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Abstract

This work presents the design and the basic development of an innovative in-line mixing helical (coiled) reactor for the

flocculation and solid–liquid separation of suspended particles. The device system was named flocs generator reactor (FGR), a

compact flocculation systemwhereby the flocculation of particles is assisted by the kinetic energy transfer from the hydraulic flow

through the reactor. The flow mixing, characterized as a plug flow regime with a slow dispersion, promoted the required

hydrodynamics conditions to disperse the polymer flocculant (cationic polyacrylamide) and also to generate bstrongQ flocs of
Fe(OH)3 (colloidal suspension model system) at pH 7.5. The solid–liquid separation of the flocs was then achieved either by

settling or by flotation with microbubbles (30–70 Am). Studies were carried out with different models of FGRs (varying the length/

volume ratio), and process efficiency (mainly kinetics) was evaluated as a function of polymer concentration and operating

parameters, namely, feed flow rate, air-to-solids ratio and residence time. Results showed that the aerated flocs are readily floated

with rising rates of the order of 120m h�1, values higher than those obtained for the settling of the nonaerated flocs (18–24m h�1).

The FGR requires short residence times and generates dense, well-structured flocs (with a mass fractal dimension, dF of about 3)

which withstand high shear forces. Due to the high process efficiency and high loading capacity shown, it is believed that the FGR

has a good potential as an in-line flocculation (or flotation) separator device in applications requiring high rate solid–liquid

separations.
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1. Introduction

Flocculation is a known process employed world-

wide in several industrial operations, among others,

thickening, wastewater treatment, mineral processing

and papermaking (Yeung and Pelton, 1996; Yeung et

al., 1997; Thomas et al., 1999; Biggs et al., 2000;

Agarwal, 2002; Porubská et al., 2002). The purpose of
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flocculation in wastewater treatment is to form strong

aggregates from finely divided solid particles or oily

droplets before separation by settling or flotation

(Rubio et al., 2002; Rubio, 2003). The properties of

flocs produced from flocculation step prior to solid–

liquid separation are crucial in determining the

overall efficiency of water or wastewater treatment

processes.

Flocculation of suspended particles takes place

after polymer diffusion and adsorption under stirring

(agitation), followed by flocs build-up and growth at

slow mixing stage. The bigger the floc, the faster is

the solid–liquid separation settling rate (Bratby, 1980;

Weir and Moody, 2003). This might not be necessary

in the flotation of the flocs (floc flotation) whereby

other phenomena operate, i.e., bubble attachment,

entrainment and entrapment (Rubio et al., 2002;

Rubio, 2003).

Usually, flocculation is performed in agitated tanks

or basins, and although appears to be quite simple,

the process (and the devices) still presents problems

such as short circuits, dead zones, high mechanical

and electrical energy requirement, fairly high main-

tenance costs, etc. According to Bhole (1993), even

mechanical flocculators require paddles, shaft, bear-

ings, gear box system, motor, energy and skilled

process supervision, all enhancing the operating

costs.

Yet, coagulation and flocculation may be con-

ducted in in-line mixing facilities, such as conduits

and pipes connecting treatment units (Metcalf and

Eddy, 2003). The main advantage of using in-line

units is the possibility of taking advantage of the

kinetic energy transfer of the hydraulic fluid to

promote the agitation needed to disperse a destabiliz-

ing agent and for the generation of aggregates along

the unit. Furthermore, the use of in-line mixing

facilities dispenses the use of mobile parts (agitators),

presents a residence time distribution close to a plug

flow reactor (less short circuits or dead zones), low

installation costs, simple design (smaller foot-print

area) with reduced mechanical and electrical energy

consumption.

