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Alternative Flotation Techniques for Wastewater Treatment:

Focus on Electroflotation

K. A. Matis and E. N. Peleka

Department of Chemistry, Section of Chemical Technology, Aristotle University,

Thessaloniki, Greece

During the last decades (dissolved-air) flotation has found several
applications in water and wastewater treatment. Flocculation is gen-
erally required in advance for a satisfactory separation and a mem-
brane process is often applied downstream. Examples from the
literature given in the present review include heavy metals, textile
dyes, food, paper industry, oily effluents, laundry wastewaters,
sludge etc. and are accompanied by typical laboratory results.
Among the used techniques, the process known as electroflotation
(or electrolytic flotation), which often incorporates electrocoagula-
tion, was particularly focused in this paper due to certain advan-
tages it offers; this process is certainly suitable for small-scale
applications.

Keywords effluents; electrocoagulation; electrodes; electroflota-
tion; industrial liquid wastes

INTRODUCTION

Although the froth flotation process was developed at
the turn of the previous century, it is still the best available
technology in mineral processing. As high-grade ore depos-
its are depleted, low grade, fine grained, and complex ores
have to be mined and processed. Beneficiation of these ores
requires, of course, fine grinding for liberation of valuable
minerals. Flotation techniques which produce small bub-
bles could enhance the separation of the minerals. It has
been shown that the bubble size plays an important role
in the flotation recovery of fine particles (1). Fine particles
float better with small bubbles. As the bubble size decreases
the probability of particle-bubble collision (and hence flo-
tation separation) increases. Electroflotation or (perhaps,
better) electrolytic flotation is an unconventional separ-
ation process owing its name to the bubbles generation
method it uses, i.e., electrolysis of the aqueous medium
(Scheme 1). Two electrochemical factors of practical
importance in flotation of minerals are the pulp potential
and galvanic interactions and may be this was the reason
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electroflotation was tried to pyrite. This technique was
compared with the other better established (2).

According to the specific technique used for the gener-
ation of the necessary, for flotation, bubbles; for flotation
two broad categories exist:

e dispersed-air flotation (or froth flotation, for
minerals), and
o dissolved-air flotation, being applied to water.

Electroflotation (denoted hereafter as EF) is usually
included in the first category. Generally, flotation requires
smaller tanks and produces better treated water quality,
compared to sedimentation.

The term micro-flotation was used by another scientist
for a similar technique to intensify separation of a pre-
viously flocculated emulsion (3). The water phase with resi-
dues of oil flocs was passed into a flow-type electrolyzer
with insoluble electrodes, where it was saturated with
microbubbles of electrolysis gases. The chemical reactions
taking place at the anode are given as follows.

For an iron anode, for example:

Fe — 2e — Fe*, ()
at alkaline conditions:
Fe’™ 4 20H™ — Fe(OH),, (2)
while at acidic conditions:
4Fe’" + 0, + 2H,0 — 4Fe*" + 40H ™. (3)
In addition, there is the oxygen evolution reaction:
2H,0 — 4e — O, + 4H™. 4)
The reaction at the cathode is:
2H,0 +2e¢ — H, +20H™. (5)

When there are chlorine ions (i.e., seawater), there are more
reactions taking place:
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effluent X
outlet

SCH. 1. Schematic representation of an electroflotation unit.

2C1" - 2e — Cl, (6)
Cl, + H,0 — HOCI + CI” + H' (7)
HOCI — OCI™ + H*. (8)

When an effluent is brought between two electrodes, of
which one is the positive anode and the other is the nega-
tive cathode, and electricity is supplied to the electrodes,
an electric field is built up between them through the use
of the suspension conductivity. Even without any other
addition of chemical reagents, a preliminary coagulation
occurs within the particulate matter of the effluent, which
results in the grouping of the negative and positive particles
together.

