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Preface

The past 30 years have seen the emergence of a growing desire worldwide that positive
actions be taken to restore and protect the environment from the degrading effects of all forms
of pollution — air, water, soil, and noise. Since pollution is a direct or indirect consequence of
waste, the seemingly idealistic demand for “zero discharge” can be construed as an unrealis-
tic demand for zero waste. However, as long as waste continues to exist, we can only attempt
to abate the subsequent pollution by converting it to a less noxious form. Three major
questions usually arise when a particular type of pollution has been identified: (1) How
serious is the pollution? (2) Is the technology to abate it available? and (3) Do the costs of
abatement justify the degree of abatement achieved? This book is one of the volumes of the
Handbook of Environmental Engineering series. The principal intention of this series is to
help readers formulate answers to the last two questions above.

The traditional approach of applying tried-and-true solutions to specific pollution pro-
blems has been a major contributing factor to the success of environmental engineering and
has accounted in large measure for the establishment of a “methodology of pollution control.”
However, the realization of the ever-increasing complexity and interrelated nature of current
environmental problems renders it imperative that intelligent planning of pollution abatement
systems be undertaken. Prerequisite to such planning is an understanding of the performance,
potential, and limitations of the various methods of pollution abatement available for
environmental scientists and engineers. In this series of handbooks, we will review at a
tutorial level a broad spectrum of engineering systems (processes, operations, and methods)
currently being utilized, or of potential utility, for pollution abatement. We believe that the
unified interdisciplinary approach presented in these handbooks is a logical step in the
evolution of environmental engineering.

Treatment of the various engineering systems presented will show how an engineering
formulation of the subject flows naturally from the fundamental principles and theories of
chemistry, microbiology, physics, and mathematics. This emphasis on fundamental science
recognizes that engineering practice has, in recent years, become more firmly based on
scientific principles rather than on its earlier dependency on empirical accumulation of
facts. It is not intended, though, to neglect empiricism where such data lead quickly to the
most economic design; certain engineering systems are not readily amenable to fundamental
scientific analysis, and in these instances we have resorted to less science in favor of more art
and empiricism.

Since an environmental engineer must understand science within the context of applica-
tion, we first present the development of the scientific basis of a particular subject, followed
by the exposition of pertinent design concepts and operations, and detailed explanations of
their applications to environmental quality control or remediation. Throughout the series,
methods of practical design and calculation are illustrated by numerical examples. These
examples clearly demonstrate how organized, analytical reasoning leads to the most direct
and clear solutions. Wherever possible, pertinent cost data have been provided.
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viii Preface

Our treatment of pollution-abatement engineering is offered in the belief that the trained
engineer should more firmly understand fundamental principles, be more aware of the
similarities and/or differences among many of the engineering systems, and exhibit greater
flexibility and originality in the definition and innovative solution of environmental pollution
problems. In short, the environmental engineer should by conviction and practice be more
readily adaptable to change and progress.

Coverage of the unusually broad field of environmental engineering has demanded an
expertise that could only be provided through multiple authorships. Each author (or group of
authors) was permitted to employ, within reasonable limits, the customary personal style in
organizing and presenting a particular subject area; consequently, it has been difficult to treat
all subject material in a homogeneous manner. Moreover, owing to limitations of space, some
of the favored topics of the authors could not be treated in great detail, and many less
important topics had to be merely mentioned or commented on briefly. All authors have
provided an excellent list of references at the end of each chapter for the benefit of the
interested readers. As each chapter is meant to be self-contained, some mild repetition among
the various texts was unavoidable. In each case, all omissions or repetitions are the respon-
sibilities of the editors and not the individual authors. With the current trend toward
metrication, the question of using a consistent system of units has been a problem. Wherever
possible, the authors have used the British system (FPS) along with the metric equivalent
(MKS, CGS, or SIU) or vice versa. The editors sincerely hope that this redundancy of the
usage of units will prove to be useful rather than being disruptive to the readers.

The goals of the Handbook of Environmental Engineering series are: (1) to cover entire
environmental fields, including air and noise pollution control, solid waste processing and
resource recovery, physicochemical treatment processes, biological treatment processes,
biosolids management, water resources, natural control processes, radioactive waste disposal,
and thermal pollution control; and (2) to employ a multimedia approach to environmental
pollution control since air, water, soil, and energy are all interrelated.

This book, Vol. 12, Flotation Technology, has been designed to serve as a basic flotation
textbook as well as a comprehensive reference book. We hope and expect it will prove of
equal high value to advanced undergraduate and graduate students, to designers of water and
wastewater treatment systems, and to scientists and researchers. The editors welcome com-
ments from readers in all of these categories. It is our hope that the book will not only provide
information on flotation technology, but will also serve as a basis for advanced study or
specialized investigation of the theory and practice of various flotation systems.

This book covers topics on principles of air flotation technology, gas dissolution, release
and bubble formation, separation of oil from wastewater, fundamentals of wastewater
flotation, electroflotation, electrocoagulation—flotation, treatment of paper mill whitewater,
recycling and recovery of raw materials, ozone—oxygen oxidation flotation, wastewater
renovation by flotation, flotation—filtration system for wastewater reuse, algae removal by
flotation, completely closed water systems in paper mills, lake restoration using DAF, Jiminy
Peak, Hancock-Massachusetts wastewater treatment plant, Pittsfield-Massachusetts water
treatment system, pretreatment of meat processing waste, treatment of seafood processing
wastewater, and laboratory simulation of air flotation processes.
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Abstract Air flotation, in all its variations, is an efficient way to separate light particulates
and oils from wastewater. Particulates that adhere to an air bubble, either by adsorption or
absorption, can be floated from the liquid phase. Polymers may be added to improve the
attachment of the particle to the bubble. Agglomerization of colloids into floc particles with
the aid of chemicals will aid in their removal. Some soluble materials can be precipitated with
chemicals, allowing their removal. If the wastewater is chemically pretreated to break the oil
emulsion, air flotation units are capable of removing most of the emulsified oil in addition to
the free oil. This chapter covers the theory and practice of air flotation and the various
flotation processes including electroflotation, dissolved air flotation (DAF), induced air
flotation (IAF), and nozzle air flotation (NAF).
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1. INTRODUCTION

Today, municipalities as well as industries must treat their wastewaters to comply with
limits imposed by the U.S. Environmental Protection Agency (USEPA) before discharge into
any waterway. These limits are designed to protect public health, prevent the spread of
waterborne diseases, maintain stream and lake water quality, and even assure aesthetics. The
standards represent a level of control achievable by the Best Available Technology (BAT) for
removal of pollutants (1). In addition, industries must comply with sewer regulations that limit
the concentration of pollutants such as oils and heavy metals that may be discharged to them.
Numerous air flotation system adaptations are available to achieve adequate wastewater
treatment. These are described in this chapter.

If a facility discharges wastewater or stormwater to the land surface or to waters of the
state, this discharge may be subject to federal, state, or local regulations governing surface
water quality. Additionally, if the facility discharges directly to an aquifer, to the land surface,
or to the vadose zone in such a manner that the pollutant will reach an aquifer, then the state’s
aquifer protection permit regulations may also apply.

Air flotation has been used for many years in the beneficiation of ores. Its first application
in the wastewater-treatment field was in the flotation of suspended solids (SS), fibers, and
other low-density solids (2, 3). Flotation also is used for the thickening of activated sludge (4)
and flocculated chemical sludges. More recently, air flotation has been applied to the removal
of oils and greases from wastewater because it is a practical, reliable, and efficient treatment
process (5-8).

Air flotation is widely used to treat wastes from a wide variety of sources: paper making,
refineries, ship’s bilge and ballast waste, deinking operations, metal plating, meat processing,
laundries, iron and steel plants, soap manufacturing, chemical processing and manufacturing
plants, barrel and drum cleaning, washrack and equipment maintenance, glass plants, soy-
bean processing, mill waste, and aluminum forming.

The process of flotation consists of four basic steps (9, 10):

1. Bubble generation in the wastewater

2. Contact between the gas bubble and the particle or oil droplet suspended in the water

3. Attachment of the particle or oil droplet to the gas bubble

4. Rise of the air/solids combination to the surface where the floated material are skimmed off

Flotation utilizes the differential density between the bubbles to which the small solid
particles and oil droplets become attached, and the water, to effect separation. Since the
agglomerates have a lower density than the medium in which they are immersed, they rise to
the surface where they are removed.

There are essentially five different types of flotation systems, their classification being
based on the method of bubble formation:

1. Dissolved air. The gas is released from a supersaturated solution as a result of the reduction of
pressure (11-14).

2. Induced (dispersed) air. The gas and liquid are mechanically mixed to induce bubble formation in
the liquid (15, 16).
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3. Froth. The gas is directly injected into the fluid by means of a sparger (17, 18).
4. Electrolytic. The bubbles are generated by electrolysis of the water (19-22).
5. Vacuum. The air is released from a saturated solution by a negative pressure (23).

Only the first four are utilized industrially to any extent for wastewater treatment.

The two major commercial types of gas flotation systems currently used industrially are (1)
dispersed or induced gas (normally air) flotation (IAF) in which air bubbles are introduced
into the waste stream mechanically using high-speed impellers, or by a venturi nozzle, in
which bubbles are formed at the throat of the nozzle, and (2) dissolved gas (air) flotation
(DAF) in which air is dissolved in the wastewater under pressure and comes out of solution
when the pressure is released. As a result of this pressurization—depressurization, very small
gas bubbles are formed and rise to the surface with oil and SS attached.

Froth flotation is not commercially utilized because high concentrations of surfactants are
needed to enhance the separation. It is also very difficult to separate the surfactant from the
water.

The older process of vacuum flotation is described by Rohlich (23) in the following step-
wise manner:

1. Preaeration to saturate the wastewater at atmospheric pressure
2. Release of large bubbles
3. Application of vacuum to the wastewater

Depending on the vacuum applied, the air bubbles have sizes approximating those in DAF
systems; however, the desorption process may require more energy than conventional DAF.

Even within a plant, industrial wastewaters fluctuate in quality and quantity with time
depending on the process and production cycle. Most water treatment processes are sensitive
to changes in flow rate, contaminant concentration, pH, and temperature. The fluctuations in
these parameters can be reduced by equalization (24), which may be the single most
important pretreatment feature in a wastewater-treatment facility (25).

Adams et al. (26) have demonstrated the need for smoothing out the variations in flow and
concentration as well as the need for removal of free oil. Installing an equalization tank
reduced fluctuations in loading and allowed operation at a constant polymer dosage.

2. THEORY OF FLOTATION

Separation of particles by flotation adheres to the same laws as sedimentation but in a
“reverse field of force.” The governing equation in air flotation separation, as in all gravity-
controlled processes, is Stoke’s Law (at least in laminar flow), which is used to compute the
rise rate of bubble flocs, agglomerates, and bubble-oil aggregation (2, 11):

_ gDz(pa B po)

Vi
t ISM I

ey

where V, is the terminal rise velocity of the agglomerate, cm/s; g is the gravitational constant,
980 cm/s*; D is the effective diameter of the agglomerate, cm; p, is the density of the
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Fig. 1.1. Mechanisms of bubble/droplet formation and adhesion in dissolved air flotation.

agglomerate, g/cm?; p,, is the density of the aqueous phase, g/cm’; and 1 is the viscosity of the
aqueous phase, cp.

The key to an increase in rise rate of bubble/solid or bubble/oil agglomerates over the rise
in unaerated systems is a reduction in the effective density of the oil (or solid) particle (or
agglomerate) that is accomplished by the attachment or encapsulation of an air bubble onto or
into flocs, bubbles, or solid particles (Fig. 1.1). The process follows these steps (11):

1. Introduction of gas bubbles into the wastewater
2. Collision between the gas bubble and suspended matter (suspended particulates as well as oil
droplets)
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Attachment of fine bubbles to the surface of the suspended matter

Collision between gas-attached suspended particles with the formation of agglomerates
Entrapment of more gas bubbles in the agglomerates

Upward rise of floc structures in a sweeping action, which is termed “sweep flocculation”

Sk W

Key design variables in the system controlling efficiency of removal are (2, 9, 11, 27) as
follows:

Gas input rate and volume of gas entrained per unit volume of liquid
Bubble-size distribution and degree of dispersion
Surface properties of the suspended matter
Hydraulic design of the flotation chamber
Concentration and type of dissolved materials
Concentration and type of suspended matter and oils
Chemicals added

Temperature

Residence time

Recycle ratio

pH

meYXNIAN R W =

—_

However, there is still much that is unknown about parameters and rate-controlling mechan-
isms (28). Roberts et al. (29) concluded that the performance of DAF systems (in the
concentration of suspended solids) cannot be reliably predicted from conventional design
parameters based on hydraulic loadings, solids loadings, and amount of air available. It is
recommended to test the actual wastewater to be treated on a pilot-scale before embarking on
the design of a full-scale DAF unit (2, 9, 11).