According to Gregory (1988) and Yukselen and

Gregory (2003), the process of flocculation may be

considerably influenced by the intensity of the applied

shear force. The hydrodynamic forces influence the

polymer adsorption phenomena and the collision
efficiency among particles, determining the overall

rate of flocculation (Agarwal, 2002; Metcalf and

Eddy, 2003). Although mixing increases the collision

frequency of particles during floc formation process,

the shear forces might cause flocs fragmentation (Weir

and Moody, 2003; Yukselen and Gregory, 2003). This

intensity of mixing is mainly characterized by the

velocity gradient (G), which measures the velocity of

the fluid spatially (from point to point) (Weber, 1972;

Cleasby, 1984). However, the criteria for determining

optimal flocculation conditions depend on the specific

application (Yeung et al., 1997). As a rule, the flocs

must be strong enough to withstand an adequate

solid–liquid separation step and/or a sludge dewater-

ing process.

Curved configurations of circular tubes, such as

bends, and helical coils are commonly found in the

industry mainly in heat exchangers, chemical reac-

tors, reverse osmosis units (Agrawal and Nigam,

2001) and enzymatic polymerization reactors

(Buchanan et al., 1998). Several authors (Streeter,

1961; Gregory, 1981, 1987; Hüttl and Friedrich,

2000; Agrawal and Nigam, 2001) have shown some

advantages presented by the secondary flow induced

by centrifugal forces when a flow passes through

curved pipes, which cause a movement toward the

outside of the curve, giving more flocculation than

that in a straight tube. According to Austin and

Seader (1973), the hydrodynamics in a coiled pipe is

also largely characterized by the magnitude of the

critical Reynolds number which can be four (4) times

greater than that in a linear tube.

Despite the advantages presented by coiled pipe

facilities in numerous industrial processes, there is no

much information about the employment of these

units for the flocculation of suspended solids in water

and wastewater applications. Only a few authors have

evaluated in-line coiled mixing units for the gen-

eration of flocs at laboratory scale, namely, floccu-

lation of polystyrene latex particles (Gregory, 1981,

1987), dried yeast cells (Gregory, 1988), synthetic

bentonite suspension (Elmaleh and Jabbouri, 1991)

and the treatment of a synthetic effluent (Odegaard et

al., 1992).

Therefore, the aim of the present paper was to

describe the design and basic development of a new

compact in-line coiled reactor to flocculate and

separate suspended particles. The flocculation reactor



Table 1

Constructive parameters of the reactors used for the flocs generation

Reactor Number of rings Length (m) Volume (l)

FGR 1 16 6 0.6

FGR 2 32 12 1.2

FGR 3 48 18 1.8

FGR 4 64 24 2.4
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behaves actually as a contactor and was named flocs

generator reactor-FGR, and its efficiency was eval-

uated using colloidal Fe(OH)3 as a solid model

(disperse particles) and a cationic polyacrylamide as

the flocculant. The solid–liquid separation was

evaluated comparing the rate of flocs settling with

the flocs flotation after addition (injection) of micro-

bubbles of controlled size (FGR as aerated flocs

generation device).
2. Experimental

2.1. Materials

2.1.1. Reagents

The reagents employed were FeCl3.6H2O (Syn-

thk) for the generation of the colloidal precipitates,

Ca(OH)2 for the pH adjustments and a high molecular

weight cationic polyacrylamide (Mafloc 490 Ck)

supplied by SNF/Floergerk. Methylene blue supplied

by Nucleark was used in the studies of the dispersion

as a tracer. All reagents used were of analytical purity,

and the experiments were carried out with tap water.

2.1.2. Equipment

The flocs generator reactor-FGR was designed and

constructed for flocs generation ahead to the solid

(flocs)–liquid separation stage, with feed rates ranging

from 0.12 to 0.6 m3 h�1 (2 to 10 lmin�1). The semipilot

scale FGR (Fig. 1) was constructed with a polyurethane

pipe with an inner diameter of 1.25 cm, enrolling a 10

cm diameter polyvinyl chloride (PVC) column.

Four (4) different reactor models with varying

length/volume ratios were evaluated for the generation
Fig. 1. Flocs generator reactor (FGR) unit.
of the flocs. The constructive characteristics are

summarized in Table 1.