Furthermore, with the decomposition of water into its
constituents, free atomic oxygen is evoluted in the diffusion
layer of the anode. It is carried by convection into the
waste water and immediately combines with the present
organic and inorganic constituents, resulting in its oxi-
dation. In a similar manner, there is also a transformation
brought about by the electrically excited hydrogen, result-
ing in reduction of the contained constituents, as suggested
in other review papers (4). The principle of electrolyzing
sea water, i.e., using sea water in order to influence the con-
ductivity of the dispersion during electrolytic flotation, is
quite interesting. During electrolysis, alkalinity is created
at the cathode (i.e., if separated electrodes were used),
and phosphorus can be precipitated together with floccu-
lent magnesium hydroxide. It is noted that phosphate sup-
ply is a limiting factor in algae growth.

It is true that the technique of electroflotation largely
originated in the ex-USSR; as it was seen in a series of
papers (that were later translated), with the application
for instance of the clarification of grape liquor, and the
treatment of sewage waters and effluents from the electro-
chemical treatment of metals (5). Various designs of the flo-
tation cell were then proposed including the idea of
consumable anodes. The operation of other electrochemi-
cal processes accompanying EF and taking place simul-
taneously with the main process, namely electrodialysis,

electrophoresis, electrocoagulation etc. was presented by
Romanov during a summer school (6).

Work followed in various countries and specific patents
appeared at the patent in Reference (7). EF was effectively
used to separate chromate oxyanions, a toxic water pol-
lutant (8), also, the removal of metal ions from dilute aque-
ous solutions or effluents, such as in the examination of a
multi-component system consisting from ferrocyanides,
oxy-quinolates and hydroxides of metals by Nebera and
co-workers (9). It is known today that electroflotation
has certain advantages when it is compared with other flo-
tation techniques (10). Photographs of the EF constructed
cells were later presented (11).

The electrode system and mainly a dimensionally stable
oxygen evolution anode is the most important part and
thus, considered as the heart of an EF unit (12). A compact
electroflotation device, followed by a sand filter, was used
to remove Ni, Zn, Pb, Cu/CN in polluted groundwater
obtained from directly under a contaminated site (13).

If one has a search Wikipedia on the internet, one can
find the term ‘“water war” classified as a colloquial term
often used to describe an armed conflict motivated around
the use or possession of water resources within a state’s
boundary or between two or more states. Apart from water
scarcity, creating also desertification, there is a lot of water
that needs to be treated, for example in China, where
between 200-300 million people throughout the country-
side do not have access to a safe source of water (14).
People in developing countries get their water often from
rivers or wells with elevated concentrations of heavy
metals, such as arsenic, as in Bangladesh. Maybe the afore-
mentioned justify this manuscript effort. Further, a new
interest in the technique has recently been shown in the
literature.

RECENT WORK

Perhaps, a common application of flotation is to oil
effluents, due obviously to density reasons and here we
are talking about a large quantity of effluents. Many tech-
niques are available including a variety of filters, chemical
dosing, and reverse osmosis, gravity separation, ultra-
filtration, microfiltration, biological process, flotation,
membrane bioreactor, carbon adsorption, chemical coagu-
lation, electrocoagulation, electroflotation, etc., for the sep-
aration of oil-water emulsions. The advantages and
disadvantages of these processes were summarized (15)
and the latter method was tested in a batch cell with a
set of perforated aluminium electrodes.

Similar electrodes were used elsewhere (16). Wastewater
from dyeing and finishing processes in the textile manufac-
turing industry constitutes a substantial source of pol-
lution, which exhibits intense color, high chemical oxygen
demand, fluctuating pH, and suspended particles. Indeed,
the textile industry utilizes about 10,000 pigments or dyes,
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but most of them are substances toxic to human and
aquatic life; it was reported that up to 15% of the dyes used
are released into wastewaters.

As fats and proteins are partially hydrophobic they can
be easily separated by flotation rather than sedimentation,
so EF was tried with satisfactory results. The existing
technologies for tannery effluents were said to be inad-
equate to separate low-density colloidal size suspended
solids (17).