2.1. Gas Solubility

The key to DAF is the dissolution of air (or other suitable gas) under pressure and the
reduction of this pressure to form bubbles. The amount of gas going into solution generally
obeys Henry’s Law:

p = kC, 2

where p is the partial pressure of the gas, C is the concentration of the gas dissolved in the
solution, and k is the Henry’s Law constant.

Thus, the amount of gas dissolved in solution and consequently the amount of gas released
upon reduction of the pressure are both direct functions of the initial air pressure.

The solubility of gases is also a function of temperature and dissolved solids concentration
(Tables 1.1 and 1.2). The solubility of air in distilled water, for example, is reduced 45% as
the temperature is raised from O to 30°C. Also, the solubility of oxygen decreases 19% as its
salinity increases from 0 to 20,000 mg/L. Following pressurization, the water proceeds from
the saturator, through the pressure-reducing valve, into the flotation basin; there the bubbles
will first nucleate on any available low-energy sites on solid particles. If no sites are available,
bubbles will nucleate homogeneously in the liquid phase (29). The bubbles will then grow
until their growth is diffusion limited (30).
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Table 1.1
Volume and weight of air dissolved in water per 1,000 gal at 30 psi
AT 30 psig: Sglf &7
Temperature Sg at 1 atm f=100% f=90% f=280% f=70% f=60%
°C °F Ib FF b f£ b f£ b f b £ b f
0 32 0311 386 095 11.7 085 10.6 0.76 9.5 0.66 8.2 0.57 7.1
10 50 0245 3.15 075 96 067 86 0.60 7.7 052 6.7 045 5.8
20 68 0203 270 061 82 056 74 050 6.6 043 58 037 49
30 86 0.175 240 053 73 048 66 043 59 037 51 032 44
40 104 0.155 220 047 67 043 6.0 038 54 033 47 028 40
50 122 0.142 209 043 64 039 57 035 51 030 45 026 3.8
60 140 0.133 201 040 6.1 036 6.6 032 49 028 43 024 3.7
70 158 0.128 2.00 039 6.1 035 55 031 49 027 43 023 3.7
80 176 0.125 201 038 61 034 55 030 49 027 43 023 37
90 194 0.124 205 038 62 034 56 030 50 026 44 023 38
100 212 0.125 213 038 65 034 58 030 52 027 45 023 39
- (304 14.7) 3.04 2.74 2.44 2.13 1.83
e
Table 1.2
Volume and weight of air dissolved in water per 1,000 gal at 65 psi
AT 65 psig: Sg|f 24137 |
Temperature  Sgatlatm  f= 100% f=90% f=80% f=70% f=60%
°C °F Ib f* 1 f* b f£ b f£ b £ b ft
0 32 0311 3.86 1.69 209 152 188 1.35 168 1.18 147 1.01 126
10 50 0245 3.15 133 17.1 120 154 106 13.7 093 120 0.80 10.3
20 68 0203 270 1.10 14.6 099 132 0.88 11.7 0.77 103 0.66 8.8
30 86 0.175 240 095 13.0 086 11.7 0.76 104 0.67 9.1 057 7.8
40 104  0.155 220 084 119 076 107 0.67 95 059 84 051 72
50 122 0.142 209 077 113 069 102 0.62 9.1 054 79 046 638
60 140  0.133 2.01 072 109 065 98 058 87 051 7.6 043 6.6
70 158 0.128 2.00 070 10.8 063 98 056 87 049 76 042 6.5
80 176 0.125 2.01 068 109 061 98 054 87 048 7.6 041 6.6
90 194  0.124 205 0.67 11.1 060 100 0.54 89 047 7.8 040 6.7
100 212 0.125 2.13 0.68 11.6 0.61 104 054 93 048 81 041 69
5.42 4.88 4.34 3.80 3.26

[f (65+14.7) ]
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The amount of gas that will theoretically be released from solution when the pressure is
reduced to 1 atm is given by the following equation:

P
S:Sg<m+1>, 3)

where S is the gas released at atmospheric pressure (mg/L), S, is the gas saturation at
atmospheric pressure (mg/L), and P is the gauge pressure of pressurization (psig).

Bratby and Marais (31) have demonstrated that, in agreement with diffusion theory, most,
but not all, of the dissolved air will precipitate out in the flotation tank.

Since dissolution systems are not 100% efficient, one must modify the above equation by
including f, a “fractional system dissolving-efficiency factor.”

P

The amount of air dissolved at various efficiencies is also shown in Tables 1.11 and 1.12.

Obviously, one of the key parameters in the foregoing equation is “f”, the efficiency of
saturation. Bratby and Marais (31) have developed useful methods to determine the mass of
air dissolved under pressure. Their technique volumetrically measures the amount of air
coming out of the pressurized solution when exposed to atmospheric pressure. They then use
this method to test components of the saturating system and determine the following
important parameters:

1. The type of valve through which the pressurized saturated feed is released, flow rate (i.e.,
turbulence) through the valve, turbulence in the flotation chamber (i.e., downstream of the
value), mixing of dilution water with the precipitating, saturated feed, and concentration of the
particulate nuclei (mass of air precipitation)/(unit volume of saturation feed).

2. The most efficient saturation system involves spraying water over a proprietary packing medium
(i.e., Raschig rings); this system is much more efficient than sparging air into the liquid or
injecting it into the suction side of centrifugal pumps.

3. Air dissolution at lower pressures is markedly less efficient than at higher pressures due to the
reduced driving force for absorptive mass transfer.

Franzen et al. (32) note that in the treatment of refinery wastewater, 50 psi in the saturator
provides more dissolved air and does a better job of removing oil and SS than 30 psi air. The
quantity of air released is dependent, according to Gardner (33), on the degree of mixing at
the given point of pressure reduction and on the degree of saturation. For conventional
designs of pressure vessels, up to 50% air saturation can be achieved, but if mechanical
mixing or a packing is utilized, the saturation can be increased to 90%.

Air normally has been the gas of choice (as the precursor to bubble formation), but CO,,
N, and CH, and their combinations have been tried (Table 1.3). Conway et al. (34) found that
by using gases of higher aqueous solubility, they could improve the operation of an existing
DAF system and produce thicker floats through a decrease in the recycle flow rate. The
solubilities of different gases are given in Table 1.4 and Fig. 1.2.
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Table 1.3

Reports of the
utilization of gases
other than air in DAF
systems

Table 1.4
Solubility of various
gases in water at 24°C

SOLUBILITY, Ib/gal x 10-*

N.K. Shammas and G.F. Bennett

Author Gas

Wastewater

Conway et al. (34) Combusted digester gas
and oxygen-activated
sludge off-gas

Solids flotation

Ellis and Fischer (35) CHy4 Oil field
Sport (36) N, Oil field
Travers and Lovett (37) CO, Abbatoir
Sato et al. (38) N, Emulsified oil in lab
Gas Solubility
By weight By volume
(mg/L-atm) (mL/L-atm)
N, 17.8 15.5
0, 40.1 30.8
CO, 1,493 831
Combusted digester gas 22.3 18.6
(84% Nj, 4% O, 12% CO,)
Oxygen-activated sludge off-gas 466 265.8

(20% N, 50% O,, 30% CO,)
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Fig. 1.2. Solubility of gases in water as a function of pressure.

The pertinent design equation for calculating the ratio of gas to SS or oil (34) is

G _RC f(P/1013)

S So0 — S.R

9

&)
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where G is the gas concentration, mg/L; S is the SS (oil) concentration, mg/L; R is the
pressurized liquid flow rate, L/d; Cs is the gas saturation concentration at atmospheric
pressure, mg/L; f is the saturation efficiency; P is the saturation pressure, gauge kN/m?
(psig x 6.89); S, is the SS (or oil) in wastewater, mg/L; Q is the raw wastewater flow rate,
L/d; and S, is the SS (oil) in the pressurized liquid stream, mg/L.

2.2. Bubble Size

The most important dependent variable in air flotation systems is bubble size. Vrablik (39)
produced the bubble-size distribution data found in Fig. 1.3. The bubble sizes reported by
Vrablik ranged from approximately 45 to 115 um with mean diameters of 75-85 pum at 20 and
50 psi saturation pressures, respectively. Vrablik also noted that the largest bubble that will
rise in viscous (laminar) flow in water is 130 pum, a diameter that is much smaller than the
approximate 1,000-pm diameter bubbles generated in induced air flotation.

The number and sizes of air bubbles formed in a given volume of water are a function of
both the physical system and the chemical content of the wastewater. Concerning the latter,
surface tension and dissolved solids concentration are extremely important parameters. Katz
(40) reported that as surface tension decreases, smaller bubbles in larger numbers are formed.

On the other hand, Shannon and Buisson (41), experimenting with a DAF system at
elevated temperatures (50 and 80°C), found there was considerable change in bubble size
with pressure. They obtained an average bubble size of 66 pm at 30.5 psi and 42 pm at 40 psi.
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FRACTIONAL DISTRIBUTION — MICRONS

Fig. 1.3. Size distribution of air bubbles released into a flotation chamber in laboratory flotation tests.
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Air is released from solution as a stream of small bubbles within a relatively narrow size
range of 30—120 um with a rising velocity that obeys Stoke’s Law (33). The bubbles have a
flotation effect only to the extent to which they adhere to the particles and droplets. This
condition generally means that the bubble diameters are less than the diameters of the
material or floc in suspension.

Ramirez (42) measured bubble-size distribution for systems in which the bubbles were
generated: (1) by electrolysis, (2) by dispersed air, and finally, (3) by DAF. The data for
bubble sizes are given in Fig. 1.4 and Table 1.5.

Degremont (43) has also produced a table of bubble sizes (Table 1.6); Degremont’s data
cover much of the same range that Ramirez’s did, and their bubble sizes are of the same order
of magnitude as found in other references. Since Degremont’s table was in the design section
of their book on wastewater treatment, they reported energy consumption and retention times
(this latter topic receives more attention later in this chapter).

Travers and Lovett (37) measured bubble sizes in both CO, and air-saturated DAF systems
at 30 psi pressure. Bubble sizes, 10 s after release, were five times larger when CO, was used
compared with air — and consequently rose much faster, creating turbulent conditions in the
flotation chamber.

Two other researchers working with nitrogen found bubble sizes in the 80-um range. Sato
et al. (38) determined an average bubble size of 82 um, while Schmidt and Morfopoulos (44)
found bubbles in the 48-pm range, with the bubble size depending on the degree of
supersaturation.

Bubble formation is a science in itself. The paper by Schmidt and Morfopoulos (44)
described a theoretical and experimental study of bubble formation. They reported that

| LS 1. J % =
454 100u 180 80u 170u 300u 0u 7Bz 1104
ELECTROLYTIC DISPERSED AIR DISSOLVED AIR

Fig. 1.4. Bubble-size distribution measured in three different aeration systems.

Table 1.5
Comparison of bubble size utilized in three different flotation processes
Parameter Generation process

Electrolytic Dispersed air Dissolved air
Average bubble diameter at 60 dyn/cm (mm) 100 170 75
Bubble rise rate in ft/min (cm/s) 1(0.5) 3(1.5) 0.2 (0.1)
Number of bubles/cm’ 10° 0.2 x 10* 3.6 x 10°

Bubble surface area (cm?/cm?) 454 293 800
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Table 1.6
Comparison of the various flotation processes
Flotation Size of Energy consumption Retention Principal applications
process bubbles
Watts per Watts per .
(lm) (min)
volume volume
treated treated
(m’/h) (gal/min)
Blown air 100500  20-30 45-6.8 25 Grease
Mechanical 100-1,000 100-200 22.5-45 2-16 “Roughing” of polymer and latex
or elastomer suspensions
Dissolved air  40-70 45-60 10.2-13.6 20-30 Hydrocarbons solvents, fibers,
with 20% fine suspension and flocculated
recirculation particles
Electrical 50-70 150-300 34-68 Same applications as those of

dissolved air flotation in the
case of hot saline water

supersaturated solutions of gases in liquids are very stable and that external agitation is
needed to form bubbles. They developed a model to show that viable bubble nuclei are
formed in the centers of free liquid eddies, that there is a critical velocity of the gas-liquid
solution below which viable bubble nuclei cannot be formed, and that the number of nuclei
increases with solution velocity and decreases with viscosity, nozzle size, and surface
tension.