The system rig used, shown in Fig. 2, is composed

of two tanks (capacity of 500 l each) for the Fe(OH)3
preparation and storage, two helical pumps, a

Nestzschk model 2NE30A to feed the in-line mixing

unit and a Nestzschk model 2NE15A to feed the

saturator vessel with tap water.

The feed rate was controlled by a Wegk fre-

quency controlling equipment model CFW 07. A

Masterflexk (model 7518-10) dosing peristaltic

pump with a Tygonk tubing model 6409-13 was

used to inject the polymer. For the generation of the

microbubbles (as in dissolved air flotation [DAF]),

air was dissolved into water using a saturator vessel

(90 cm in height and 10 cm in diameter). The

saturator, operating at varying pressures (2, 3, 4, 5

and 6 atm), was constructed with a bed height of

50 cm, filled with pall rings of 25 mm in height and

25 mm in diameter.

2.2. Methods

Flocculation experiments were carried out at room

temperature, using colloidal Fe(OH)3 dispersion

formed from the FeCl3.6H2O dissolution and subse-

quent precipitation with Ca(OH)2 at pH 7.5F0.5

(monitored with an Analionk pHmeter, model PM

608). The Mafloc 490 Ck polymer was added in-line

to the Fe(OH)3 aqueous dispersion and pumped to the

FGR for the flocs generation (aerated or nonaerated

ones).

The flow exiting from the FGR fed the solid–

liquid separation vessels (columns) whereby the

settling (non aerated flocs) and up rising (aerated

flocs) rates were evaluated. These rates were

calculated, monitoring the times needed for the flocs

to travel a fixed distance. Time measurements were

made by direct observations (randomly) of many

individual flocs. Also, flocculation efficiency was



Fig. 2. System rig used for the flocs generation in the FGR.
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monitored by means of the iron removal from water

analysing, with a Variank atomic absorption spec-

trometer, the residual iron concentration in the

supernatants after flocculation. In all cases, the

flocculation degrees were higher than 95%.

The evaluation of the performance of the flocs

generator reactor (FGR) and its optimization were

made by monitoring the separation rate of the flocs

formed. The criterion used (for optimal conditions)

was the faster separation rates, settling time of non

aerated flocs and up rising rate of the aerated ones.

All experimental conditions were tested in

triplicate, with at least 25 times measurements of

separation in each experimental set. An arithmetic

medium of all the values obtained were calculated

and statistically analysed according to the analysis

of variance (one-way ANOVA), as described in

Montgomery (1991).

2.2.1. Studies with nonaerated flocs

In the measurements of the nonaerated flocs

settling rates, 1 l of sample exiting the FGR was

introduced in a graduated cylinder. The density of

these flocs was calculated using the Stokes law for
laminar flux, using the settling rates data and the size

of the flocs. The latter were obtained from photo-

graphic analysis (using a Sonyk digital camera,

model DSC) and sized with a graduated scale (fixed

at the same cylinder).

The mass fractal dimension of the flocs was

obtained using settling rate and size data obtained

from settling experiments and through logarithmic

correlation between the mass and the size of the flocs,

considering spherical geometry (Gregory, 1988, 1998;

Tang et al., 2002).

2.2.2. Studies with aerated flocs

In the experiments carried out with aerated flocs,

microbubbles with sizes ranging from 30 to 70 Am
(Rodrigues and Rubio, 2003) were introduced in the

inlet of the FGR. The air employed in the saturator

vessel was supplied by an air compressor, and the

microbubbles were generated by the depressurization

of the air-saturated solution under controlled pres-

sure through a nozzle (needle valve), in the same

manner as in the dissolved air flotation-DAF

(Edzwald, 1995; Liers et al., 1996; Kiuru, 2001;

Rubio et al., 2001). The injection of the micro-
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bubbles into the FGR is followed by entrainment

and/or entrapment of these bubbles onto (or into) the

Fe(OH)3 polymer flocs, forming the so-called

baeratedQ flocs.
The solid–liquid separation of these floating flocs

was measured monitoring the up rising times in a

graduated cylindrical column.