The production of clarified and stable apple juice is a
subject of interest for the beverages industries. The clarifi-
cation step which remained long discontinued implied the
addition of a large quantity of pectolytic enzyme and of
clarifying agents to the freshly pressed juice, to induce
the precipitation of proteins and other suspended matter;
fining treatments were followed by a separation step
usually consisting of decantation and classical filtration
on filter-press, or flotation by dispersed gas. The develop-
ment of membrane separation processes (to replace the tra-
ditional approach) has enabled the automation of the
whole production and in a considerably shorter time (18).
The use of gelatin in combination with EF was found to
aid the clarification process.

The coagulation—electroflotation process was used to
treat paper industry effluents which contain an important
rate of suspended solids (19). The methodology of experi-
mental research with an orthogonal central composite
design was adopted; the regression equations obtained
was optimized to find the best conditions of treatment in
batch mode. Tests of treatment in continuous mode were
then carried out successfully by determining the optimal
residence time of the effluents to be treated. Based on
hydrodynamics and purification efficacy in static mem-
brane flotation experiments, the integrated flotation unit
combining co-current membrane flotation and countercur-
rent electroflotation treatment was designed.

The most widely used methods, such as traditional
coagulation, flotation, adsorption, and chemical oxidation
or a combination of these were said to be insufficient for
laundry wastewater treatment (20). Because of the large
variability of the amount and composition of laundry was-
tewater (in Taiwan), developing a new treatment method
was necessary. The experimental results showed that the
removal efficiency was better, reaching to about 62% when
applying ultrasound to the electrocoagulation cell. The per-
formance of the monopolar connection of electrodes was
better than that of the bipolar connection in that work.

The aim of another paper was to develop an electro-
flotation/electrocoagulation cell to study the combined
process and the influence of some relevant parameters,
such as collector concentration, tension, and current den-
sity variation, on the removal of zinc from synthetic solu-
tions (21). The removal of heavy metals from dilute
aqueous solutions is often not acceptable using classical

methods, which do not achieve levels in accordance with
environmental quality standards.

Use of effective technologies for the treatment of waste-
waters containing heavy metals will allow creating water
recycling systems for the industrial facilities. That will help
to save wastewater discharge fees and freshwater supply
payments (22). That article presented a study of wastewater
treatment efficacy with flotation and membrane filtration
for copper cations removal. Since ceramic membranes were
used as air diffusers, this method of flotation treatment was
called membrane flotation; the reverse osmosis and nanofil-
tration techniques were studied too.

A Ti/Pt-IrO; electrode, as anode, was tested for anaer-
obic digestion effluents (23). The anaerobic digested efflu-
ents typically contain high amounts of ammonia,
phosphate, total suspended solids, and persistent organic
substrate; they have been used as fertilizers for recycling
nutrients in agricultural fields, but their excessive appli-
cation is the probable cause of nitrogen pollution in farm-
ing areas.

Leachate has a complex structure and high pollutant
load, and its treatment is quite hard to supply the discharge
standards. Therefore, many pretreatment and combined
treatment methods have been proven to treat leachate
(24). In this paper, treatment of leachate by electrocoagula-
tion was investigated in a batch process. Moreover, process
economy is as important as removal efficiencies during the
process evaluation task; various direct and indirect cost
items including electrical, sacrificial electrodes, labor,
sludge handling, maintenance, and depreciation costs have
been considered in the calculation of the total cost (25).

A 20 L external-loop airlift reactor was used as an elec-
trochemical cell in order to carry out water depollution
using batch electrocoagulation without mechanical agi-
tation, pumping requirements, or air injection (26). Mixing
and complete flotation of the pollutants were achieved using
only the overall liquid recirculation induced by H, micro-
bubbles generated by water electrolysis. A red dye from
the Moroccan textile industry was used in a case study to
validate this innovative application of these reactors.

The combined electrocoagulation and electroflotation
process was shown to remove fluoride from drinking water
effectively; the energy consumption was also discussed (27).
Long-term consumption of water containing excessive
amounts of fluoride has detrimental effects on the human
body. Adsorption is effective in defluoridation, but its
operation was argued to be complex. The membrane pro-
cesses also are known to be effective means for defluorida-
tion; nevertheless, a common problem is their poor
selectivity. They are suitable for treatment of brackish
water containing high content of fluoride, which needs
both defluoridation and desalination simultaneously.

