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Fractal nature of flocsand canpact floc formation
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Abstract: Random flocs formed under conventional operation condition are of fractal nature There isa simple relation of
Di= 3- KpbeweenDr, the fractal dmension and K, the floc density index in the floc density function Peco dp"

Through a stepw ise agglomeration model, the process of floc growth was discussed It was shown that at each
agglomeration step, additional void w ater w as entrgpped in the floc and thus affected floc density and structure By
analyzing the parametersof the agglomerationmodel, itwasfurther proved that afloc formed in thismanner isof fractal
naturew ith its fractal dimension depending on the void ratio € and agglomeration numberm. A decrease in €or increase
inm may result in an increase in D+, which mplies a transition of floc from loose structure to compact M echanical
syneresis and one-by-one attachment are two pathways for compact floc fomation - the former can be realized by
prolonged mechanical agitation and the later by the fluidized pellet bed operation Experimental results show that
gherical pelletsof high density can be obtained by both methods How ever, thepellets formed by mechanical syneresis
still show a tendency of decrease in their density w ith increase in particle size, and the fractal dmension of such kind of
pellets is about 2 40- 2 47 In contrast, the pellets fomed through one-by-one attachment show almost identical
density regardlessof the particle size, and the fractal dimension can be considered to be near 3 The optmum condition
for fluidized pellet bed operation w as al discussed and comparison wasmade on the density of compact flocsw ith that
of random flocsformed by conventional operation T he fluidized pellet bed method isproved to be themost effectivew ay
to achieve floc compaction
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1 Introduction

The relationship between floc structure and floc density has long been a subject attacting
scientific concern in the field of coagulation and flocculation studies In 1963V old Carried out the first
significant work and proposed the' ballistic aggregation model’ in which the floc fomation process

was simulated by successive addition of primary particles to a grow ing aggregate in a random

manner'”. Sutherland made some comments upon thismodel, and pointed out that this model does

]

not physically represent themanner inw hich real flocs form®. L ater, he proposed amodified ’cluster

aggregation model’ by taking into account the processof collisions anong clustersw ith various sizes to
fom larger aggregates'®. In addition to V old and Sutherland’ s theoreticalwork, Tanbo, L anvanker,
Francois and other researchers conducted num erous experimental studieson the relation betw een floc

density and floc size' ®. It isw idely recognized that the effective density (buoyant density) of floc fe
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decreases w ith floc diameter d, in an inversely proportional relation as e« ds”, where Kp is the
exponential coefficient Because particle grow th in a real flocculator is a process of random collision
and aggregation, as a floc grow s, the ratio of void pace anong the component primary particles
increases This results in a decrease of floc density. Yusa, Higashitani et al'” ¥ studied themethod to
alter such kind of property of the random flocs, and proposed a technique for pellet-like particle
formation by using organic polymer flocculant and exerting mechanical agitation in concentrated
sugpension A fter prolonged agitation under the polymer bridging, the void w ater is digpersed from
the already formed random flocs and dense pellets form eventually. Themechanisn of thisprocess is
described by Yusa as' mechanical syneresis’ ."'Follow ing a similar principle but different operation
method, Tambo and W ang carried out a series of studies on compact floc formation by a fluidized
pellet bed operation'® ™
introduced into the fluidized bed and attached onto the surface of the grow n particles Thismethod is
found to be successful in the treatment of high turbidity surfacew ater such as that from the Y ellow

U nder a well-controlled condition, primary particles are continuously

River in China The mechanisn of this process is described as 'one-by-one attachment’ !’ These
studies have brought about mprovenent of the conventional flocculation process and showed the
possible pathways to promote the formation of compact flocs with large size, high density, great
settling velocity and low moisture contents