Studies of the effect of the air/solids ratio on the

separation efficiency were conducted fixing the ratio

of injection of microbubbles in 10% and varying the

saturation pressure (2, 3, 4, 5 and 6 atmospheres). The

calculation of the air-to-solids ratio was made using

the following Eq. (1).

as ¼ RidAv

FRd½sol� d S ð1Þ

where as=air/solids ratio (mlmg�1); Ri=rate of injec-

tion of microbubbles (lmin�1); Av=theoretical volume

of dissolved air per litre of water, according to the

Henry law (mll�1); FR=feed rate (lmin�1); S=satu-

rator vessel efficiency (%).
Fig. 3. Flocs settling rates as a function of feed rate and FGR

model. Conditions, [Fe(OH)3]=58 mgl�1, [Mafloc 490 C]=5 mgl�1

pH 7.5F0.5.
2.2.3. Studies of the hydrodynamic flow in the FGR

The axial dispersion model in the FGR was

evaluated using a tracer with an instantaneous (short

term) injection of 1 ml of 10,000 mgl�1 of methylene

blue solution. Samples of the outlet flow were

collected every 5 s and stored in polyethylene flasks.

Methylene blue concentration was measured by

molecular absorption using a Merckk spectropho-

tometer (model SQ 118) at a wavelength of 660 nm.

The experiments were carried out in triplicate, and the

result showed is an arithmetic average of the data

obtained.

The velocity gradient was calculated from the head

loss in the FGR with varying feed rates applying Eq.

(2). Measurements were made using manometers

between the FGR inlet and the outlet flows (the head

loss at the entrance was negligible).

G ¼

ffiffiffiffiffiffiffiffiffi
c:Hl
l:t

s
ð2Þ

where: G=velocity gradient (s�1); c=specific weight

of water (998.2 kgf m-3 at 20 8C); Hl=head loss (m);

l=absolute viscosity of water (1.029�10-4 kgf s m-2

at 20 8C); t=time (s).
The Reynolds number determination was calcu-

lated from Eq. (3), where V is the flow velocity, D is

the tube diameter, and l is the kinematic viscosity of

the solution.

Re ¼ V :D

l
ð3Þ

3. Results and discussion

3.1. The formation of flocs in the FGR and their

settling rate

The effect of the reactor type and the feed rate on

the settling rate of the flocs generated is shown in

Fig. 3.

For all the reactors types, the highest settling rates

ranged from 12 to 19 m h�1, showing an optimal for a

feed rate of 4 lmin�1 (or residence time, as shown in

Fig. 4). At the smaller feed rates (2 lmin�1), the low

efficiency may be due the low turbulence required to

form the flocs, especially with high molecular weight

polymeric flocculant, such as the Mafloc 490

Ck(Weir and Moody, 2003). For the very high feed

rates, the system turbulence contributed to the rupture

of the flocs now decreasing their settling rate.

The residence time of the different reactors as a

function of the feed flow rates is shown in Fig. 4.

Following the results obtained, the FGR 2, which

showed the highest settling rates (19 m h�1) and
,



Fig. 4. Residence times at different FGR models as a function of the

feed rate.
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yielded large flocs (4–8 mm), was selected for further

investigation.

Fig. 5 shows the effect of the feed rate and

residence time in the flocs settling rates. Results show

that an increase in the inlet flow rate decreases the

settling rate of the flocs generated. This may be

attributed to the high turbulence (determined by the

system hydrodynamic conditions), which led to the

rupture of the formed flocs in the reactor. Other

authors (Akers et al., 1987) have already investigated

the effect of turbulent conditions in tubular systems by

observing the rupture of the flocs generated using

small latex particles (0.97 Am). According to these

authors, the rupture of the flocs is highly dependent on

the level of the dissipated energy with turbulence.

Moreover, the density distribution of the flocs or the

conditions where these flocs are formed may interfere

in their resistance.