2.3. Rise Rate

In air flotation systems, one is normally treating large volumes of water. Hence, detention
time in the air flotation chamber becomes a very important process variable. Retention time
(as shown in Table 1.6), in turn, is primarily dependent on the rate of rise of air bubbles in the
liquid; the rise rate, in turn, can be calculated using Stoke’s Law (the equation that governs
bubble motion in flotation). The results of the calculation are shown graphically in Fig. 1.5
and also in Table 1.7.

Beychock (45) has compared the design value computed rise rates for flotation systems to
those used in coagulation/sedimentation to show the significance of the former in allowing
smaller units to be used (Table 1.8).

Hydraulic loading is also a common design parameter. If one looks carefully at the units
used (gal/min/ftz) and converts them to a common basis (ft3/ft2/min), by canceling one
obtains units of ft/min, which is equivalent to the velocity expression reported as the rise
rate. The above values are much less than the computed velocities of free bubbles (Table 1.7).
What has happened, of course, is the bubbles are markedly slowed by their inclusion in the
floc and interference (collision) with each other in rising.
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Fig. 1.5. Rise rate of air bubbles in tap water.
Table 1.7 Bubble diameter (mm) Upward vertical rise rate
Bubble rise velocity
as a function of size (cm/s) (ft/min)
0.2 1 2
1 15 30
10 25 50
50 55 110
Table 1'_8 Parameter Settling rate: coagulation/ Rise rate:
Comparison of sedimentation flotation
retention time and
settling/rise rates in Retention time based 2-3 0.5
sedimentation and air  on influent flow (h)
flotation systems Rise rate
gal/min/ft> 0.5-1.0 2.0

ft/min 0.07-0.13 0.27
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Ramirez (42) noted that the actual rise rate of bubbles greater in size than 150 pm is
considerably faster than predicted by Stoke’s Law (Fig. 1.5) since they assume an elliptical
shape, thus offering less resistance to flow than the theory predicted. He also found that when
the pressure was higher, the microbubbles were larger.

Degremont (43) extended the curve shown in Fig. 1.5 to illustrate the rise rates of much
larger-size bubbles, which obviously are faster. Their plot (Fig. 1.6) illustrates the rise rate for
bubbles ranging from 100 to 50,000 pum.

For the air flotation of activated sludge (0.91% solids), Katz and Geinopolos (46) reported
rise rates ranging from 0.3 ft/min to as high as 1.8 ft/min as the amount of air was increased
approximately threefold. Eckenfelder and O’Connor (47) reported initial vertical rise rates for
domestic wastewater activated sludge ranging from 0.17 to 0.42 ft/min as the dissolved air
content in the wastewater was increased fourfold (0.015-0.06 Ib of air/Ib of solids).

The initial rise rate was observed to vary with the character of the waste being treated.
Activated sludge from pulp and paper waste oxidation had an initial rise rate of 0.75-0.83
ft/min as the air-to-solids ratio was increased from 0.15 to 0.25 Ib of air/lb of solids.

Woodward and coworkers (48, 49) have reported two rise-rate measurements for oil and
grease separators for poultry-processing wastewater treatment (Table 1.9). Their values are
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Fig. 1.6. Rise rate of larger bubbles.

Table 1.9

Values for the rise rate in selected treatment processes

Author Rise rate (ft/min) Wastewater Flotation system
Woodward et al. (48) 2.6 Poultry processing DAF/R
Woodward et al. (49) 1.8 Poultry processing DAF/R

Katz and Geinopolos (46) 0.3-1.8 Activated sludge -

Eckenfelder and O’Connor (33) 0.17-0.42 Activated sludge -
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larger than for a solids removal system and consistent with those found for smaller-sized
bubbles.

Shammas and DeWitt (50) have reported that modern high rate DAF clarifiers advanced to
such an extent that they could overshadow the conventional settling clarifiers for water and
wastewater treatment. DAF units are now designed for only 3 min of retention time and with a
hydraulic surface loading rate (SLR) of up to 5 gal/min/f'[2 (210 L/min/mz).

Wang et al. (2) reported the following interesting comparison between a DAF unit and a
conventional settler:

1. DATF floor space requirement is only 15% of the settler.

2. DAF volume requirement is only 5% of the settler.

3. The degree of clarification of both clarifiers is the same with the same flocculating chemical
addition.

4. The operational cost of the DAF clarifier is slightly higher than that of the settler, but this is offset
by the considerably lower installation cost and its financing.

5. DAF clarifiers are mainly prefabricated in stainless steel for erection cost reduction, corrosion
control, better construction flexibility and possible future changes, contrary to in situ constructed
heavy concrete sedimentation tanks.

2.4. Air/Solids Ratio

A parameter governing the rise rate of bubble-particle agglomerates in solid-particle DAF
systems is the air—solids ratio, which is defined as the mass of air precipitating (coming out of
solution as the pressure on the aerated stream is reduced) per unit mass of wastewater solids.
In systems containing oil, the term “solids” can be replaced by “oil and grease” or “suspended
solids plus oil and grease,” a term defined by Steiner (51). According to Eckenfelder (52) and
Krofta and Wang (11), the most important parameter in designing air flotation systems is the
air/solids ratio. If less than the optimum amount of air is employed in the air flotation system,
the efficiency of solids (or oil) removal is reduced. If too much air is used, power is wasted in
compressing excess air. Hence, in designing air flotation systems, one tries to optimize this
important variable.

Regardless of how the gas bubbles and the dispersed phase interact, the result of this
interaction is a net reduction in the specific gravity of the dispersed phase (air/particle
agglomerate) and a corresponding increase in rise velocity. Rise velocity (rate) is usually
expressed in the form of Stoke’s Law, Eq. (1).

Equation (1) indicates that as more air bubbles are incorporated into the aggregate, the
aggregate’s net density decreases, and its rise velocity increases.

The air/solids-plus-oil ratio is easily computed for dissolved air systems using the follow-

ing equation:
A C
—=—(fP,—1 6
s=x P ), (6)

where A/S is the air/solids plus oil, mg/mg; C; is the air solubility at 1.0 atm pressure and
operating temperature, mg/L; X; is the concentration of SS plus oil in the feed, mg/L; P, is the
absolute saturation pressure, atm absolute; f is the fraction (or efficiency) of air actually
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Table 1.10
Air/solids ratios in various industrial wastewater-treatment systems

Author Air/solids ratio ~ Wastewater system Influent suspended solids
concentration (mg/L)

Beisinger et al. (53) 0.026 Poultry processing 900
0.020 Poultry processing 1,300
0.020 Beef packing 2,000
0.007 Beef packing 5,000
0.07 Soybean oil 200
0.7 Refinery 50
Steiner (51) 0.02-0.12 Refinery 50 (oil)*
Reed and Woodward (54) 0.12¢ Poultry processing 43-273
Abo-El Ela and Nawar (55) 0.008” Soap factory 1,100 (oil)
Zimmerman and Jacquez (56)  0.006 Poultry processing 250 (SS) 4,000 (O & G)
Mclntyre (57) 0.02 Parts manufacturing —
Moursy and El-Ela (58) 0.001 Refinery 56
Average 0.08 (or 0.03 if one very high value is not included)

“Pilot-plant scale.
bOptimum value.

dissolved at the elevated pressure in the saturation chamber (typically fis 0.8); and 1 is the air
left in solution at atmospheric pressure.

In recycle pressurization systems, all of the air is imparted to the recycle stream and the
suspended contaminants are in the raw-waste stream; thus the equation must be modified as
follows:

A RC;
s —1 7
where R is the flow rate of recycle stream, gpm and Q is the flow rate of raw wastewater, gpm.

Examples of air/solids ratios utilized in industrial (and some laboratory) studies are found
in Table 1.10.

2.5. Laboratory Bench-Scale Testing

In most of the laboratory test work reported in the literature, researchers (59) have used
batch DAF units (Fig. 1.7) that normally consist of two cylinders: a pressurizing vessel and a
flotation vessel. In using this unit, a researcher fills the pressure vessel with wastewater, adds
any chemicals being tested, pressurizes the contents, shakes for 1 min, allows the mixture to
stand for 3 min, and finally releases contents to the flotation chamber (for detailed procedure
see Krofta and Wang (11), Adams et al. (60) and AAPSE (61)). If a recycle system is to be
simulated, then part of the liquid is saturated and released into the rest of the liquid in the
saturated vessel (11, 62).
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Fig. 1.7. DAF laboratory unit.
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Fig. 1.8. Bench-scale TAF unit.

WEMCO (an equipment manufacturer) utilized bench-scale units of both IAF and nozzle
air flotation systems. Descriptions of these test units and their use in laboratory studies are
found in the masters’ theses of Steiner (51), Ching (63), and Nipper (64). The IAF model is

shown in Fig. 1.8.
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3. ELECTROFLOTATION AND ELECTROCOAGULATION

Quite early in the history of electrochemical technology, Hillis (65) wrote that researchers
in the wastewater field felt that the passage of a direct current through a solution might be
useful in effluent treatment because of the resultant reactions at the anode and cathode. Some
of these early ideas resulted in the development of actual processes, and several plants were
built in the late 1800s.

Electrochemical flotation was rediscovered, according to Backhurst and Matis (66) in the
1960s in the USSR for the flotation of minerals. Matis (67) noted that in 1980 there were 20
electroflotation (EF) plants treating industrial effluents in the UK, while Roth and Ferguson
(68) reported on an aviation-terminal treatment system in the United States.

When an effluent is introduced between two electrodes and energy is applied to the
electrode (generally as a low voltage), an electric field is built up between the cathode and
the anode by the conductivity of the liquid. Without the addition of chemicals, a preliminary
coagulation occurs within the suspension that seeks to group the positive and negative
particles together. Furthermore, upon the electrolysis of water, hydrogen, and oxygen are
released in an electrically excited condition as a swarm of small, uniform bubbles that rise,
producing a blanket effect. The bubble swarm carries SS and oil globules to the surface where
a floating sludge layer forms and is mechanically removed.

Therefore, in the diffusion layer of the anode, free atomic oxygen is produced and then
carried by convection into the suspension where it immediately combines with and oxidizes
organic and inorganic materials in the suspension. In a similar manner, there is also a
production of hydrogen bubbles with concomitant reduction of some contaminants in the
solution (67).

Prime variables in EF that affect current density, bubble size and numbers, etc. are as
follows:

pH

Type of electrolyte (NaCl, HCl, NaOH)
Current density

Retention time

b

Chambers and Cottrell (69) noted that there are several reasons why EF is an attractive
process:

1. The electrode grids can be arranged to provide good coverage of the surface of the tank so uniform
mixing between the effluent and gas bubbles is achieved.

2. A large number of very small bubbles are formed with minimum turbulence.

3. The electric field gradient between the electrode and flocculated solid can be controlled.

4. Gas production and residence time are easily controlled.

A claimed advantage for the EF system is that there is no turbulence due to sudden pressure
releases and therefore no shearing of fragile flocs. Another advantage of this process over
others is that bubble-generation efficiency is independent of wastewater temperature.

The treatment unit, according to Chambers and Cottrell (69), is usually a rectangular tank
with a pair of electrode grids near the bottom. The cathode is mounted above the anode. When
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a direct current flows between the electrodes, oxygen bubbles form at the anode and hydrogen
bubbles at the cathode. These bubbles rise to the surface carrying the oil and SS.

Gardner (33) found for a 20-min retention, a potential difference of 10 V at a current
density of 100 A/m” was generally sufficient to clarify wastewaters with an initial SS particle
concentration of up to 10,000 mg/L. Degremont (43) reported that at those current levels, gas
production was 50-60 L/h/m? (0.16-0.20 ft*/h/ft?). The design flow rate (43) in these systems
was approximately 4,000 L/h/m? (13 ft3/h/ft2).

Bubble size and numbers of bubbles are of key importance. Ramirez (42) compared
dispersed, dissolved, and EF treatment. Data showed (Table 1.5) that the relative size was
110 pm for dispersed air systems, 75 um for dissolved air systems, and 100 pum for EF
systems, with density (numbers, million per cubic centimeter), of 0.2, 3.2, and 1.0, respec-
tively. DAF thus provides the largest number of smaller bubbles and hence has the largest
surface area for oil and grease and particulate removal.

Minimizing electrode fouling is the key to success and cost-effective, continuous, trouble-
free operation of EF systems. The electrodes are cleaned from time to time by reversing the
current. With some types of electrodes that is not possible, so a conditioning agent is added to
the effluent prior to treatment to prevent deposition of carbonates on the electrode.