In early 1980sM andelbrot introduced the basic idea of fractal geometry!*!, W hich provided a
completely new theoretical approach to the study on the structure of flocs In a fractal geometrical
systan, the structure of an object can be characterized by its fractal dmension w hich, in the case of
particle aggregation, indicates the degree of the occupation of the enbedding gpace by the particles
composting the aggregates A number of studies danonstrated that the fractal dmension would be
affected by shearing force and the coagulant dose during flocculation™*®. However, there are still
questions on how the fractal nature of flocs affects their density and other properties, and how to
control operation condition to alter their fractal nature Pelleting flocculation operation has show n its
advantage over conventional operation in promoting compact floc formation, but theoretical study is
still needed to bridge floc morphology w ith flocculation operation modes In thispaper, a theoretical
analysis is first preformed to understand the relationship betw een floc morphology and floc density.
Then pathw ays to alter the fractal nature of flocs and to realize compact floc formation are p ropo sed
The characteristic density-size relations of flocs formed by different operation methods and w ith
different sugpensions are revealed on the basis of expermental results

2 Fractal nature of flocs

2 1 Fractal dmension and floc density coeff icient
A ccording to the concept of fractal nature, themassof an objectM and its representative length
L have the follow ing relation
ML (1)
Apparently in the Euclidean geometric systen, i e for non-fractal object, D+= 3, but in the
non-Euclidean system, i e for fractal object, D+< 3, whereD+ is called the fractal dmension
Conventionally, we are used to the Euclidean geometric systen and like to write Egn 1 in the
follow ing w ay
M=n =odL’ (2
w here p= density, V= volume (v = oL °), o= geometric factor (e g for gpherical object, o= 41/
3).
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Considering a floc, its representative length is the floc dianeter d», and its density follow s the
T ambo-W atanabe floc density function'
p= Bd " (3)
w here, B= coefficient, K,= floc density index.
Substituting Egn 3 into Egn 2, and consideringL = dp, we get
M = ofdy “voo di v (4)
Comparing Egn 4w ith Egn 1, we get
Di=3- Ko (5)
Eqgn 5 show s that as long asK,> 0, D+< 3 awaysholds From the concept of fractal nature, we
understand that an ordinary floc is a typical fractal object
2 2 Evaluation of fractal dimension
The fractal dmension of a floc can be evaluated by measuring itsprojected area and perimeter as
has been done by A ratani et al who revealed that under ordinary flocculation condition the fractal
dimension of floc has the value of D= 1 2- 1 8 and D+ increases w ith the increase of agitation
intensity'”. T he ballistic aggregation model proposed by V old results in amodel flocw hich consists
of a central core and an outer region like a group of projection tentacles as shown in Fig 1™
L anvankar et al used thismodel and calculated the density-size relation of ferric hydroxide flocs

as[5]

PooA;,°33800 d;)oem (6)
w here A ,= projected area of the floc

A coording to Egn 3 and Egn 5, the fractal dmension of themodel floc can be calculated asD =
2 324 Asisshown in Fig 2, Sutherland’ s cluster aggregation model floc'® is apparently looser in
structure The floc density index isevaluated asKp,= Q 9- 1 0and the fractal dmension isD+= 2 O-
2 1 Tambo and W atanabe's experiments on aluminum hydroxide flocs revealed a relationship as
shown in Fig 3 and Egn 3 The value of the floc density index K, w as found to increasew ith AL T
ratio (aluminum oconcentration dosed/sugpended olid concentration). U nder ordinary coagulation
conditions, Kp=10- 1 4

ALT 1:20~23

0.00050
- P = W

Floce effective densityz o e(10”gcm™)
T

2 5 10 2030
Floc diameter d,/(10%cm)

Fig 1 Voldmodel floc Fig 2 Sutherland model floc Fig 3 Tambo floc density function

3 Smplified model of multilevel floc

3 1 M ultilevel flocmodel
A ccording to Sutherland’s cluster aggregation model, the process of floc formation can be
considered as aprocess inw hich primary particles agglom eratew ith each other to form small clusters,
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and then the snall clusters agglom erate step by step to Third level

aggregate

form larger ones Supposing the first step of particle
agglomeration is the combination of primary particles Second level

i i Primary aggregate
to form so-called first-level aggregates (Fig 4), the Farticle/ @ ‘
p=4 é P =

effective density of the aggregate £: can be calculated Firstlavel .