The conventional technology for treating wastewater
from industrial Cu production, which consists of lime
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neutralization/FeCl; coagulation and flocculation, does
not satisfy the requirements for direct wastewater dis-
charge. The residual selenium concentration, the large
sludge quantities generated as well as the expense of
reagents were just some of the shortcomings of this tech-
nology. To combat these problems, a new hybrid process
combining electrocoagulation and microfiltration was
drawn up and verified in experiments (28).

The two main bubble generation techniques were exam-
ined and compared in a review (29). Dissolved-air flotation,
which is the established technique in water treatment, is
quite different as shown from the dispersed-air flotation
one; the bubbles size produced during EF was also com-
mented upon. Muller (30) stated that for the 21st century
electroflotation would be among the key electrochemically
based technologies.

TYPICAL RESULTS

The flotation cell used in the bulk of this reported work
consisted of a vertical Perspex tube (150 mm diameter and
1 m effective height). Sample points were fitted at intervals
up the column and various electrode configurations could
be mounted on its flanged base. The eclectrodes used for
batch operation of the column comprised two horizontal,
circular stainless steel discs equal to the column diameter.
The lower electrode, the cathode, was made of sheet steel
and the anode, mounted above and parallel to it, was per-
forated to allow the upward passage of gas bubbles from
the cathode (10).

The rig (see also Scheme 2) could be simply modified for
continuous operation by the provision of an external
pumped circuit feeding the test effluent to a point near
the electrodes, designed in such a way to minimise entry
turbulence in the cell. A constant head tank was added in
the arrangement for the introduction of the feed. An over-
flow weir at the top of the column collected the thickened
solids and the treated liquid effluent could be withdrawn
continuously from a point just below the weir. A minimum
suspended solids removal of 90% was obtained, with a flow
rate of Scm®s'. Modifications/alterations of the above
arrangement will be briefly described in the following.

The experimental programme, carried out (during the
seventies) in the then Chemical Engineering Department
of the University of Newcastle upon Tyne, U.K., investi-
gated some of the key parameters of electrofiotation. The
choice of electrolyte to render the solution conducting was
made by considering the results obtained from runs car-
ried out with an initial paint concentration of
1,000mgL~" at a current density of 100Am > As a
result, 0.1% sodium chloride was added to the paint efflu-
ent used in subsequent work, which proceeded to investi-
gate the effect of current density and initial paint
concentration on the flotation performance. Samples were
withdrawn as a function of time throughout the runs and

SCH. 2. Photograph of the EF laboratory rig (at Merz court); at the
right, in front of the feed tank is the transformer/rectifier used with the
bipolar electrodes.

at the end of each experiment the paint had separated at
the top of the column into a well-defined layer. This
floated layer was very stable and showed no tendency to
remix with the clear solution below when the current
was switched off. The thickness of the layer (between
25-50 mm) depended upon the current density employed,
the greater thickness corresponding to higher current den-
sities at the electrodes.

Analysis using a Unicam spectrophotometer with a
10mm glass cell and a wavelength of 430 um was found
to be convenient and reproducible; the small samples neces-
sary could be withdrawn from the column with the mini-
mum of disturbance.

Another laboratory-prepared sample, which was an
emulsified oil-water dispersion, has been tested. A machine
cooling oil (Revol oil) was used. The oil contained an emul-
sifier, and when it was diluted in water, it gave a very stable
white emulsion. In this way, the effectiveness of the electro-
lytic flotation as a liquid/liquid separation method, and
mainly its applicability on emulsions was examined. In this
case, much lower initial concentrations were suitable (on
the order of 100mg L") for satisfactory flotation removal.
The chemical analysis was by the spectrophotometer at
225 mp wavelength (and silica cells) for the chromophoric
groups of the hydrocarbons.

Batch flotation tests were used to obtain data to evalu-
ate a continuous flow electroflotation unit, to foresee the
way it should work and predict the expected result. The
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basic information desired from the batch tests included
answers to questions including the following (10a):

. Will the material being considered float?

. How rapidly will it float?

. What kind of electrodes does it need?

. What degree of effluent clarification can be expected?

