fig. 17. Scanning electron microscope (SEM) comparison of synthetic sludge (a) and activated sludge (b). 200x magni-

fication.
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(SEM) with and without cal cium addition. When
calcium ion was added at 20 mM to the sample,
thesizesof flocsof synthetic activated dudgewere
found to be in the range 1060 pum. The charac-
teristics of synthetic sludge flocs are shown sche-
matically in Fig. 18. The structural results from
this study suggest that calcium ions are effective
in a two-stage floc formation. The latex-particle
flocculationistheinitial stage of 2-3 micronfloc
formation (a), and once the flocs are formed,
calciumionsfurther bridge theflocsto each other
to form larger 10-60 micron flacs (b).

The results from Cousin’s work [23] also
showed that calcium ion could have an effect on
the physical characteristics of activated sludge
flocs, such asfloc size and size distribution. The
addition of Ca(ll) ionledtoincreased flocculation,
and thusto an increasein floc size.

4. Conclusions

» The effects of an increasing calcium ion con-
centration on the flocculation dynamics of

synthetic activated sludge have been explored
through an on-line monitoring technique. The
effectsof calcium, cationic polyelectrolyte, and
shear rate on the resulting final properties of
sludge, such as settleability, turbidity of super-
natant, sludge volume index and dewatering,
sludge conditioning, and floc strength/struc-
ture, have also been measured and charac-
terized for both synthetic and activated sludge.
Calcium ions play an important role in the
formation of both synthetic and activated
sludge.Cal cium contributes to the floc forma-
tion by constructing calcium ion bridges be-
tween alginate or biopolymer gel adsorbed on
individual particles/bacteria. The calciumion
content in wastewater can have amajor impact
on the settling and dewatering characteristics
of both synthetic and activated sludge.

Inthiswork, the PDA has been developed for
the first time to monitor synthetic activated
sludgeflocculation. Thetechnique of PDA has
proven to be a useful tool for monitoring the
flocculation of both synthetic and activated

@

(b)

Fig. 18. Structure and size of synthetic sludge: (&) without calcium; (b) with calcium ion concentration at 20 mM. 40000x

magnification.
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sludge. Monitoring of the flocculation index
by the PDA has established a qualitative link
between the flocculation dynamics and the
fina properties, for both synthetic and activat-
ed sludge.

e Thereisasoagood qualitative agreement be-
tween both thefloccul ation dynamicsand final
properties of synthetic sludge on the one hand,
and those of activated sludge on the other.
Nevertheless, thereare notable quantitative dif-
ferences: the concentration of calcium above
which significant floccul ation occurs, the super-
natant turbidity, the sludge volume index and
(to alesser degree) the sludge dewatering, and
thefloc strength. It ishypothesized that such a
discrepancy isdueto the absence of afilament-
ous, backbone structure in synthetic sludge
which is often present in activated sludge.
Where such quantitative studiesare carried out,
theinclusion in synthetic sludge of afilament-
ous material such as cellulose is thus recom-
mended. In addition, synthetic and activated
sludge behavein qualitatively similar waysin
terms of their settling and dewatering after
cationic polymer conditioning.

» Thestableand physically/chemically well-de-
fined nature of synthetic sludge makesit very
useful as a non-complex analogue for the
physical and chemical (i.e. non-biological)
properties of activated sludge, but filamentous
cellulose should be added to improve quanti-
tative agreement with activated sludge.

Acknowledgements

The authors thank the Ministry of Education
and Training (MOET) of Vietnam for financia
support of TPN during thiswork, through the Viet-
namese Overseas Scholarship Program (VOSP).

References

[1] C.P Ledlie Grady, J., GT. Daigger and H.C. Lim,
Activated Sludge, in: C.P. Ledlie Grady, Jr., GT.

Daigger andH.C. Lim, edd., Biologica Wastewater
Treatment, Marcel Dekker, 1999, pp. 377—-485.

[2] A.D.Andreadakis, Physical and chemical properties
of activated dudge, Water Res., 27(12) (1993) 1707—
1714.

[3] A.E. Steiner, D.A. Mclaren and C.F. Forster, The
nature of activated sludge flocs, Water Res., 10
(1974) 25-30.

[4] V.Urbain,J.C.Block and J. Manem, Bioflocculation
inactivated dudge: an analytic approach, Water Res.,
27(5) (1993) 829-838.

[5] M. Sezgin, D. Jenkins and D.S. Parker, A unified
theory of filamentous activated sludge bulking, J.
Water Pollut. Control Fed., 50 (1978) 362—381.