Fig. 5 also shows the increase in the flocs settling

rates with the increase in the residence time. The

results obtained show that for a residence time up to

10 s, the increase in the settling rate is not as
Fig. 5. Settling rate of the flocs as a function of the feed rate and

residence time. Conditions, [Fe(OH)3]=58 mgl�1, [Mafloc 490

C]=5 mgl�1, FGR 2.
meaningful as for times higher than 10 s. This is

probably due the fast interaction between particles and

polymer adsorption onto particles promoted by

turbulence in the FGR. In fact, according to Weber

(1972), the polymer adsorption onto particles is very

rapid and irreversible.

The settling rates of the Fe(OH)3 flocs obtained for

different polymer (Mafloc 490 Ck) concentrations is

shown in Fig. 6. The results show that the settling rate

increased at higher polymer concentrations due the

formation of larger flocs, as observed by other authors

in other systems (Adachi and Tanaka, 1997; Gregory,

1997). However, the flocs do not continue to grow

indefinitely in size during prolonged shearing and

polymer addition; instead, they attain an equilibrium

size. Hence, for concentrations higher than 5 mgl�1,

the increase in settling rates was not significant, and

for this reason, this polymer concentration was chosen

for further studies.

Gregory (1988) evaluated comparatively the floc-

culation efficiency monitoring the polymer adsorption

onto yeast dried cells suspension at a concentration of

1 gl�1 in a batch reactor and in a continuous reactor.

In batch tests, the suspension was stirred during 1–2

min using a magnetic stirrer and sampled at a rate of 5

mlmin�1. In the continuous tests, the yeast suspension

and the polymer were mixed and flowed through a 1

m of coiled 1-mm-diameter tubing (volume of 0.8 ml)

at a flow rate of 10 mlmin�1, with a residence time

lesser than 5 s. According to this author, despite the

short residence time in the tube, there were enough

particle collisions to give a degree of flocculation

similar to that occurring after 1–2 min in a stirred

beaker. However, the particles destabilization depends
Fig. 6. Settling rate of the flocs as a function of the polymer Mafloc

490 Ck concentration. Conditions, [Fe(OH)3]=58 mgl�1, pH

7.5F0.5, feed rate=3 lmin�1, FGR 2.



Fig. 8. Fractal dimension of Fe(OH)3 flocs. Conditions

[Fe(OH)3]=58mgl�1, [Mafloc 490 C]=5mgl�1, FGR 2, pH 7.5F0.5
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much on the polymer employed, and sometimes, the

tubular system required a polymer dosage higher than

in the batch system.

3.2. Flocs characterization

Results of physical characterization of the flocs

generated in the FGR are shown in Figs. 7 and 8,

respectively. Fig. 7 shows that the flocs density

decreases considerably as the flocs size increase due

the flocs fractal dimension, as previously described by

other authors (Klimpel and Hogg, 1991; Adachi and

Tanaka, 1997; Gregory, 1997; Tang et al., 2002). The

average value of the density of the Fe(OH)3 flocs

generated in the reactor was 1019F18 kgm-3 for flocs

with sizes ranging from 400 and 2000 Am.

Larue and Vorobiev (2003) utilized settling data of

Fe(OH)3 flocs (obtained using optical microscopy) to

calculate the diameter and density of the flocs through

Stokes law. Thus, for a concentration of 800 mgl�1 of

Fe(OH)3, the authors obtained an average diameter of

flocs of 213F4 Am and an average density of 1026.4

kgm-3. The density value obtained by these authors is

within the range of values of densities obtained for the

flocs generated in the FGR (Fig. 7).

The mass fractal dimension (dF) of the Fe(OH)3
flocs obtained in this work is shown in Fig. 8. The

value obtained of dF (2.98) characterizes a dense floc,

with low porosity and spherical format. Values of

about 3 have been already reported in the literature

and were explained as a result of linear trajectories,

yielding more compact and spherical structures also

called as bballisticQ aggregation, which happens

mainly in the particle–cluster case of aggregation

(Gregory, 1997; Burns et al., 1997, 1998).
Fig. 9. Response curve of the tracer along the FGR. Conditions

feed rate=3 lmin�1, [methylene blue]=10,000 mgl�1, FGR 2.