Ramirez (70) gives expected operational results for a New Hampshire tannery wastewater
treated by dispersed air flotation/electrocoagulation. He achieved a reduction in the BOD
from 500-700 to 190 mg/L, the TSS from 600-900 to 90 mg/L, and oil and grease from
200-300 to 16 mg/L (92-95% removal).

Roth and Ferguson (68) reported on the results of EF treatment at an aircraft maintenance
facility. Chemical additives included lime (to pH approximately 8.5), alum (200 mg/L), and
anionic polymer (1.5 mg/L). Using 6-9 V, 15-25 A/m’ (described as low energy usage), and
a retention time of 20—30 min reduced the oil and grease more than 99% from 60 to 0.3 mg/L,
with a concomitant reduction of metals, achieving effluent concentrations of 0.8 mg/L Ni,
0.5 mg/L total Cr, and 0.07 mg/L Al.

Another application of electrolytic cells is in the electrocoagulation of oily wastewater
prior to air flotation. The process described by Weintraub et al. (71-74) and shown in Fig. 1.9
is as follows: oily emulsion wastewater from which free oil has been removed enters the
electrocoagulation cell where it permeates uniformly through a rectangular caged anode fitted
with iron or steel machinery turnings and chips; the wastewater then flows through a
perforated sheet-metal cathode; DC voltage is applied to the electrodes, dissolving the ferrous
iron at the anode and forming hydrogen and hydrogen ions at the cathode. A few hundred mg/L.
of salt may be added to increase ionic conductivity and prevent passivation of the iron
electrode.

Ramirez (70) has experimented with the commercial Lectro Clear system to treat rendering
wastewater. The system used a combination of electrocoagulation (95) at 12.5 V and 1,500 A
and EF (75) at 12.8 V and 400 A. The retention time was 25 min (70). Chemicals added
included 1,200 mg/L. H,S04 (to pH 4.5), 100 mg/L alum, and 6 mg/L of an anionic
polyelectrolyte. DAF was used to dewater the skimmings. Operational results included
reduction of the oil and grease from 810 to 19 mg/L (98% removal); major amounts of SS
were also removed (3,500-95 mg/L).
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Fig. 1.9. Schematic diagram of the electrolytic cell.

Chambers and Cottrell (69) reported on the treatment of carrier-truck washings effluent in
the UK. A flow of 230 m?/d was treated in a 1.8 x 1.2 x 5-m deep tank at a rate of 11.4 m’/h;
the retention time was approximately 1 h. Alum at a concentration of 60 mg/L was added. In
two experiments, the ether extractables were reduced approximately 75% and the SS were
reduced approximately 50%. Power requirement was approximately 0.4 kwh/m>.

Developed in Sweden, the DAF technique called microflotation combines the benefits of
advanced chemical flocculation with a novel and simple method for the production of
bubbles. The equipment is very similar to the deep-shaft aeration process (76) in which the
wastewater flows down one cell of a deep two-celled tank and under a baffle that divides the
tank into two parts; this baffle reaches almost to the bottom of the tank. Near the bottom of
the tank, air is released into the liquid. Air dissolves in the wastewater under the pressure of
the hydrostatic head. Undissolved air rises against the downward flowing water and dissolves;
dissolution of the air continues as the water flows under the baffle and up the second of the
two shafts. Rising water on the other side of the baffle is saturated with air, but is free of
undissolved bubbles. However, as the hydrostatic pressure decreases and the water rises,
dissolved air is released as microscopic bubbles that attach themselves to the solids.
Nineteen full-scale plants are reported to exist in Sweden with numerous others under
construction in the world treating textile, steel-mill, and pulp and paper effluent. All,
however, are used for solids but not oil removal (69). More applications of EF can be
found in the literature (19-22).
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4. DISSOLVED AIR FLOTATION
4.1. Process Description

In the DAF process (Fig. 1.10), very fine gas bubbles are generated by reducing the
pressure on a stream of the wastewater that has been exposed to air at pressures greater
than atmospheric; the solubility of oxygen in water at two different pressures (30 and 65 psi)
is shown in Tables 1.1 and 1.2. When the pressure is reduced, as the liquid flows through a
pressure-reducing valve into the flotation basin, small bubbles nucleate from the supersatu-
rated solution, attach to, and become entrapped by oil and solid particles and rise to the
surface where they are removed. Although air is the most common gas used in this process,
methane, nitrogen, and carbon dioxide have been used (also see Table 1.3).

Two methods exist for generating air bubbles in the DAF process:

1. Air is dissolved in the liquid wastewater under pressure (30-85 psi). The pressurized stream is
passed through a pressure-relief valve to be discharged near the bottom of a flotation tank where
the total pressure equals the ambient air pressure plus the hydrostatic head. Here small bubbles
nucleate and rise to the surface carrying the contaminants with them.

2. The wastewater is aerated until it is saturated with air at atmospheric pressure. Subsequent
application of vacuum (about 9 in Hg) yields bubbles (described above as vacuum desorption).
As stated previously, this process is no longer used.

A DAF system (Fig. 1.10) consists of the following units (77-79):
1. Pressurizing pump
2. Air-injection system

SKIMMER

S S SR T CONTROL VALVE

18]
SLUDGE L., .. Ly

RS I o O LESE DOB SYDAGE FEAEK - t"'
RISING (BUBBLES EFFLUENT
A A ANDOIL)
CHEMICAL ¢
RELEASE
ADDITION ™| | "yafye  COTATION TANK «— RECYCLE STREAM
' R AIR f—o-

INFLUENT »-é RECYCLE

FEED PRESSURE RECYCLE

PUMP TANK PUMP

Fig. 1.10. Schematic diagram of DAF system.
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Sk W

Saturation vessel

Load (pressure) regulator (also called the pressure-relief valve)
Flotation vessel (including the influent distributor)

Chemical addition system

An added feature in most systems is the addition of chemicals to break emulsions or promote
floc formation.

4.2. Pressurization

There are three liquid flow schemes (2, 11) that can be used in the pressurization sequence

(Fig. 1.11):

1.

Full flow. In the full-flow system, all of the incoming raw wastewater is pressurized and saturated
with air. This modus operandi results in the most air being dissolved and (compared with the other
two methods) yields the maximum probability of good particle—bubble contact, but it also results
in a larger saturation system and subjects potentially coagulated flocs to the shearing action of the
pump and pressure-reduction process.

Split flow. In the split-flow sequence, part of the incoming wastewater is diverted through the
pressurization aeration system. Reduced pumping costs, better capacity of the system to handle
flow fluctuations, and reduced breakup of the flocs are among the major advantages of this system.
A disadvantage common to split flow and full-stream pressurization systems is shearing of flocs or
emulsification of oil when the influent stream is subjected to pressure reduction. The amount of air
dissolved, at comparable pressure, is less than in full-stream pressurization because of the lower
flow rate.

Recirculation. In the recirculation mode of operation, 20-50% of the treated wastewater is
returned to the pressurization system, thus avoiding disruption of flocs or demulsification of the
oil in the untreated influent. Larger flotation basins, however, have to be used if the hydraulic
loading rate (based on the influent flow rate) is not to be changed, because the recirculation flow is
now added to the full-stream flow.

Each mode of operation has distinct advantages and disadvantages that must be evaluated

for each individual situation. A few of the more general are described below (80).

1.

Full-Stream Pressurization

Advantages:

(a) Provides maximum gas solution at any given pressure. At comparable pressures, more gas
dissolves in solution than in split-stream or recycle pressurization because the entire stream
is pressurized.

(b) For the same plant throughput, a smaller flotation chamber is required than for recycle
pressurization.

(c) Because of the increased dissolved gas content, the maximum number of bubbles may be
formed so that the probability for contact with the dispersed phase is increased.

Disadvantages:

(a) The total solids content must be pumped, increasing abrasive wear and operation and
maintenance costs.

(b) Oil in the influent stream tends to become further emulsified by the shear forces of pumping,
increasing the difficulty of separation.
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Fig. 1.11. Flow diagram of DAF pressurization systems.
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2. Split-Stream Pressurization

Advantages:

(a) Requires a smaller pressurizing pump than full-stream pressurization and hence results in a
reduction in operating and maintenance costs.

(b) The flotation chamber is the same size as for full-stream pressurization but smaller than for
recycle operation.

(c) Simpler pump controls than in full-stream operation are required to accommodate a fluctu-
ating flow. The pump may be operated at a constant rate and the fluctuations in flow remain
in the unpressurized portion. However, as the flow increases, the air-to-solids ratio decreases,
which may adversely affect performance.

(d) When coagulating chemicals are used, the unpressurized stream may act as a flocculation

chamber.

Disadvantages:

(a) At comparable pressures, a smaller volume of gas is dissolved than in full-stream pressuri-
zation.

(b) A certain amount of abrasive solids still must be pumped.

(c) Some oil in the influent stream still will be emulsified as a result of the shear forces in the
pumping process.

3. Recycle Pressurization

Advantages:

(a) A smaller pressurizing pump is required than in full-stream pressurization so that capital and
operating costs are reduced.

(b) The system requires simple pump controls for variable flow.

(c) Emulsion formation due to shear is minimized.

(d) Abrasive solids need not be pumped since they are largely separated in the flotation chamber
prior to pressurization.

(e) Flocs formed in the system are not subjected to the shearing forces of the pressurizing pump.

Disadvantages:

(a) To maintain hydraulic loadings (gal/min/ft* of flotation area) comparable to those in full- and
split-stream operation, it is necessary to enlarge the flotation chamber.

(b) Another potential disadvantage of recycle operation is in the process of thickening of
activated sludge by DAF. Maximum solids removal is obtained at recycle rates from
20 to 50% of the total flow. Explanation for this phenomenon is that the greater turbulence
produced by the increased hydraulic loading offsets improved rise rates resulting from
diluted solids feed and increased air content.

One of the early workers, Rohlich, concluded in his 1954 study (23) of various modes of
pressurization of refinery wastewater that the recycle system was best. That conclusion has
not changed with time.

4.3. Controls

Automated control of the recycle pressurization system can provide optimum performance
(Fig. 1.12). Ettelt (81) described such a system that includes interface-level and air-input
controls.

Sufficient air is needed to achieve saturation of the pressurized stream without excess
air leaving undissolved in the effluent stream from the pressurization tank. The bubbles
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Fig. 1.12. Automatic control of a pressurization system.

produced by undissolved air not only would be too large for efficient removal of oil drop-
lets but also would cause disturbing turbulence in the flotation tank. Too high an interface
level in the pressurization vessel impairs the dissolution efficiency of air into the liquid;
too low an interface level induces bubble carry-over in the discharge of the pressurization
tank.

4.4. Tank Shape

Air flotation tanks come in two basic shapes: (1) circular and (2) rectangular. From the
authors’ review of the literature and manufactures’ brochures, the former appears to be more
popular. Krofta (11) (equipment manufacturer) agrees that the circular design should be
selected as a first choice.

Advantages of circular design include:

Economical circular construction

Low velocities maintained throughout the active flotation zone

Pivoted arm skimmer reduces maintenance and lubrication requirements

Bottom scrapers can be added at little added cost

Top, centrally mounted drive shaft eliminates sprockets, chains, and underwater bearings

S

Advantages of rectangular clarifier include:

1. Conservation of space in congested areas
2. Most standard sizes can be shipped set up, thus minimizing field erection
3. Hopper bottom eliminates the need for bottom scraper

De Renzo (82) found the more uniform the distribution of the water and microbubbles, the
shallower the flotation unit can be. Generally, the depth of effective flotation units is between
4 and 9 ft. The basic shape can be round, square, or rectangular. Beychock (45) suggests tank
depths of 6-8 ft be employed.
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4.5. Air Supply

Another equipment variation is the way in which air is supplied to the system. Variations
include:

1. Pressurizing the saturator tank with air supplied by a plant compressed line
2. Introducing air at the throat of a venturi into a pumped stream of fluid
3. Injecting air into the flowing fluid either before or after the pressurizing pump

4.6. Chemical Usage

Most, if not all, air flotation systems employ chemical addition. Early in the application of
air flotation systems, the importance of chemicals for emulsion breaking and floc formation
was recognized.

Biesinger et al. (53) tested the efficiency of a recycle DAF system on beef-packing-plant
wastewater with and without the use of chemicals. Without chemicals, 73% of the influent oil
and grease (initial concentration 300 mg/L) was removed, whereas with the addition of
10 mg/L alum, the removal increased to 86%.