aggregate

by the effective density of the primary particle f and

the void ratio of the aggregate &
P= P (1- &) (7)
Then if the second step of agglomeration is Fig 4 Stepw ise grow th model of floc
considered to be a combination of the first level aggregates to form so-called second-level aggregates,
the effective density of the second-level aggregate P- can be calculated in a smilar w ay:
P= P1(1- P2) (8)
where & is the ratio of void water anong the first-level aggregates in a second-level aggregate A
combination of Eqns 8 and 7 yields
Po= Po(1- P1) (1- P2) (9)
Further, if agglomeration progresses in a stepw isew ay to the nth level, the density of a nth level
aggregate becom es
Po= Po 1 (1= P)= Po(1- p1) (1- P2)  (1- o) (10)
w here, the parametersw ith subscriptsn- 1 and n are those connectingw ith the (n- 1) th and the nth
stepsof agglomeration, regpectively.
A ssuming that the void ratios at all these steps have the sane value, i e
6= 6= == € (1)
then, Eqn 10 becomes
Po= Po(1- " (12)
At each of the abovementioned steps, if the agglomeration number of the lower level aggregates
into a nev ly formed aggregate ism, then the relationship betw een the dianeter of the nth aggregate
dn and that of the primary particle do is derived as
do= do[m/(1- €17 (13)
w here n= agglomeration level
Substituting Eqn 12 into Egn 13 to eliminate the agglomeration level n and after rearrangement,

we get
Pa= Po(do/dn) dn(t- 9/ifm/(1- 9] (14)
Denoting B= Podo *"* /M@ 91 k= - 3In(1- @ /In[m/(1- @], Eqn 14 can be rew ritten as
Po= PBdn *° (15)

Apparently Egqn 15 has the same form as Eqn 3 Because 1- €< 1, K, is aways positive
T herefore, the smplified multilevel model floc follow s the sane size-density relationship as ordinary
flocs, and the floc density index K, relates to the agglomeration number m and void ratio € but
irrelevant to the agglom eration level n
3 2 Fractal dmension of themodel floc

In the proposed multilevel model, because agglomeration proceeds in the sane manner at each
step and the resultant cluster at each step becomes an elanentary particle for the next step, themodel
floc holds the property of self-smilarity. Self-similarity is the basic property of a fractal object™.
Therefore, the model floc is considered to be typically fractal Following the relationship betw een
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fractal dmension D+ and floc density index K, as shown in Egn 5, the fractal dmension of the
3

proposed multilevel model floc can be calculated as
D= 3+ 3In(1- ¢/In[m/(1- &] (16) 23

W ith any valueof € (0< &< 1), In(1- €< OandIn 2
[m/(1- €1> Q ThereforeD: is aways less than 3 < 15

m=500]|

1
m=50
m-20

//

m=10
This accordsw ith the concept of fractal nature 1 m=s
. . . . D¢ =3+ 3In (1-g)/In[m/(1-¢)]
In order to investigate how D+ variesw ith the wo |
parametersm and € w e took different valuesof m and , ‘ , ‘ .
drev theD - ecurvesin Fig 5following Egn 16 It is 04 05 06 07 08 09 1

€
seen from Fig 5 that there isa tendency of decrease in

D valuew ith increase in void ratio € and the smaller Fig 5 Vaaiationof fractal dmensionD with € and m
them value, the more dominant this tendency is In addition, D+ increases as the agglom eration
number m increases The Imit void ratio is about 0.4 when sherical particles of identical diameter

[18]

are piled up Thereforew ith a given m value, D+ reaches themaximum at & 0.4 A s shown in
Fig 5, evenwith a snallm value (e ¢ m=5), thevalueof D is still as largeas2 24 at e Q 4
From the above discussion on the smplified multilevel model floc, w e understand that to decrease
void ratio € and/or increase the agglomeration number m at each step can result in an increase in the
fractal dmensionD+. The increase of D+ value mplies a transition of the flocs from loose structure to
compact structure Therefore, to decrease € and to increase m are two possible pathw ays to make
compact flocs The fomer is called mechnical syneresis”®, and the latter is called one-by-one

attachment™!