[6] B.Jin, B.-M. Wilen and L. Paul, A comprehensive
insight into floc characteristics and their impact on
compressibility and settleability of activated sludge,
Chem. Eng. Sci., 95 (2003) 221-234.

[71 A.W. Adamson, Physical Chemistry of Surfaces.
Willey, New York, 1990.

[8] D.C. Sobeck and M.J. Higgins, Examination of three
theories for mechanisms of cation-induced biofloc-
culation, Water Res., 36 (2002) 527-538.

[9] . Tezuka, Cation-dependent flocculationinaflavo-
bacterium species predominant in activated sludge,
Appl. Microbiol., 17 (1969) 222—226.

[10] J.H. Bruus, PH. Nielsen and K. Keiding, On the
stability of activated sludge flocs with implications
to dewatering, Water Res., 26(12) (1992)1597-1604.

[11] M.J. Higginsand J.T. Novak, The effect of cations
on the settling and dewatering of activated sludges:
laboratory results, Water Environ. Res., 69 (1997)
215-224.

[12] C.F. Forster and D.C. Lewin, Polymer interactions
at activated surfaces, Effluent Water Treatm. J., 12
(1972) 520-525.

[13] F.D. Sanin and PA. Vesilind, Synthetic sludge: A
physical/chemical model in understanding biofloc-
culation, Water Environ. Res., 68 (1996) 927—933.

[14] M.J. Higginsand J.T. Novak, Dewatering and settl-
ing of activated sludges. The case for using cation
analysis, Water Environ. Res., 69 (1997) 225-232.

[15] J.T.Novak, N.G Love, M.L. Smithand E.R. Whesl-
er, Theeffect of cationic salt addition on the settling
and dewatering properties of anindustrial activated
sludge, Water Environ. Res., 70 (1998) 984—996.

[16] D. Sanin and PA. Vesilind, Bioflocculation of
activated sludge: therole of calciumionsand extra-
cellular polymers, Environ. Technol., 21 (2000)
1405-1412.



T.P. Nguyen et al. / Desalination 204 (2007) 277-295 295

[17] J. Gregory and D.W. Nelson, A new optical method
for flocculation monitoring, in: J. Gregory, ed.,
Solidiquid separation. EllisHorwood, Chichester,
1984, pp. 172-182.

[18] J.W. Goodwin, J. Hearn, C.C. Ho and R.H. Ottewill,
The preparation and characterisation of polymer
laticesformed in the absence of surface active agents,
British Polym. J., 5 (1973) 347—-362.

[19] D. Jenkins, M.G. Richard and GT. Daigger, Manual
on the Cause and Control of Activated Sludge Bulk-
ing and Foaming. Lewis Publishers, 2004.

[20] J. Gregory, Turbidity fluctuations in flowing sus-
pension, J. Colloid Interf. Sci., 105 (1985) 357-371.

[21] J. Gregory and D.W. Nelson, Monitoring of aggreg-
ates in flowing suspension, Colloids and Surfaces,
18 (1986) 175-188.

[22] C.A.BiggsandPA. Lant,Activated Sludgefloccula
tion: on line determination of floc size and the effect
of shear, Water Res., 34(9) (2000) 2542—-2550.

[23] C.P.CousinandJ.J. Ganczarczyk, Effect of calcium
ion concentration on the structure of activated sludge

sludge flocs, Environ. Technal., 20 (1999) 1129—
1138.

[24] C.A. Biggs, A.M. Ford and PA. Lant, Activated
sludgeflocculation: direct determination of the effect
of calciumions, Water Sci. Technol., 43(11) (2001)
75-80.

[25] B. Ormeci and PA. Vesilind, Development of an
improved synthetic sludge: A possible surrogate for
studying activated Sudge dewatering characteristics,
Water Res., 34(4) (2000) 1069-1078.

[26] M.-c. Chang, S.-h. Chuang and H.-I. Lin, Effect of
calciumion on sludge conditioning, Water Sci. Tech-
nol., 35(8) (1997) 217-222.

[27] L. Eriksson, Conditioning of biological sludgeswith
cationic polyelectrolytes, Water Sci. Technol., 19
(1987) 859-868.

[28] L. Erikssonand B. Alm, Characterization of activat-
ed sludge and conditioning with cationic polyelec-
trolytes, Water Sci. Technol., 28(1) (1993) 203-212.

[29] H.J. Wen, C.I.Liuand D.J. Lee, Sizeand density of
flocculated sludge flocs, J. Environ. Sci. Health,
A32(4) (1997) 1125-1137.