. What will be the rate of flotation?

. How do changes in current density and feed concen-
tration influence these answers?

AN DN AW~

The answers to these questions are important when one
is considering the design of a flotation equipment for a
particular application. Attention should be paid on the
possible sensitivity of the process with respect to each
application.

Before a viable electroflotation process could be
developed it is necessary to find electrode materials of
adequate mechanical and electrical properties with an
extended lifetime. The basic requirement for the electrodes
is to evolve very fine bubbles by electrolysis of the influent
fluid. To accomplish this in practice a number of criteria
must be satisfied:

1. no electrode corrosion,

2. avoidance of scaling,

3. capability of operating perhaps at high current densi-
ties, and

4. should not produce objectionable gaseous products.

Typical batch results are shown in Fig. 1, where three
different current densities were examined. Flotation reten-
tion time was found to decrease by increasing current den-
sity or decreasing the initial paint concentration. It is worth
noting here that the higher current densities, although they
lead to higher achievable removal rates, simultaneously
introduce increased operating costs, so it becomes a matter
of best optimization.

—w— 100 Am™
—A—200 Am™
—m—300 Am™

N

o

o

o
|

15004

10004

500+

colour concentration [mg L]

0

0 10 20 30 40 50 60 70
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FIG. 1. The effect of current density in EF of a paint emulsion solution.
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FIG. 2. Variation of flotation rate during a batchwise run.

The families of curves obtained when plotting the flo-
tation rate exhibited an increasing rate of solids removal
until about 80% has been removed when the rate falls
(Fig. 2); the higher the current density, the greater was
the rate of removal. It was observed that the flotation rate
reached a maximum, which increased with higher feed con-
centrations (10b). A constant maximum rate of solids
removal was reached at any given current density.

The effect of the initial pH value on electrolytic flotation
is quite critical, as in any other flotation technique. The
final (treated) paint concentrations of the effluent and the
relative retention times have been found to depend strongly
on the pH, correlating well with the corresponding values
(10a). In this system, flotation removal rates were very high
within a narrow pH range and very low outside it. For
instance, it was high in a too alkaline solution, with the
addition of KOH electrolyte (Fig. 3); in the latter figure,
other results were plotted for comparison.

< 1000+ —m— 5.5% seawater
- —0—200V
o —A—120V
£, 800 —v—KOH
c
el
*§ 600+
c
8 400-
c
Q
O
200+
e
o 0 v,
0 10 20 30 40 5 60 70

time [min]

FIG. 3. The addition of electrolytes or the use of bipolar electrodes, at
different electrical potential difference.
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Increasing the conductivity of the effluent by salt
addition decreased the necessary voltage (hence, the power
input). Thus power savings, due to increased conductivity,
could easily cover the purchasing price of sodium chloride
for the 0.1% addition (4a). When increasing the conduc-
tivity, attention should be paid to anode corrosion, mainly
by the chloride ion.

The running cost of EF is largely a function of the con-
ductivity of the effluent. Of course, there is the possibility
of using sea water in combination with the effluent for
water or wastewater treatment plants that are located near
the coast. The data, for example, from experiments with
0.1% NaCl gave a voltage of around 22V for an interelec-
trode gap of 2.54 cm; for a gap of 0.32 c¢cm, a voltage of only
2.8V was found to be sufficient. The use of a supporting
electrolyte is often seen in the literature, too (31). For
example, the application of sodium sulphate in this case.

A bipolar arrangement is characterized by the fact that
only the terminal electrodes are connected to the source
of electric current, while the rest of the electrodes conduct
each other through the solution conductivity (10a); some
experimental results with this set (at two different voltages)
were also presented in Fig. 3. Increasing the power input,
the retention time was decreased. It can be seen, however,
that the voltage was rather high, although the design could
be improved from the initial quite random one, by deter-
mining the optimum plate thickness and their spacing.

The two electrodes of the horizontal set, usually applied
in EF, could also be separated by a cation exchange mem-
brane, as only one of the previously mentioned gases is
usually necessary (10a). In the lower part/separated elec-
trode an electrolyte was circulated to remove the created
gas and in the meantime increase the conductivity. The
same idea was applied for mineral processing (32); a modi-
fied Hallimond tube was used as the bench EF cell.