4 Experiment and results

4 1 Exper ment of campact floc formation by mechanical syneresis
4 11 M ethodsof experiment

Concentrated suspensionw as prepared using kaolinite clay (A SP 170 manufactured by Engelhard
Company, U SA, mean size Q 55um) to tap water The clay concentration w as adjusted to 3 g/ at
pH = 7 Q@ A oonventional jar test was conducted as following: (1) adding polyaluminum chloride
(PAC) into the sugpension and mixing rapidly at 300 rpm for 3min; (2) at the end of rapid mixing,
adding non-ionic polyacrylanide (A coofloc N - 100PV G, MW = 1 6x 10) into the sugpension and
changing themixing eed into 60 rpm to start prolonged agitation; (3) after given period of time,
stopping agitation to let particles settle and then taking photographs using a telephoto lensfor particle
shape observation; (4) picking single particle gently using apipette and then dropping it slow ly into a
quiescent settling tube for recording settling velocity and particle diameter using a single-frane,
multiple flash technique; (5) after transforming the recorded data (single-fane, multiple-image
photographs) through adigitizer to the computer, calculating the density of single particlesone by one
from the projected area diameter and teminal velocity using Stokes or A llen equation according to
Reynolds number of the particle The dosages of PAC and polymer w ere controlled at AL T= Q 002
and PT= Q 001 (PT = polymer concentration dosed/suspended lid concentration). The agitation
geed of 60 rpm at the second stage is higher than that for ordinary flocculation to meet the
requiranent of mechanical syneresis
4 1 2 Experiment results

The aggregates w ere found to undergo compaction to become pellet-like U ntil 30 min, only
bulky random flocs formed but particles becane denser and denser betw een 30- 60min and gradually
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becane pellet-like At 120 min they were already sherical in appearance Still longer agitation
seamed to have no gpparent effect Fig 6 isa comparison of the particle appearance at 30, 60 and 120
min

T he density of particles after each period of agitation wasmeasured Fig 7 show s their density-
size relations During the prolonged agitation, particle density increases with time but show s no
change after 120min This coincidesw ith the observation result and indicates that prolonged agitation
can bring about particle compaction T he effective density of a particlew ith about Q 1 an in dianeter
can reach a value larger than Q 1g/am® On theother hand, in Piteof the particle appearance, there
still exists a linear relationship in the log log plot as P (d; “". Calculating the density-size relation
using the data of 120- 360min, the floc density index was evaluated as K,= Q 53- Q 6Q Follow ing
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Fig 7 Pe dp relation after various duration of agitation

the relation of Dr= 3- Ky, the fractal dmension of flocs formed under thisoperation condition can be
calculated asD = 2 40- 2 47which ismuch higher than that of ordinary flocs and even higher than
that derived from V old’ s ballistic aggregation model
4 2 Exper ment of campact floc formation by one-by-one attachment

The one-by-one attachment mode is realized by fluidized pellet bed operation Fig 8 show s the
flow chart of the experment systam for the treatment of high-concentration sugpensions Rav w ater
w asprepared using kaolinite clay in the ssmew ay as described above for the former experment PAC
and polymer were al® utilized The operation proceeded in two stages First, rav water was
coagulated by adding PA C to the sugension in the flashmixer. The dosageof PACwas at a level just
to bring about destabilization of the clay particles but not let then grow larger. A fter a detention
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Tap Water

period about 2 min in the flash mixer and pH Kool
adjusting, the sugpension is led to the bottom of the  ron ra NeOH ﬁl 7
Hive

fluidized pellet bed At the bottom inlet of the R e ;WH—-' . 5
fluidized bed, polymer flocculent was added to the ‘ j é H é % | %H é ” %H ”
destabilized supension The up-flow rate was e

controlled at 18 m/h M oderate agitation w as exerted L__JL*‘J,W:M 1_%

in the fluidized bed at a G value about 30 s * A fter a
starting period, a fluidized grown pellet layer with
very high ooncentration was formed and reached a
steady state U nder this oondition, as primary
particles enter the bed, they digpersed quickly to the