Hart (83) and Pearson (84) also experimented with chemical additives on a rather dilute
refinery wastewater. Without chemicals, 65% of oil was removed (from 18 reduced to
6 mg/L); with chemicals, 79% removal was achieved (11 down to 2 mg/L). There were
concomitant removals of SS, BOD, and COD (Table 1.11). Using an IAF system, McIntyre
also found that chemicals enhanced oil removal slightly, increasing the removal from 93 to
96% (Table 1.11). Pearson (84) experimented with the effects of the addition of inorganic
chemicals, specifically alum, on oil removal. The use of alum plus a polyelectrolyte increased
the oil removal from 40 to 90% (Fig. 1.13). Weight for weight, the aluminum ions were more
efficient than ferric ions; they gave optimum removals at 35 mg/L as opposed to 60 mg/L with
iron. In addition, the effluent produced by aluminum ions contained one half the oil present in
the ferric-treated waste, i.e., 10 vs. 20 mg/L oil.

4.7. Ionic Strength

The ionic strength of solvents can also have an effect. Sato et al. (38) found that in general,
oil removal was improved at higher ionic strengths and higher cation valences.

Table 1.11 Treatment process Removals (%)
Comparison of the
treatment efficiency Oil SS COD BOD
of refinery . DAF
x;‘tsl:xtaxemtc};lz“d Without chemicals 65 55 30 33
With 2 mg/L polyelectrolyte 79 75 42 40
IAF
Without chemicals 93

With chemicals 96
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Fig. 1.13. Effect of alum and polyelectrolytes on oil removal.

4.8. Design Variables

One can find a plethora of differing, recommended design values in the literature. The first
general compilation published by Beychock (45) is found in Table 1.12. He is quite specific
for most of his parameters. In 1981, Adams et al. (60) published (Table 1.13) a similar,
although not quite so complete, list of design values using ranges that generally encompassed
the values suggested by Beychock (45).

The above recommended design ranges have been repackaged and combined with other
suggestions from the literature. The same type of information is shown in Table 1.14 with
the recommended numerical design values provided by Wang et al. (2), Adams et al. (60),
De Renzo (82), and the API (85) under a set of different headings (from Beychock): air
pressure, retention time, hydraulic loading, and air requirements.

The recommended design values can thus be compared with those actually used. Data for
air pressures actually employed in operating DAF systems are reported in Table 1.15. Air
pressures utilized ranged from 40 to 85 psi with a computed average of 56 psi. There are no
reports of pressure at the lower end of the scale being used, but the recommended design
values at the high end were exceeded (62).

4.9. Retention Time

In reference to loading, most authors report their data in terms of hydraulic loading
(gal/min/ft%). This term can easily be related to retention time if the proper data are available,
but few authors give the necessary physical measurements to make the calculations. Recom-
mendations of Table 1.14 note that retention time in the flotation tank should be between 10
and 60 min. Retention times are considerably less in IAF systems. The importance of surface
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Table 1.12

Design basis for a
recycle pressurization
air flotation unit

Table 1.13
Recommended design
variables and ranges
for DAF systems

Table 1.14
Recommended design
parameter ranges for
DAF
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Parameter

Variable

Air pressure

Saturation retention time
Air requirements

Flotation tank retention time

Recycle rate
Hydraulic loading rate

35-55 psi

2 min (based on recycle flow)

0.25-0.50 SCF/min/100 gal total flow

15-20 min (based on raw plus recycle
flow)

50% of raw influent feed rate

3.0 gal/min/ft2 (based on raw plus
recycle flow)

Ph 7.5-8.5

Chemicals 25 mg/L alum (based on raw plus
recycle flow)

Flotation tank depth 6-8 ft

SCF = standard cubic feet.

Parameter Variable

Flotation tank retention time 20-40 min

Air pressure 40-60 psi

Hydraulic loading
Recycle ratio

1—4 gal/min/ft* (including recycle)
10-60%

Air pressure in saturation tank (psi)

Adams et al. (60)
DeRenzo (82)
Beychock (45)
Wang et al. (2)
Retention time (min)
DeRenzo (82)
Beychock (45)
API (85)
Wang et al. (2)

Hydraulic loading (gal/min/ft*)

Adams et al. (60)
Beychock (45)
API (85)

Wang et al. (2)

Air requirement (SCF/100 gal)

Beychock (45)
API (85)

40-60

25-70

35-55

25-75

Flotation tank Pressurization tank

20-60 0.5-3.0

15-20 2

10-40 1-2

3-5 0.17
14
3-0
2-2.5
3.5-5
0.25-5.0
0.5-1.0

SCF = standard cubic feet.
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Table 1.15

Air pressure used in industrial DAF systems

N.K. Shammas and G.F. Bennett

Author Wastewater Saturation pressure (psi)
Mclntyre (57) Automotive 70
Quigley and Hoffman (86) Refinery 40-50
Hart (87) Refinery 40
Zimmerman and Jacquez (56) Poultry processing 40
Adams et al. (26) Edible oil 45
Barker et al. (88) Steel industry 50
Churchill and Tacchi (89) Metal working 50
Franzen et al. (32) Refinery 50
Churchill and Tacchi (88) Refinery 60
Woodward et al. (48, 49) Poultry processing 80
Oblinger et al. (72) Metal working 85
Average 56

Fig. 1.14. Effect of
surface loading rate on
effluent quality.
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loading was demonstrated by Adams et al. (60), who plotted the degree of removal against
surface loading (Fig. 1.14). The curve breaks sharply upward (i.e., the quality of the effluent
decreases markedly) as the SLR exceeds 2.5 gal/min/ft*.

Retention time does take on considerable importance in batch studies. Moursy and El-Ela
(58) reported that optimally the residence time was 7 min based on maximization of COD
removal, while Pearson (108) found 4 min was the optimum for removal and electrolytic
desalting of wastewater in a batch DAF (Fig. 1.15). Wang et al. (2) and Shammas and DeWitt
(50) recommended 3—5 min for optimal design.
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Fig. 1.15. Effect of retention time on refinery wastewater treatment in a batch DAF study.

Their results showed that some hydrocarbons were completely removed; others were
removed with efficiencies between 79 (n-C;3) and 98% (n-C,,). They attributed the differ-
ences in removal to the differences in solubility and molecular weights of the hydrocarbons,
especially as the water solubility of the compounds decreased, the degree of removal
increased.

5. INDUCED AIR FLOTATION
5.1. Process Description

Induced gas (air) flotation (IAF) has been used for many years in the mining industry for
ore beneficiation, but in industrial wastewater treatment the use of the IAF process really
began around 1970 (115). In 1971, Bassett (90) described the historical development and
industrial operating experiences for the earlier models which used mechanical mixing
impellers. For this separation process, bubbles are generated and discharged into the liquid
by high-speed rotating impellers, by diffusers, or by homogenization of a gas/liquid stream.

Degner and Winter (91) have stated that, in general, DAF can be characterized as a
relatively quiescent, high-retention-time process, using relatively small quantities of gas
(first dissolved, then later desorbed) in contrast to IAF which is a low-retention-time process,
less quiescent, using a relatively large volume of gas.

The fundamental difference between the two air flotation processes is the mechanism by
which air bubbles are introduced into the liquid (3, 15, 80):

1. In the DAF system, air is first dissolved under pressure and then allowed to nucleate as relatively
small bubbles at atmospheric pressure. In the standard IAF system, high-speed rotating impellers
induce much larger amounts of air into the suspension producing bubbles an order of magnitude
larger (about 1,000 um in diameter) than DAF bubbles.
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The kinetics of IAF is very rapid, resulting in a relatively short retention time (5 min or less) with a
concomitant reduction in equipment size, Degner (92).

Commercial wastewater-treatment units utilizing the IAF principle are generally multicell in
design, thus avoiding short-circuiting while allowing more than one chance for contaminant
removal. If, for example, there are four cells, each with a 60% average removal efficiency, the
total removal is 97.5%.

In DAF, chemicals are added to flocculate the oil and SS so bubbles can attach to and/or become
entrapped in the floc to float it to the surface. In induced air flotation, chemicals are added to cause
the oil and SS to engulf the air bubble and be floated to the surface.

In DAF systems, chemicals are usually added and mixed with the wastewater in a vessel that pre-
cedes the DAF equipment. In IAF systems, the chemicals are put into the wastewater just before the
first flotation cell, with the turbulent conditions in this cell providing the needed energy for mixing.

The hydraulic regime (Fig. 1.16) existing in the IAF cell has been described by Degner (92):
“The dispersed (induced) air flotation cell consists of two fluid flow paths (gas and liquid)
together with three distinct regions, each of which is important to achieving good wastewater
contaminant removal performance. If the flotation cell is to ingest air naturally, i.e., the air is
not supplied to the cell via an external compressor, the air (or gas) will enter the liquid in the
upper, rather than the lower region of the flotation vessel (Path A). Concurrently, the liquid
is circulated from the lower region of the vessel (Path B) meeting and mixing intimately
with the air ingested through the upper portion of the vessel in the two phase fluid mixing

N

TWO PHASE
MIXING REGION

FLUID CIRCULATION
PATH
(8)

Fig. 1.16. Hydraulic characteristics of an IAF cell.
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region (Region 1)”. In addition to the two phase mixing region, Degner (92) described two
more zones:

The flotation zone (Region 2). This region is generally above the mixing region through which the contaminant-
laden gas bubbles can rise (as in froth) without excessive physical disturbance which could cause the contaminant
to break away from the gas bubble and return to the original waste liquid stream.

The skim zone (Region 3). In this zone one tries to provide a surface flow pattern that is sufficient to sweep the
contaminant-laden froth, produced as a result of bubble collapse, continuously from the vessel, with minimum
mechanical disturbance.

5.2. Design

The literature describing IAF systems, their design and operation is less prevalent than for
DAF systems, due in part to IAF being a much more recent innovation. Churchill and Tacchi
(89) have described the factors affecting flotation performance of both DAF and IAF systems
(Table 1.16). For IAF systems, the key design variables are the rotor speed and submergence,
eductor type, and liquid residence time. The commercial IAF units are shown in Figs. 1.17
and 1.18. Figure 1.17 depicts a single cell, while Fig. 1.18 combines four of the units shown in
Fig. 1.17 into a multicell treatment system.

5.3. Performance Data

Puget et al.’s work (93) “aimed to study the performance of three different IAF units
(flotation column, flotation tank and centrifugal flotation in a hydrocyclone) for the treatment
of a synthetic dairy effluent. Under continuous operation, it was possible to achieve removal
efficiencies of milky material in suspension up to 90%, both for the flotation column and the
flotation tank units. Using the centrifugal flotation unit in a hydrocyclone, it was possible to
decrease up to 45% of all suspended material in the effluent, with a clarified flow rate
approximately three times greater than those found for the previous flotation units. In the
centrifugal flotation unit, better results were obtained for air flow rate—feed flow rate ratios
(Q.i/Or) greater than 0.15, and for underflow—overflow ratios (Q./Q,) lower than 1.0.”

Table 1.16 DAF IAF
Factors affecting
flotation performance Gas Type Type
Pressure Eductor
Temperature Rotor speed
Recycle (%) Rotor submergence
Influent Characteristic Characteristic
Concentration Concentration
Fluctuation Fluctuation
Loading Hydraulic Hydraulic
Mass Mass
Chemical Type of additive Type of additive

conditioning

concentration

concentration
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Fig. 1.17. WEMCO IAF cell.

6. NOZZLE AIR FLOTATION
6.1. Process Description

An innovation in the IAF field is the development of the nozzle air-injection unit for which
patents were issued to Degner and Colbert (94). There are four unique aspects of their
injection system:

1. The injection device uses an educator or an exhauster (Fig. 1.19) as a gas aspiration nozzle to draw
air into recycled treated wastewater, truly developing a two-phase mixture of air and water that is
subsequently discharged into the flotation vessel.

2. Successful operation of the systems depends on being in a flow regime in the curve (Fig. 1.20)
in which effluent energy density (defined by the kinetic energy of the discharged liquid equals
14 mv?/g) divided by the tank volume is plotted against the density of the effluent mixture
(air plus water). In Region 1, one obtains excellent removals. When operating in this region,
the liquid in the tank is filled with gas bubbles and the liquid surface is relatively quiet but
frothy.

3. More than one cell used: conventionally four are employed, each with a residence time approx-
imating 1 min; wastewater flows from cell to cell passing under a baffle that divides each
compartment from another.
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4. A back pressure of 0.5-1.0 oz maintains a gas blanket between the liquid level and the gas-tight
cover that eliminates odors and would allow any off-gas to be treated in an air-pollution treatment
device, thus reducing hydrocarbon emissions to the atmosphere.

6.2. Equipment Development

Based on the fundamental principles discussed in the previous section, WEMCO (an
equipment manufacturer) has developed the system shown in Fig. 1.21. Shown here is a
single-cell, NAF unit that is available in laboratory to plant-scale sizes (64).
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Fig. 1.20. Energy/density curves for nozzle air flotation defining the flow regime for optimum operation.