It was noticed that only one gas (hydrogen) activated
the process, when the emulsified oil/water emulsion was
studied, while the other acted as a depressor or merely con-
tributed in the transfer of the coagulated matter to the flo-
tation cell surface (Fig. 4). In the meantime, when the
separation between the gases was applied, an electricity
savings was noticed at laboratory scale. These advances
could be achieved on an industrial scale by changing the
surface area of the working electrodes, i.e., using electrodes
having the shapes of a plate and a rod.

In general, the electric field gradient between the electro-
des aids in the flocculation of suspended solids. Further-
more, when an electric current is applied to a dispersion,
the oxidation-reduction potential changes depending on
the type of electrode treatment. Also, nascent hydrogen
and oxygen are highly active and as they attack the solid sur-
faces, a change in the flotation characteristics of these can be
realized. Any one or more of these effects could be operated
during EF. These have been described by the general term

100 R

N
o
1

oil concentration [mg L'1]

0 20 40 60 80 100 120 140
retention time [min]

FIG. 4. Separating the electrodes, with a membrane (at different current
density): testing with an oil-water emulsion.

electrochemical effect of the process, which is not found in
other flotation techniques (33ii). Nevertheless, there should
exist a certain differentiation between the previously men-
tioned electrochemical effects and the application of gas
bubbles as the transport medium in the flotation process.
The use of flotation cells with consumable anodes is also of
interest, since their slow dissolution provides a continuing
injection of metal hydrolyzable cations into the system
[usually Fe(lll) or AI(IIT)], which then subsequently aids floc-
culation. More or less, the two processes of electrocoagula-
tion and electroflotation are taking place simultaneously.
The effective EF results obtained have been attributed,
among others, to the generation of uniform and tiny bub-
bles. It is known that the separation efficiency of a flotation
process depends strongly on the size of the bubbles. This is
because smaller bubbles provide larger surface area for
particle attachment. A new method was developed to mea-
sure the bubble size distribution, in dissolved-air and
induced air flotation, based on the bubbles’ capture (with-
out movement) combining microscopy with digital image
processing procedures (34). The influence of increasing
the saturator pressure (in dissolved-air flotation) on mean
bubble size has been a subject of argument in the literature.
Average sizes of as small as 5 pm and as large as 200 um
were reported in different papers dealing with electroflota-
tion (35a). Surprisingly in our case, the bubble size
decreased with increased current densities, and at the same
time the number of bubbles increased; a direct measure-
ment method was used here. EF bubbles (both hydrogen
and oxygen) had a mean diameter of around 50 um. The
data obtained were plotted on normal probability paper,
in good agreement with the Gaussian distribution (33i).

DISCUSSION - PROCESS DEVELOPMENT
The knowledge of the rate at which suspended matter
will be separated and floated in a flotation unit is very
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FIG. 5. Batch experiments at a different tank height but also in a pilot
plant.

important. Also, an operator should be able to identify the
main variables that control this removal rate (4a). The
understanding of the process can lead to a substantial
improvement in the EF design. A macroscopic approach
was followed in the kinetics study. This usually consists
of the analysis of suspended matter concentrations as a
function of time. It is pointed out, as shown, that the con-
ditions governing the entire period of the batch process
were not constant. Figures presenting results of the kinetics
study are usually given in a semilogarithmic plot (as Figs. 4
and 5).

It was observed that for most of the experimental time,
except perhaps the initial period, the first-order equation,
as known from chemical reaction kinetics, could satisfac-
torily describe the process,

In(C/Co) = —kt, 9)

where k denotes the flotation rate coefficient, C is the
concentration at time t=t, and C, at time t=0.

Flotation kinetics were previously discussed (36). In
batch tests the ratio dC/dt is a measure of the flotation rate
and will be equal to the rate of clarification (in effluent
treatment) if the amount of removed constituents (sus-
pended solids or oil) that returns to the solution from the
floated layer is negligible. In mineral processing attention
was, however paid to the fact that flotation is applied
mostly as a selective separation process and that only cer-
tain mineral particles (either useful or gangue) have to be
transferred towards the slurry surface.