Fig. 7. Density of the flocs as a function of Fe(OH)3 flocs size.

Conditions, [Fe(OH)3]=58 mgl�1, FGR 2, pH 7.5F0.5.
,

.

Yet, the FGR, because of its coiled design,

presents some peculiarities, among others, a fairly

good shear rate for aggregation, a secondary flow and

centrifugal collision operating forces. These proper-

ties enable a good contact between the high

molecular weight polymer macromolecules and the

colloids and thus form strong, big and compact

structures.

3.3. FGR characterization

The hydraulic performance of the reactor is

shown in the Fig. 9 by the tracer (methylene blue)

response curve. The analysis of the concentration of

the dye versus time shows an intense peak close to

24 s (theoretical residence time of the FGR 2) for a

flow inlet of 3 lmin�1. The methylene blue mass

recovery was estimated in about 80%. The peak

presents a slow tracer scattering mainly due the

turbulent mixing of the flow inside the FGR,

characterizing a plug flow regime with a slow

dispersion (Levenspiel, 1999).
,



Fig. 10. G and Re values as a function of the feed rate in the FGR.

E. Carissimi, J. Rubio / Int. J. Miner. Process. 75 (2005) 237–247244
The velocity gradient (G) and the Reynolds

number (Re) data calculated from the feed rate (1 to

30 lmin�1) are shown in Fig. 10. Inlet feeds higher

than 3 lmin�1 yielded Re values characterizing a

turbulent mixing and G values higher than 1400 s�1

which enable a good mixing for the polymer

adsorption at the colloidal precipitates/solution inter-

face. Moreover, the secondary flow at high feed rates

causes a high energy dissipation requiring higher

pressures to drive the fluid through the coiled tube

than that needed in a straight tube having the same

length and flow rate. At lower flow rates this extra

dissipation is negligible, but a secondary flow has

another important effect. In a curved tube, the flow is

subject to centrifugal forces making particles to

remain longer times in the tube than those located

near the center of a straight tube. According to

Gregory (1987), this coiled flow presents a more

uniform Gt distribution, resulting in a better floccu-

lation than that in a straight tube.
Fig. 11. Generation and growing of
3.4. The formation of aerated flocs and their flotation

In this system, not only the flocculation is favored

(higher turbulence) but also the entrainment and/or

entrapment of the air bubbles inside the flocs leading

to formation of big aerated units. This phenomenon

was observed visually and is represented schemati-

cally in Fig. 11. Thus, the aerated flocs bfloatQ and are

easily separated as a flotation (or floatation) product

(or floc flotation). Therefore, the FGR, in this case,

serves at the same time as a flocculator and as an air

bubble/floc contactor.

The effect of the reactor type was again evaluated

through the determination of the flocs up rising rates

using the technique already described (results are

shown in Fig. 12).

In all reactors, the highest up rising rates were

obtained for the feed rate of 2 lmin�1, with values

ranging from 67 to 112 m h�1. For feed rates above 2

lmin�1, there was a decrease in the up rising rate due

to the increase in turbulence caused by the increase of

the inlet flow rate and the injection of the micro-

bubbles. However, using FGR 2, the difference in the

up rising rates of the flocs for the feed rates

investigated is not so meaningful.

FGR 2 presented (again) the best results in terms of

floc up rising rate (112 m h�1), and this reactor was

chosen for further tests. FGR 1 showed poor

efficiency due the short length, which did not allow

a sufficient residence time for the flocs formation.

FGRs 3 and 4 presented a decrease in the up rising

rates probably due the rupture of the flocs for all the
aerated flocs inside the FGR.