Polymer
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Separation Column
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‘\é“" Sludge
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¥ 1 Pellet Sangplin,
n

surroundings of the grown pellets and attached onto
their surface W ith the great difference between the
concentrations of these two kinds of particles with
much different sizes, the opportunity of contacts Fig 8 Fluidized pellet bed separation system
among primary particles ismuch less than that betw een primary particles and the grow n pellets W ith
the great shearing force in the bed, random collision and agglomeration are restricted and one-by-one
attachm ent becom es the dom inant mode of particle agglomeration A spelletsgrow, the fluidized layer
is self-renew ed continuously and the surplus particles overflow into the separation column
Experiments were conducted w ith kaolinite clay
sugpensionsof @ 3, 1 0, 3 Oand 1Q 0 gL in turbidity
at up-flow rate of 8 m/h The optimum dosages of
PAC and polymer for the treatment of these
sugpensions are ALT= Q 006, @ 003, 0 002, @ 001
and PT = Q 003, Q 0015 Q@ 001, Q 0005,
regectively. Fig 9 show s the gppearance of pellets in
the fluidized bed w hen rav water turbidity was 3 Og/ :
L. It isclear that particles formed through such kind

of operation are dense and gherical Fig 10 shows

Fig 9 Particles in the fluidized pelled bed

the size-density relation of pellets Itwas seen that (1)

in each case the size of pellets were distributed in a Kaolin 300 fug/L Kaolin 1009 mg/L

=}
W

comparatively narrow range, and as rav water !
turbidity increased, the effective density of pellets
increased aswell (the average P.w ere calculated as Q
112, Q 139, Q 170, Q 292 g/an° regpectively in the 4
cases); (2) in each case the pellets held amost equally
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effective density regardless of their sizes, and the
characteristic of random flocs, i e a linear decrease in
effective density w ith particle size did not appear in the .05
log-log plot at all; (3) comparing Fig 10w ith Fig 7,
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although gpherical and pellet-like particles have formed

attachment, particles generated in the fluidized pellet 5 10 . g, relation at various rav water turbidity
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bed show much larger density. The fractal dimension of the pellets thus formed cannot be evaluated
from the P.- dp relation By comparing the data shown in each graph of Fig 10more carefully, it is
noticeable that larger particles seen to have larger density. The reasn is still unknow n but at least
we can drav a conclusion that pellets formed in the fluidized bed are completely different from the
conventional random flocs The fractal dimension of such particles is thought to be very close to 3 Q
4 3 Control of the fluidized pellet bed process

Rational control of chemical dosing is the prerequisite condition for the fluidized pellet bed
operation Table 1 show s the results of experiment using 3 0 g/ kaolinite clay supension w ith
various dosages of PAC and polymer. Overdosing of PAC results in a decrease of pellet density or
makes pelleting mpossible, and in the contrary, overdosing of polymer brings about formation of
large clumpsor oil fluidization condition Theoptimum chenical dosagesfor 3 0g/A sugpension are
recommended asAL T= Q 002 and PT=ALT/2

Tabh 1 Condition of pelleting and results of treatment at different coagulant dosages
(rav water turbidity: 3 0 gA )