If the same equation is applied to continuous flow
experiments, where at the steady state dC/dt =0, the afore-
mentioned equation, as it stands and is used in the figures,
breaks down. Batchwise tests can be used to gain prelimi-
nary information on the flotation characteristics of a sys-
tem, while continuous flow experiments may give the

final design data. For instance, studying the performance
of (dissolved-air) flotation thickeners for waste activated
sludge, the negative effects which occurred at laboratory-
scale were not found in full-scale experiments which
resulted in bubble sizes of 45-60 um (37).

Another observation is that a deviation was apparent at
the start of batch EF experiments, where a retardation
appeared. Nevertheless, this fact was expected to be over-
come during continuous flow. This period, which was
explained as the time needed for destabilization of the
treated dispersion, was affected by the current density
and the added chemical or other flocculent concentrations.
As it was shown rather clearly, the application of a com-
mon cationic polyelectrolyte reduced the necessary reten-
tion time, producing also cleaner effluent; these
experiments took place at a larger scale (4a). The scale-up
was on the order 1:21.8, where the relative calculations
were based on the different tank surfaces; a horizontal set
of electrodes was used with platinum expanded mesh as
anode and stainless steel 304 sheet as cathode. In the larger
scale the same kinetic pattern was followed, although with
increased retention times.

The principles of scale-up in chemical technology are
generally rather well established. This knowledge would
not only benefit operation and prediction, but also electro-
flotation plant design, placing it on a more concrete basis,
and thus reducing the excessive reliance on costly trial-and-
error development of new and improved units. Experi-
ments also were carried out at varying tank depth (height).
In Fig. 5 some of the results for oil/water emulsion treat-
ment are presented, using EF.

The flotation rate was calculated from the respective
chemical kinetics equation as a function of retention time,
enabling the flotation rate to be presented in figures or used
in calculations. A constant maximum rate of solid removal
was reached at any given current density (10b). There was,
however, a limited concentration of the dispersion system
to be treated in the flotation cell, above which the unit
was not actually in operation, i.e., the generated bubbles
were only helping to mix the liquid.

An investigation of hydrodynamics was also underta-
ken, as the efficiency is expected to be a function of the resi-
dence time distribution (35b). The stimulus-response
technique was used in this experimentation. The tracer
input signal was an electrolyte and had the form of a step
function. Assuming that the flow regime was composed of
various flow types, a theoretical multiparameter model,
known from Levenspiel (and Chemical Reaction Engineer-
ing), was applied, and the experimental data of EF were fit-
ted accordingly; the age distribution function, I, was used
as given by:

A AV, VO
=G5 (075w
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where Q) is the flowrate of the dispersion (effluent) passing
through the tank, Q is the total volumetric flowrate of the
feed, V is the total volume of the flotation cell, Vg is the
backmix flow volume, V,, is the plug flow volume, and 0
is the dimensionless time, i.e., the time divided by the mean
residence time (T =V / Q) of the effluent in the vessel; the
above equation can then be rearranged.

A flotation unit is fundamentally a form of reaction ves-
sel, with a separation occurring instead of a chemical reac-
tion. Consequently, a detailed knowledge of the flow
characteristics involved in a particular tank may be
expected to comprise an important feature of its design.
The advantages of different operation modes in continuous
flow have also been discussed; it was found that the plug
flow region was about the same for both operation modes,
countercurrent and co-current, in relation to the bubbles
rise. It was arranged by varying the inlet port of the feed
near the top of the tank or at the bottom near the electro-
des, respectively. As might be expected, differences were
noticed in the mixed flow and dead-water regions, while
no bypass was found. In the countercurrent flow, there
was more backmix flow (~87.7%), while in the co-current
operation, a stagnant region appeared (~6.7%) (4a).