Fig. 1.21. Single-stage nozzle air flotation unit.



Principles of Air Flotation Technology 35

Fig. 1.22. Multistage nozzle air flotation system.

Four of these units have been put together in the plant-sized model in a multicellular design
very similar to WEMCO’s conventional rotor IAF system (Fig. 1.22). WEMCO, the manu-
facturer, claims several advantages of the nozzle unit over conventional IAF systems:

1. Lower power since a single pump provides mixing and air

2. Eliminating need for separate flocculating chemical, and external mixing chambers, as mixing is
accomplished in the first flotation cell

3. Lower maintenance and longer life since there are no high-speed parts to wear out

6.3. Performance Data

Gotzy (95) reported on bench (batch)-scale treatment of aluminum-forming and refinery
wastewaters; Steiner et al. (96) and Hobe (97) reported on pilot plant-scale tests on refining
and tuna-cannery wastewater, respectively, while Cardile and Fronczak (98) provided data on
an operating system. Davies and Vose (99) noted that Chevron prefers the IAF process and
has a number of units in refinery service in North America, but provides no data.

Hobe (97) gives few experimental details other than the need for chemicals and a com-
parison of the degree of removal with and without chemicals. The removal using 25 mg/L
of polymer averaged 85% based on 1,045 mg/L of oil and grease in the influent; without
chemicals, the removal averaged 67%; the supernatant oil and grease averaged 25-30% FOG
(fat, oil, and grease), 30-35% total solids, and 3—8% total protein.
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Table 1.17
Performance of nozzle IAF in industrial wastewater treatment
Author Wastewater Chemicals Flow Influent  Effluent Removal
(gal/min) (mg/L)  (mg/L) (%)
Cardile and Railroad Polyelectrolytes 2,150 450 7.0 98 O & G
Fronczak (101)  maintenance 116 7.6 96 TSS
Steiner et al. (96) Refinery Polyelectrolytes 28 31 6 810 & G
(10 mg/L)
(Pilot) 38 11 71 SS
Hobe (97) Tuna cannery Polyelectrolytes (Pilot) 1,045 145 86 0 & G
(25 mg/L)
Gotzy (95) Al-forming cast Variable (Bench) Improvement
house cooling in percent
water transmittance
noted

“0 & G, oil and grease.

NATCO (100) reported that its Tridair hydraulic induced gas flotation cell accomplished
90-98% removal of insoluble oil/organic and SS. Removal efficiency was influenced by
physical characteristics of the incoming stream such as pH, total dissolved and SS, tempera-
ture, presence of chemicals, mixtures of different streams, and zeta potential. The nozzle/
educator design ensured even dispersion of the finely divided air/gas bubbles throughout the
liquid. By controlling the volume and rate of air/gas induced, the development of the proper
bubble size for the efficient lifting of oil/organic and SS is achieved.

Table 1.17 summarizes the performance of NAF in the treatment of various industrial
wastewaters.

6.4. Multicell Units

A test comparing a full-stream pressurization single-cell system to a multicell impeller
induction system yielded an effluent oil concentration of 10-21 mg/L for the single cell vs.
2-10 mg/L for the multicell system, even though the latter system cost 60% as much as the
former.

An innovation in equipment design was revealed by a sales brochure from Clow Corpora-
tion depicting a multicell DAF unit (Fig. 1.23). Unfortunately, no comparative operating data
to a single-cell DAF unit were provided in this document.

6.5. Theoretical Analysis

In an investigation of the relative importance of the variables in an IAF system, Burkhardt
(102) passed a sidestream from a batch IAF cell through a spectrophotometer and measured
absorbance (due to oil concentration) as a function of time (Fig. 1.24). He concluded that the
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data could be fitted by a first-order type “chemical” process reaction equation, which is given
as follows:
ac

Z_— _K 8
a C, ®)
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where ¢ is the elapsed time of treatment in the batch system, K is the rate constant, and C is the
contaminant (oil) concentration.

Extension of the equation from a single-stage reaction to a four-step, sequential, equal
volume multicell system operating in series yielded the following equation (89):

C, 1\
= (m) ®

where C, is the contaminant (oil) concentration leaving the final (fourth) cell, C, is the
influent contaminant concentration, K is the rate constant, and ¢ is the total hydraulic
residence time for the cell system.

An interesting practical use of this analysis technique would be to analyze the performance
of IAF systems as a function of the amount of chemicals (flotation aids) added. In Fig. 1.24,
the kinetic constant has been plotted against chemical dose. One notes that there is an
optimum chemical dose beyond which the performance of the IAF system decreases. Other
research (63, 64, 96, 103, 104) shows this effect consistently.

7. FLOTATION SYSTEM PERFORMANCE

It is difficult to compare the efficiency and operability of various air flotation systems
because few studies have been made under comparable operating conditions. However, an
attempt has been made to compare DAF and IAF systems, based on the degree or percent of
removal of contaminants, and to examine the effect of design variables. This attempt is
complicated by the following (80):

Lack of certain design in many reports

Variety in equipment utilized — both in scale and design

Variation in wastewater type and flow rate

Difference in design and operational parameters of the many systems
Lack of monitoring data in some reports

Variation in type and amount of chemicals added

Performance data can be found from the literature (2, 32, 51-58, 76-80, 86—88, 105—
108). Results from several systems treating refinery wastewater, ballast water, paint-
manufacturing effluent, tannery effluent, glass-plant effluent, chemical-plant wastewater,
vehicle-maintenance wastewater, metal-bearing oily wastewater, and food-processing
wastewater are reported in Chapter 3 of this book. Because of the numerous variables
associated with the data/testing (especially the type and amount of chemical additives), it
is essentially futile to try to construct correlations. However, recently, several models have
been developed to describe the performance of air flotation systems (104, 115-119). Such
modeling techniques should help researchers to be able to construct dependable correla-
tions in the future.

SAIRAIE i
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Average effluent contaminant concentrations tell only part of the story. In real-world
situations, there are major variations in flow, incoming concentration, pH, etc. Hence, typical

performance data are often reported on probability plots as shown in Fig. 1.25 from
Burkhardt’s (102) paper.

8. COSTS

All data dealing with capital and/or operating cost are given as reported and have not
been updated; the year of the cost analysis is given at the end of each discussion. To allow
the reader to adjust the cost data to current prices, the U.S. Army Corps of Engineers Civil
Works Construction Yearly Average Cost Index for Utilities is given in the Appendix of
Chapter 3 (120).

8.1. Poultry-Process Waste

Woodward et al. (49) reported that a DAF plant to treat 1,200 gpm of poultry-processing
waste was installed at a cost of approximately $75,000. Daily operating costs were $30
(power), $50 (labor), and $61 (chemicals) for a total of $141 not including fixed costs. The net
operating cost was $0.07/1,000 gal (1977).

8.2. Tuna-Cannery Waste

Hobe (97) compared the cost of DAF vs. IAF (nozzle) treatment of tuna-canning waste-

water (Table 1.18). In this analysis, the DAF system appeared to be a clear winner in cost
(1978).
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Table 1.18
Cost comparison of IAF and DAF treatment of Tuna-processing wastewater
IAF DAF
Without chemicals With chemicals

Capital cost ($) 115,000 115,000 354,000
Operation cost ($/year) 14,600 29,200 52,800
Area requirements (ft>) 750 750 3,000
Power requirements (hp) 30 30 50
Treatment efficiencies (%)

BOD;s 41 50 37

SS 25 30 82

Oil and grease 67 90 92
Sludge yield (gal/d) 1,200 1,200 2,000

8.3. Refinery Wastewater

Thompson et al. (121) have compared several refinery oily wastewater-treatment systems.
For a flow of 1,000 gpm, the 1972 capital cost for a flotation system was $330,000; the
operating cost (including fixed costs) was $0.15/1,000 gal.

In a further refinement of the data, Thompson et al. (121) tabulated costs for the three basic
air flotation systems: (1) rectangular DAF, (2) circular DAF, and (3) rectangular IAF. Their
data concur with previous reports that cylindrical systems appear to be the most economical
(and Thompson says require less steel in their construction and less space for installation,
1972).

8.4. Comparative Costs

One of the best comparative articles on costs was written by Biesinger et al. (53) He
compared several different systems. Flow rates ranged from 100 to 300 gpm, but construction
costs did not vary that widely ($40,000-$125,000); operational costs varied significantly,
however, from $0.03 to $0.49/1,000 gal.

NOMENCLATURE

A/S = Air/solids plus oil, mg/mg

C = Concentration of gas or contaminant in solution, mg/L

C, = Influent contaminant (oil) concentration, mg/L.

C, = Contaminant (oil) concentration leaving the final (fourth) cell, mg/L

C; = Gas (air) solubility at 1.0 atm pressure and operating temperature, mg/L
D = Effective diameter of the agglomerate, cm

f = System dissolving-efficiency factor

¢ = Gravitational acceleration constant, 980 cm/s”
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k = Henry’s Law constant

K = Rate constant

K = Rate constant

p = Partial pressure of the gas, atm (psi)

P = Gauge pressure, atm (psig)

P, = Absolute pressure, atm absolute (psi)

O = Wastewater flow rate, L/min or gpm

Q.ir = Air flow rate, L/min (gpm)

Q. = Feed flow rate, L/min (gpm)

Q. = Underflow rate, L/min (gpm)

0, = Overflow rate, L/min (gpm)

R = Pressurized liquid flow or recycle stream, L/d (gpm)

S = Gas released at atmospheric pressure, mg/L

S = Suspended solids (oil) in the pressurized liquid stream, mg/L
S, = Gas saturation at atmospheric pressure, mg/L

S, = Suspended solids (or oil) in wastewater, mg/L

t = Hydraulic residence time, min

Vt = Terminal rising velocity of the aggregate bubble plus floc, cm/s
X¢ = Concentration of suspended solids plus oil in the feed, mg/L
1 = Viscosity of the aqueous phase, cp

pa = Density of the agglomerate, g/cm’

po = Density of the aqueous phase, g/cm®

p1 = Density of the continuous phase (water), g/cm’

REFERENCES

1. ADEQ (1996) Pretreatment with oil/water separators. Arizona Department of Environmental
Quality, Water Quality Division, Aquifer Protection Program, OFR 9615, July

2. Wang LK, Fahey EM, Wu Z (2005) Dissolved air flotation. In: Wang LK, Hung YT, Shammas
NK (eds.) Physicochemical treatment processes. Humana Press, Inc., Totowa, NJ, pp 431-500

3. Wang LK (2006) Adsorptive bubble separation and dispersed air flotation. In: Wang LK, Hung
YT, Shammas NK (eds.) Advanced physicochemical treatment processes. Humana Press, Inc.,
Totowa, NJ, pp 81-122

4. Wang LK, Shammas NK, Selke WA, Aulenbach DB (2007) Flotation thickening. In: Wang LK,

Shammas NK, Hung YT (eds.) Biosolids treatment processes. Humana Press, Totowa, NJ, pp

71-100

Alkhatib EA, Thiem LT (1991) Wastewater oil removal evaluated. Hydrocarbon Process 70:77-80

6. Melo MV, de Pereira OA, de Jesus RF, Duarte dos Santos LA (2006) Advances in non-
conventional flotation for oily water treatment. J Filtration 6:1. Also available at: http://www.
Iboro.ac.uk/departments/cg/research/filtration/journal_papers_volume_6.htm, 2009

7. PEC (1999) Treatment and utilization of oil-containing produced-water in Oman. Petroleum
Energy Center, Oman

8. Peters RW, Bennett GF (1989) The simultaneous removal of oil and heavy metals from industrial
wastewaters using hydroxide or sulfide precipitation coupled with air flotation. Hazard Waste
Hazard Mater 6(4):327-345

e


http://www.lboro.ac.uk/departments/cg/research/filtration/journal_papers_volume_6.htm
http://www.lboro.ac.uk/departments/cg/research/filtration/journal_papers_volume_6.htm

42

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

N.K. Shammas and G.F. Bennett

Shammas NK, Wang LK, Hahn HH (2010) Fundamentals of wastewater flotation, Chapter 4.
In: Wang LK, Shammas NK, Selke WA, Aulenbach DB (eds.) Flotation technology. Humana
Press, Totowa, NJ, pp 121-164

Wang LK (1985) Theory and applications of flotation processes, US Department of Commerce.
National Technical Information Service, Springfield, VA. PB 86—-194198/AS, 15p, Nov