ALT ratio Q 001 Q 002 Q 003 Q 004 Q 002
PT ratio Q 001 Q 0005 Q 001 Q 0015 Q 002
Fluidized state o o x x o o
pof pellets/g- an”® Q 20 Q 17 Q11 - - Q 17 Q21 Q 25
M oisture content of
pellet sludge/% 73 5 75 6 81 6 - - 75 6 75 0 72 9
Supernatant . 200 20 10 . . 20 10 80 0
concentration/mg- L

o: well pelleting; : fomation of large clumps x : mpossible for pelleting

W hen metal salts such asalum or PAC are used as 0.1

coagulant, zeta potential isa very useful paraneter for
[10]

determining the optmum dosage Clay particles

usually has a zeta potential of -25 to -30 mV. For
conventional coagulation operation, a zeta potential of 0.01F
-10mV isoften taken as theminimum requisite degree :
of destabilization For batch coagulation operation
such as jartest in a laboratory, theminimum degree of

@

ALT ratio

®

@g: —10mV

L . . 0.001 k @ &= —(13~15)mV @ -
destabilization is lower and a zeta potential of -13 to i ®t=—20mV :
-15mV is thought to be optimum. For the fluidized z
pellet bed operation, the optimum dosage of PAC is T i
much lower than the fomer two cases The 100 1000 e
correponding zeta potential is about -20mV. Fig 11 Clay concentration/ (mg:- L)
show s the relation between optmum ALT and raw Fig 11 Relation of rav water turbidity,
water turbidity with zeta potential T as referential ALT ratio and Cpotential

parameter. A srav w ater turbidity increases, the required gecific dosage, i e AL T ratio decreases

5 Discussion

A coording to the proposed multilevel flocmodel, floc density can be expressed as
Pe= Po(1- P1) (- P))  (1- Pn) (17)
or
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Pe= Po(1- P)" (18)
if the void ratio introduced to the grow ing floc is the same at each agglomeration step.

From Eqn 17 or Eqgn 18, we understand that the introduction of nav void ratio to the floc at each
step is the reason for the decrease of floc density with increasing floc size By mechanical syneresis,
higher level void water can be digpersed from a grown random floc and restructuring of primary
particlesw ithin the floc can proceed to certain extent A sa result, the density and fractal dmension
of the floc can be increased However, from the experment results mentioned in the previous
sections, we noticed that there is still a tendency of decrease in floc density w ith increase in floc size
The reason for thismay be attributed to incomplete restructuring Theremay still exists higher level
void w ater w ithin the floc Therefore, the fractal dmension D+, although as high as2 40 to 2 47, is
still less than 3

In the up-flow fluidized pellet bed operation, because particle grow th proceeds through one-by-
one attachment of primary particles onto the surface of a grow n particle, aimost no higher level void
w ater is introduced into the particle during its grow th, hence the floc density can be expressed as

Pe= pO(l' p) (19) Ie 1 1
. . ) ]
Under such circumstances, floc density only Clay pelldts from a 3000 me/L suspension
depends on the density of primary particle fo and void
ratio anong primary particles € Thismakes it possible g o1 [P v
for particles to become identical in density regardless 2 '
particle size By analyzing size distribution and density é’ E
O [}
of primary particles under different rav w ater turbidity E !
= [}
and PAC dosage, and comparing with the density of 2 *0' g=--- $o———m———
- = |
pellets formed in the fluidized bed, thevoid ratio of the - rrange for ordifary T
- |
pelletsw as evaluated as 0. 47 to 0. 58", The limit void flocs ' Z
) . ] ) ) ) . B COIOﬁalu flocs
ratio for piling identical spherical particles is about o, T T S Y
0.4" W ith irregular shaped particles, the limit void 0-001 0.01 0.1 !
Diamter/
ratio should be greater Therefore, for the pellets e
generated, €= 0.47- 0.58 is thought to be the first Fig 12 Density-size relation of pellets in
level void ratio but not include the influence of higher comparionw ith conventional floaw

level voidw ater. In thiscase, thefractal dmension iscloseto 3 The P dp relation shown in Fig 10
provides evidence to this assumption

Fig 12 summarizes the density-size relation of clay pellets (3 0 g/ clay sugpension) fomed by
the fluidized bed operation in comparison with that of ordinary flocs The advantages of fluidized
pellet bed operation over conventional flocculation is very clear——much larger particle size and
higher density, and above all, remarkable change of the fractal nature of flocs
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