Fig. 12. Up rising rate of the flocs as a function of feed rate and

FGR type. Conditions, [Fe(OH)3]=58 mgl�1, [Mafloc 490 C]=5

mgl�1, air injection ratio=50%, pH 7.5F0.5.
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feed rates. As previously mentioned, flocs do not

continue to grow indefinitely during prolonged

shearing, but they attain an equilibrium size instead.

The variation of the flocs up rising velocity

according to the air to solids ratio is shown in the

Fig. 13.

Fig. 13 shows that best results are obtained with

an air/solids ratio greater than 0.025 mlmg�1.

Previous studies of flotation of colloidal iron flocs

showed removal of iron efficiencies higher than 80%

with an air/solids ratio of 0.5 (Shannon and Buisson,

1980). Results obtained in this work at lower air/

solids ratio may be explained in terms of the better

efficiency of collision, adhesion, entrainment and

entrapment of bubbles inside or onto the flocs, which

does not occur in a conventional process of

dissolved air flotation. According to Purchas

(1977), the values of the air/solids ratio are more
Fig. 13. Up rising rate of the flocs as a function of the air/solids

ratio. Conditions, [Mafloc 490 C]=5 mgl�1, FGR 2, pH 7.5F0.5.
related to the amount of air precipitated and not to

the quantity of air bubbles actually adhered to the

floating particles. Thus, the results obtained validate

the good function of the FGR as a bubble/particle

contactor, enabling the use of air/solids ratio values

much lower than those utilized in conventional

processes.

Comparative results obtained in this work revealed

that the separation rates of the aerated flocs are of the

order of six times higher than the flocs settling. The

floating rates of the aerated flocs (5–8 mm), reaching

values higher than 100 m h�1, result from the air

volume inside the floc structure plus the volume given

by the adhered bubbles at the floc/water interface.

Accordingly, calculations of the equivalent diameter

of bubbles which would give such a rising rates were

made and compared to the up rising (floating) flocs

formed in the FGR (Fig. 14).

Thus, the diameter of the equivalent bubbles

calculated by the Stokes equation for the up rising

rates of 67 to 112 m h�1 yielded air bubble sizing

between 185 and 240 Am. Because the microbubbles

injected were experimentally measured (Rodrigues

and Rubio, 2003) and sized between 30 and 70 Am,

the only explanation for this phenomenon is the

enhanced air volume inside the flocs. Moreover, these

values, when compared to conventional DAF are

much higher, meaning that using the FGR as bubbles-

flocs contactor may lead to a very high capacity

floater device. Some authors (Da Rosa, 2002; Haarh-

off and Edzwald, 2001; Rubio et al., 2002; Rubio,

2003) explain this phenomenon in terms of the

probability of the bubbles, occluded or entrapped, to

coalesce in the interior of the flocs.
Fig. 14. Equivalent diameter of bubbles as a function of the up

rising rate (values obtained with the aerated flocs).
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4. Conclusions

An innovative in-line flocculation bhelicalQ unit,

named flocs generator reactor (FGR), was developed

for the generation of polymeric (aerated and nona-

erated) flocs. The studies showed high efficiency for

the generation of Fe(OH)3 flocs with the employment

of a cationic high molecular weight polymer. The

polymer flocs obtained were well structured, big and

with fractal dimension of 2.98, characteristic of dense

flocs, with low porosity and spherical format. The

FGR may also be used as a floc-bubble contactor to

generate big aerated flocs (5–8 mm). The FGR appear

to have some advantages for formation of polymer

flocs, namely, a suitable flow mixing, absence of short

circuits or dead zones, plug flow profile, low area

required, absence of mobile parts, simple design and

low mechanical and electrical energy required. Finally,

the solid–liquid separation of the flocs by settling

reached about 18–24 m h�1 and more than 100 m h�1

for the aerated flocs. These are values higher than

those found in conventional sedimentation tanks or

DAF-dissolved air flotation units. It is believed that

the FGR appears to have a good potential as a

bflocculatorQ (or flotation) separator device in appli-

cations requiring high rate solid–liquid separations.
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