Krofta M, Wang LK (2000) Flotation engineering, 1st edn. Technical Manual No. Lenox/
1-06-2000/368. Lenox Institute of Water Technology, Lenox, MA

Shammas NK (1997) Physicochemically-enhanced pollutants separation in wastewater treat-
ment. Proceedings of international conference: rehabilitation and development of civil engi-
neering infrastructure systems — upgrading of water and wastewater treatment facilities, The
American University of Beirut and University of Michigan, Beirut, Lebanon, 9-11 June 1997
Shammas NK (2010) Wastewater renovation by flotation, Chapter 9. In: Wang LK, Shammas
NK, Selke WA, Aulenbach DB (eds.) Flotation technology. Humana Press, Totowa, NJ,
pp 327-346

Shammas NK (2010) Flotation-filtration system for wastewater reuse, Chapter 10. In: Wang LK,
Shammas NK, Selke WA, Aulenbach DB (eds.) Flotation technology. Humana Press, Totowa, NJ,
pp 347-362

Krofta M, Wang LK (1999) Flotation and related adsorptive bubble separation processes,
4th edn. Technical Manual No. Lenox 7-25-1999/348. Lenox Institute of Water Technology,
Lenox, MA

Ata S, Jameson GJ (2005) The formation of bubble clusters in flotation cells. Int J Miner Process
76:1-2

Gelinas S, Finch JA (2005) Colorimetric determination of common industrial frothers. Miner
Eng 18:2

Yapijakis C, Wang LK (2004) Treatment of soap and detergent industry wastes. In: Wang LK,
Hung YT, Lo HH, Yapijakis C (eds.) Handbook of industrial and hazardous wastes treatment.
CRC Press/Marcel Dekker, New York, NY, pp 323-378

Wang LK, Shammas NK, Wu BC (2010) Electroflotation, Chapter 5. In: Wang LK, Shammas
NK, Selke WA, Aulenbach DB (eds.) Flotation technology. Humana Press, Totowa, NJ,
pp 165-198

McKay Creek Technologies Ltd (2003) New electrocoagulation process treats emulsified oily
wastewater at Vancouver Shipyards. http://www.esemag.com/0103/electro.html, Jan

Chen G, Yue PL (2000) Electrocoagulation and electroflotation of restaurant wastewater.
J Environ Eng 126(9):858—-863

Ibrahim MY, Mostafa RR, Fahmy MFM, Hafez Al (2001) Utilization of electroflotation in
remediation of oily wastewater. Sep Sci Technol 36:16

Rohlich GA (1954) Application of air flotation to refinery waste waters. Ind Eng Chem 46:304
Goel RK, Flora JR, Chen JP (2005) Flow equalization and neutralization. In: Wang LK, Hung
YT, Shammas NK (eds.) Physicochemical treatment processes. Humana Press, Inc., Totowa, NJ
Paulson EG (1972) Water pollution control programs and systems. In: Lund HF (ed.) Industrial
pollution control handbook. McGraw-Hill, New York, NY

Adams CE Jr, Stein RM, Joseph JJ, Walsh T (1975) Design and performance of physical-
chemical and activated sludge treatment for an edible oil plant. Proceedings of Purdue industrial
waste conference, vol 30. Purdue University, West Lafayette, IN, p 457


http://www.esemag.com/0103/electro.html,

Principles of Air Flotation Technology 43

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

Sansalone Voon JE, Srinivasan V (2001) Management of invasive species transported in ballast
water by dissolved air flotation. Proceedings of the second international conference on marine
bioinvasions, New Orleans, La, 9—11 Apr 2001, pp 119-120

Volesky B, Agathos S (1974) Oil removal from refinery wastes by air flotation. Water Quality
Res J. Can 9:328-339

Roberts KL, Weeter DW, Ball RO (1978) Dissolved air flotation performance. Proceedings of
industrial waste conference, vol 33. Purdue University, West Lafayette, IN, p 194

Massaldi HA, Newman EJ, King CJ (1975) Maximum droplet growth when cooling a saturated
solution. Chem Eng Sci 30:563

Bratby J, Marais GVR (1975) Saturator performance in dissolved air (pressure) flotation. Water
Res 9:929-936

Franzen AE, Skogan VG, Grutsch JF (1972) Chem Eng Prog 68:65

Gardner NA (1972) Flotation techniques applied to the treatment of effluents. Effluent Water
Treat J 12:82

Conway RA, Nelson RF, Young BP (1981) High-solubility gas flotation. Water Pollut Control
Fed 53:1198

Ellis MM, Fischer PW (1973) Clarifying oil field and refinery waste waters by gas flotation. J Pet
Technol 25 Apr, pp 426430

Sport MC (1970) Design and operation of dissolved gas-flotation equipment and the treatment of
oil field produced brine. J Pet Technol 22 Aug, pp 918-920

Travers SM, Lovett DA (1985) Pressure flotation of abattoir wastewaters using carbon dioxide.
Water Res 19:1479

Sato Y, Murakami V, Hirose T, Yamamoto H, Uryu Y (1979) Removal of emulsified air particles
by dissolved air flotation. J Chem Eng Jpn 12:454

Vrablik ER (1959) Fundamental principles of dissolved air flotation of industrial wastes.
Proceedings of Purdue industrial waste conference, vol 14. Purdue University, West Lafayette,
IN, p 743

Katz WJ (1960) Dissolved air flotation as applied to the treatment of oil production waste and
refinery waste. API Drilling Prod Pract conference

Shannon WT, Buisson DH (1980) Dissolved air flotation in hot water. Water Res 14:759
Ramirez ER (1979) Comparative physicochemical study of industrial waste-water treatment by
electrolytic dispersed air and dissolved air flotation technologies. Proceedings of Purdue indus-
trial waste conference, vol 34. Purdue University, West Lafayette, IN, p 699

Degremont (1979) Water treatment handbook. John Wiley & Sons, New York, NY

Schmidt L, Morfopoulos V (1983) Bubble formation in the dissolved air flotation process, paper
presented at AIChE Meeting. Houston, TX, May

Beychock MR (1967) Aqueous wastes from petroleum and petrochemical plants. John Wiley &
Sons, New York, NY

Katz WJ, Geinopolos A (1967) Sludge thickening by dissolved air flotation. Water Pollut Control
Fed 39:946

Eckenfelder WW Jr, O’Connor DJ Biological waste treatment. Pergamon Press, New York, NY
Woodward FE, Sproul OJ, Hall MW, Ghosh MM (1972) Abatement of pollution from a poultry
processing plant. ] Water Pollut Control Fed 44:1909

Woodward FE, Hall MW, Sproul OJ, Ghosh MM (1977) New concepts in treatment of poultry
processing wastes. Water Res 11:873



44

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

N.K. Shammas and G.F. Bennett

Shammas NK, DeWitt N (1992) Flotation: a viable alternative to sedimentation in wastewater
treatment plants. Water environment federation 65th annual conference, Proceedings of liquid
treatment process symposium, New Orleans, LA, 20-24 Sept 1992, pp 223-232

Steiner JL (1977) A study of dissolved and induced air flotation to remove oil and suspended
solids from petroleum refinery wastewater. MS thesis, University of Toledo, Toledo, OH
Eckenfelder WW Jr (1980) Principles of water quality management. CBI Publishing, Boston, MA
Biesinger MG, Vining TS, Shell GL (1974) Industrial experience with dissolved air flotation.
Proceedings of Purdue industrial waste conference, vol 29. Purdue University, West Lafayette,
IN, p 290

Reed SW, Woodward FF (1976) Dissolved air flotation of poultry processing waste. J] Water
Pollut Control Fed 48:107

Abo-El Ela SEA, Nawar SS (1980) Treatment of wastewater from an oil and soap factory via
dissolved air flotation. Environ Int 4:47

Zimmerman MH, Jacquez RB (1981) Poultry waste pretreatment through dissolved air flotation
coupled with lime-polymer conditioning. Proceedings of industrial waste conference, vol 35.
Purdue University, West Lafayette, IN, p 586

Mclntyre JP (1983) Dual systems best for dual wastes. Pollut Eng 46, Sept

Moursy AS, El-Ela SEA (1982) Treatment of oily refinery wastes using a dissolved air flotation
process. Environ Int 7:267

Wood RF, Dick RI (1973) Factors influencing batch flotation tests. J Water Pollut Control Fed
45:304

Adams CE Jr, Ford DL, Eckenfelder WW (1981) Development of design and operational criteria
for wastewater treatment. Enviro Press, Nashville, TN

AAPSE (1971) Sanitary engineering unit operations and unit processes laboratory manual.
American Association of Professors of Sanitary Engineering

Berne F (1982) Physical-chemical methods of treatment for oil-containing effluents. Water Sci
and Technol 14:1195

Ching LA (1981) A study of the simultaneous removal of heavy metals and oil and grease by
dissolved air flotation. MS thesis, University of Toledo, Toledo, OH

Nipper RD (1978) A study of induced air flotation and removal of emulsified oil from a drum
recycling plant wastewater. MS thesis, University of Toledo, Toledo, OH

Hillis MR (1970) Electrolytic treatment of effluents. Effluent Water Treat J 10:33

Backhurst JK, Mails KA (1981) Electrolytic flotation in effluent treatment. J Chem Tech
Biotechnol 31:431-434

Matis KA (1980) Treatment of industrial liquid wastes by electroflotation. Water Pollut Control
19:136

Roth HP, Ferguson PV (1977) An integrated industrial waste water treatment using electroflota-
tion and reverse osmosis. Desalination 23:49

Chambers DB, Cottrell WRT (1976) Flotation: two fresh ways to treat effluents. Chem Eng 83:95
Ramirez ER (1981) Physicochemical treatment of rendering wastewater by electrocoagulation.
Proceedings of Purdue industrial waste conference, vol 36. Purdue University, West Lafayette,
IN, p 437

Oblinger FG, Weintraub MH, Gealer RL, Blais EJ (1984) In-plant operation of electrolytic cell
for oily wastewater treatment. Environ Prog 3:1

Oblinger FG, Weintraub MH, Blais EJ, Gealer RL (1986) Automation of the electrolytic cell for
the treatment of oily wastewater. Environ Prog 5:283



Principles of Air Flotation Technology 45

73

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

. Weintraub MH, Dzieciuch MA, Gealer RL (1980) US Patent 4,194,972, 25 Mar 1980, Method
for Breaking an oil-in-water emulsion

Weintraub MH, Gealer RL, Golovoy A, Dzieciuch MA (1983) Development of electrolytic
treatment of oily wastewater. Environ Prog 2:32

Krofta M, Wang LK (1984) Development of innovative flotation-filtration systems for water
treatment, part C: an electroflotation plant for single families and institutions. Proceedings
of American water works association, Water reuse symposium II, vol 3. San Diego, CA,
pp 1251-1264

Shammas NK, Wang LK, Gould J, Pollock D (2009) Vertical shaft bioreactors. In: Wang LK,
Shammas NK, Hung YT (eds.) Advanced biological treatment processes. Humana Press,
Totowa, NJ, pp 59-108

Wang LK, Mahoney WJ (1994) Treatment of storm run-off by oil water separation, flotation,
filtration and adsorption. Water Treat 9:223-233

Wang LK, Wang MHS, Mahoney WJ (1990) Treatment of storm run-off by oil water separation,
flotation, filtration and adsorption, Part B: waste sludge management. Proceedings of Purdue
industrial waste conference, vol 44. Purdue University, West Lafayette, IN, pp 667-673
Cheremisinoff PN (1993) Oil/water separation. Natl Environ J 3:32-36

Bennett GF (1988) The removal of oil from wastewater by air flotation: a review. Crit Rev
Environ Control 18:189-253

Ettelt GA (1977) Control of flotation separator equipment including integrating with chemical
pretreatment processes. Prog Water Technol 9:363

De Renzo DJ (ed) (1981) Pollution control technology for industrial wastewaters. Noyes Data
Corp., Park Ridge, NJ

Hart JA (1970) On improving wastewater quality. Water Sew Works 117, JW 20-26, Sept/Oct
Pearson SC (1976) Factors influencing oil removal efficiency in dissolved air flotation units.
Proceedings of 4th annual industrial pollution conference, WWEMA, Philadelphia, PA

API (1969) Manual on disposal of refinery wastes. American Petroleum Institute, New York, NY
Quigley RF, Hoffman EL (1966) Flotation of oily waste. Proceedings of Purdue industrial waste
conference, vol 21. Purdue University, West Lafayette, IN, p 527

Hart JA (1970) Air flotation treatment and reuse of refinery waste water. Proceedings of Purdue
industrial waste conference, vol 25. Purdue University, West Lafayette, IN, p 406