A simple equation was subsequently used to describe the
process in continuous operation, based also on the assump-
tion of a first-order kinetics equation. Under steady-state
conditions, a mass balance was computed around the EF
vessel:

r:Qinci_(Qoutczklcv (11)

where r is the overall flotation rate, Q is the volumetric
flowrate, C; and C are the inlet and exit concentrations,
respectively, and k; is the flotation rate constant; the latter
is really a complex function of various parameters, e.g., the
particle and bubble size, the particle characteristics, the
concentration of collector, if applied, etc. This equation,
which was suitably rearranged, gave promising results in
comparison with the experimental data (35b).

The inherent assumption in the mass balance equation
was that the concentration was independent of the dis-
tance, a principle that holds for a perfectly mixed vessel.
A regression analysis of these equations for the two differ-
ent dispersion applications gave significant results. There-
fore, within the range investigated, these assumptions
were quite well justified. The significance of this work is
that the effluent concentration from the electroflotation
unit could be foreseen with reasonable approximation as
a function of the feed concentration entering the unit, if
the other operating parameters (i.e., flow rate, current den-
sity) are kept stable. Finally, if the outlet concentration is
expressed or known (for instance, the limit imposed by
the Water Control Authorities), it is then possible for the
optimum flow rate to be predicted by calculation.

The same analysis was applied to the results on thicken-
ing of activated sludge by Yongacoglou (in her 1974
report), with certain necessary assumptions (see Fig. 6).
The nearest current density was taken from the corre-
sponding batch tests for the calculation of k;. Another
assumption referred to the mean holding time, calculated
as the ratio of sludge height over the overflow rate, and
also, as before, the gas flow rate used for flotation (which
is surely much smaller than the effluent throughput) will
carry the particulate matter over the weir and no liquid will
be lost. Although there were some apparent discrepancies
in the relation, the positive conclusion was that always
the calculated exit concentrations were greater than the
respective experimental ones. Therefore, the applied model
represented a simple and reasonable tool in electroflotation
treatment.

An economic comparison was given (in the form of a
table) with the relative costs of EF vs. dispersed-air flo-
tation for the same laboratory application (4a). A compari-
son of running expenses between flotation systems by
Gardner (38) showed that electroflotation requires signifi-
cantly less power on units of 5m? area or less, i.e., units
able to accept flows in the range up to 13.9m’>ks™'. The
advantage decreases with an increase in the size of the cell.

Elsewhere (39), in another comparison, EF clearly
showed advantages over either dissolved-air flotation, set-
tling or (the so-called) impeller flotation. Observations as
far as the surface load of flotation cells is concerned were
reported for the separation of activated sludge during con-
tinuous flow experiments (40). Comparing them with the
dissolved-air flotation results, it was clear that the labora-
tory scale electroflotation procedure was very satisfactory,
offering a growing field of applications. Furthermore, a
re-evaluation between the efficiency and the relevant cost
was proposed.
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FIG. 6. The mass balance model for EF continuous flow of sludge thick-

ening: experimental vs. calculated effluent concentrations (Yongacoglou’s
results).
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In conclusion electroflotation offers certain advantages

over other flotation techniques of bubble generation
(dispersed-air or dissolved-air). Among others, the follow-
ing points are perhaps the most important.

1.

The electrode grids can be arranged to provide good
coverage of the whole surface area of the flotation tank,
avoiding any bypass.

. The electric field gradient between electrodes aids floc-

culation and flotation, even without the presence of
any surfactant.

. Gas production (evolution), flotation time, and the

other operating conditions can be checked quickly and
are relatively easily controlled.

. The equipment is reliable and safe in operation.
. Tonic strength of the effluent solution (slurry) to be

treated is not a crucial parameter, as in the other flo-
tation techniques.

. By-product recovery is a potentially profitable aspect of

electroflotation treatment, so proteins, fats, oil, organ-
ics, but also toxic or valuable metals could be recovered
from waste streams, especially when no other chemical
reagents (like surfactants) are added to help the pol-
lutant separation.

A new interest on the technique has been recently shown

in the literature, with preliminary work presented in some
of them. Perhaps with the progress in electrochemistry in
the last few decades, including suitable electrode materials
and hence possibly in designing a more suitable EF cell, the
process and the aforementioned results can be looked at
again from a new and better position.
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