Barker JE, Foltz VW, Thompson RJ (1971) Treatment of waste oil: wastewater mixture. In:
Cecil LK (ed.) Water — 1970, AIChE symposium series, AIChE, vol 67. New York, NY, p 107
Churchill RJ, Tacchi KJ (1978) A critical analysis of flotation performance. In: Bennett GF (ed.)
Water — 1977. AIChE symposium series, AIChE, New York, NY, p 74

Bassett MG (1971) WEMCO depurator system, Paper SPE 3349, presented at the SPE Rocky
Mountain Regional Meeting. Billings, MT, June

Degner VR, Winter MK (1979) Recent advances in wastewater treatment using induced-air
flotation. In: Bennett GF (ed.) Water — 1978, AIChE symposium series, vol 75. New York, NY,
p 190

Degner VR (1976) Dispersed air flotation cell design and operation. In: Bennett GF (ed.) Water —
1975, AIChE symposium series, vol 71. New York, NY, p 151

Puget FP, Melo MV, Massarani G (2004) Comparative study of flotation techniques for the
treatment of liquid effluents. Environ Tech 25(1):79-67



46

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

N.K. Shammas and G.F. Bennett

Degner VR, Colbert WV (1978) Dispersed gas flotation process. US Patent 4,110,210, 29 Aug
1978; Degner VR, Colbert WV (1980) Dispersed air flotation machine. US Patent, 4,226,706,
7 Aug 1980

Gotzy E (undated) Evaluation of chemicals and their cleaning ability on oil and suspended solids
in cast house cooling water using induced-air flotation. National-Southwire Aluminum Co.,
Hawesville, KY

Steiner JL, Bennett GF, Mohler EF, Clere LT (1978) Air flotation of refinery waste water. Chem
Eng Prog 74:39

Hobe D (1978) Tuna cannery waste treatment, Pacific Northwest Pollution Control Assoc., 1978.
Annual conference, Victoria, BC, Oct

Cardile RP, Fronczak R (1981) Resolution of an industry’s oil waste problem. Proceedings of
Purdue industrial waste conference, vol 36. Purdue University, West Lafayette, IN, p 395
David BT, Vose RW (1977) Custom designs cut effluent treating costs: case histories at Chevron,
U.S.A. Inc. Proceedings of Purdue industrial waste conference, vol 32. Purdue University, West
Lafayette, IN, p 1035

NATCO (2008) Tridair Hydraulic Induced Gas Flotation System, NATCO Group. http://www.
natcogroup.com/TRIDAIR%20HYDRAULIC%?20Induced%20Gas%?20Flotation%20System.htm
Cardile RP, Fronczak R (1982) Railroad shops control an oily waste problem. Ind Wastes
(Chicago), 20, Jan/Feb

Burkhardt CW (1983) Control pollution by air flotation. Hydrocarbon Process 62, May, p 59
Daukss P (1980) Metal ion removal by precipitating flotation, unpublished report. University of
Toledo, Toledo, OH

Ciribeni ODV, Gutierrez LV (2005) Froth collapse in column flotation: a prevention method
using froth density estimation and fuzzy expert systems. Miner Eng 18:5

Boyd JL, Shell GL, Dahlstrom DA (1972) Treatment of oily wastewaters to meet regulatory
standards. In: Cecil LK (ed.) Water — 1971, AIChE symposium series, vol 68. New York, NY,
p 124

Smith W, Robe K (1976) Heavy-emulsion oil waste reduced from 2,000 to 10 ppm. Chem Proc
22, Nov

Finkler ML, Olds SD, Applegate CS (1976) Pilot plant testing develops treatment for petroleum
refinery. Proceedings of Purdue industrial waste conference, vol 31. Purdue University, West
Lafayette, IN, p 26

Kirkup WM (1977) Refinery oil/water separation equipment and its applications. Filtr Sep
14(3):259-265, May/June

Boyd JL, Shell GL (1972) Dissolved air flotation application to industrial wastewater treatment.
Proceedings of Purdue industrial waste conference, vol 27. Purdue University, West Lafayette,
IN, p 705

Envirex (1982) Dissolved air flotation, product brochure. U.S. Filter/Envirex, Waukesha, WI
Arnoldi HW, Corning DP, Sykes RL (1980) The application of flotation techniques to the
treatment of tannery waste waters. J Soc Leather Technol Chem 64:69

Katnik KE, Pavilcius AM (1979) A simplified approval and purifying oily wastewater. Plant Eng
33, 18 Oct

Lynes PF (1980) Evaluation of induced air flotation for railyard wastewater. Proceedings of 8th
annual WWEMA conference


http://www.natcogroup.com/TRIDAIR&percnt;20HYDRAULIC&percnt;20Induced&percnt;20Gas&percnt;20Flotation&percnt;20System.htm
http://www.natcogroup.com/TRIDAIR&percnt;20HYDRAULIC&percnt;20Induced&percnt;20Gas&percnt;20Flotation&percnt;20System.htm

Principles of Air Flotation Technology 47

114.

115.

116.

117.

118.

119.

120.

121.

Kreye WC, Oliver JW, Sutton HC, Voreh FR (1978) Treatment of zinc plating and oil bearing
wastewater. Proceedings of Purdue industrial waste conference, vol 33. Purdue University, West
Lafayette, IN, p 155

Murakami ES, Robe K (1975) Before: sewage changes $55,660/yr, now: $4,340, Food Process
36, p 80

Rigas F, Panteleos P, Laoudis C (2000) Chemical composite design in a refinery’s wastewater
treatment by air flotation. Global Nest Int J 2(3):245-253

Liers S, Baeyens J, Mochtar I (1996) Modeling dissolved air flotation. Water Environ Res
68:1061-1075

Beckley CT, Eades AA (2001) A multiphase CFD model of DAF process. Water Sci Tech
43(8):145-152

Leppinen DM (2000) A kinetic model of dissolved air flotation including the effects of interpar-
ticle forces. J] Water Supply: Res Technol — Aqua 49(5):258-259

U.S. ACE (2009) Civil works construction cost index system manual. 110-2-1304, Yearly
Average Cost Index for Utilities, US Army Corps of Engineers, Tables, Washington, DC,
p 44. PDF file is available on the Internet at http://www.nww.usace.army.mil/cost

Thompson CS, Stock J, Mehta PL (1972) Cost and operating factors for treatment of oily waste
water. Oil Gas J 70:53


http://www.nww.usace.army.mil/cost

2

Gas Dissolution, Release, and Bubble Formation
in Flotation Systems

Lawrence K. Wang, Nazih K. Shammas, William A. Selke,
and Donald B. Aulenbach

CONTENTS

INTRODUCTION

BUBBLE SEPARATION PROCESSES

Gas BUBBLE DISPERSION

Gas TRANSFER, DissoLUTION, RELEASE, AND FLOTATION
NOMENCLATURE

REFERENCES

Abstract The theories and principles of gas dissolution, release, and bubble formation in gas
flotation systems are introduced in detail for process design, optimization, and operation.
Also introduced is a new instrument for real-time measurement of bubble content and size
distribution in a typical flotation system consisting of gas bubbles (gas phase) and bulk water
(liquid phase). Specific engineering topics included in this chapter are: gas dispersion
principles, gas dispersion tester, bubble tester operation, gas dispersion example, gas transfer
principles, Henry’s Law constants, partial pressures, solubilities of various gases, gas disso-
lution and release, gas bubble formation and size distribution, bubble attachment, bubble
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and engineering design examples.
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1. INTRODUCTION

Bubble dynamics is of great importance in optimizing the engineering design and
operating parameters of various adsorptive bubble system operations, such as dissolved air
flotation and dispersed air flotation, for the separation of solids from a liquid.
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The purpose of this chapter is to present a new instrument for real-time measurement of bubble
content and size distribution in a typical bubble flow reactor where air bubbles and bulk water are
the gas phase and liquid phase, respectively. This chapter introduces the operation of a newly
developed air dispersion tester (or bubble generation tester), its theory, principles, operational
procedures, analysis, typical examples, and design applications for air flotation systems.

2. BUBBLE SEPARATION PROCESSES

Adsorptive bubble separation processes are used to concentrate or separate materials that
may be molecular, colloidal, or macroparticulate in size. The material is selectively adsorbed
at the surfaces of bubbles rising through the liquid, and the efficiency of the separation
process depends partly on differences in surface activity and, importantly, also on the number
and size of the gas bubbles.

Adsorptive bubble separation processes (such as dissolved air flotation and dispersed air
flotation) have many significant industrial applications including liquid industrial effluent
treatment, water purification, activated sludge thickening, oil-water separation, cellulose
fiber concentration, etc. (1-14). A 37.5 MGD flotation—filtration plant (14) and a 1.1 MGD
flotation—filtration plant (3, 4) have been operating in Pittsfield, Massachusetts and Lenox,
Massachusetts, respectively, for potable water production. A dissolved air flotation clarifier
is operating for secondary clarification at an 18-MGD activated sludge plant in Texas (11).
Here 1 MGD = one million gallons per day = 3.785 MLD = 3.785 million liters per day.
Theoretical explorations and investigations of bubble dynamics and air dispersion mechan-
isms have become increasingly important to engineers in the design of such flotation systems.

The air pressure for generation of the air bubbles is the major parameter controlling air
solubility in an air flotation unit and is an important factor in flotation operation. The total
volume and size of air bubbles produced on depressurization is proportional to the pressure of
the process stream, the rate of flow, and the pressure reducing mechanism. Large air bubbles
produce a fast, turbulent rise rate resulting in reduced air—solids contact time and bubble
surface area. More efficient solids removal is obtained with smaller air bubbles because of
increased contact time and total bubble surface area.

An adequate air pressure generation system for optimum results in an adsorptive bubble
separation process involving the use of dissolved air is needed to satisfy the requirements of air
volumetric flow rate, bubble rising velocity, and power consumption. Usually, the amount of
dissolved air is about 0.5-3.0% of the water volume. This amount should be adjustable and
measurable. The optimum rising velocity of the air bubbles is about 12 in/min (30.5 cm/min) and
should not be below 5 in/min (12.5 cm/min), nor over 20 in/min (50 cm/min). The air dispersion
system must allow adjustment of the bubble rising velocity, and the proportion of the different
rising velocities of the dispersed air bubbles. Power consumption is an important economic
factor. For a dissolved air flotation system operated at full flow pressurization mode, the power
consumption should be less than 13 Hp/m?>/min (50 Hp/1,000 gpm). For DAF systems operated
at partial flow pressurization mode, the power consumption should be less than 7 Hp/m>/min
(27 Hp/1,000 gpm). Here 1 Hp = 1 horsepower = 746 watts = 0.746 kW. All the aforemen-
tioned parameters need to be optimized for a specific system. Additional references on various
adsorptive bubble separation processes can be found from the literature elsewhere (15, 16).
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3. GAS BUBBLE DISPERSION
3.1. Gas Dispersion Tester

A quick method for determining percent air, bubble size, and volume distribution would be
useful for evaluating and improving the efficiency of air dissolving, power consumption, and
bubble formation in an air flotation unit. An air dispersion tester (see Figs. 2.1 and 2.2) has
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Fig. 2.1. Air dispersion tester.
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Fig. 2.2. Experimental system setup.

been developed to measure the percent air content in an air flotation process stream. A narrow
Plexiglas cylinder is attached to a larger diameter Plexiglas air dispersion cylinder, and both
are open to atmospheric pressure at the top. An overflow is provided with a drain to allow
continuous feed through the tester. Separate inlet valves for water at atmospheric pressure and
pressurized process flow are mounted at the bottom of the instrument. A small untreated
water column is a few centimeters above the bottom plate and rises vertically to the bottom of
the large, outside Plexiglas air dispersion cylinder. The untreated water column is then
extended with a transparent plastic tube around the perimeter of the large cylinder stopping
at the top level of the tester. The transparent plastic tube is calibrated in percent air volumes,
and the slope of the tube is determined by the percent change in height. The difference in level
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in the transparent tube expressed in percent of the total height of the tester is equal to the
percent air content. Extending the tube on a horizontal incline over 7.6 cm in height facilitates

in establishing a precise graduation for percent air readings.
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Supersaturated process water from the air flotation unit enters through a pressure reducing
valve into the main air dispersion cylinder for a period of a few minutes. The flow is stopped
and the gate valves separating the aerated process water and untreated are opened (see
Fig. 2.3). This causes the level in the small transparent tube to drop in proportion to the
percent air content of the process water in the air dispersion cylinder. Calibrated readings
are recorded at 30—120 s time intervals and graphically plotted vs. time. The curve can be
approximated with a number of straight lines, each corresponding to fine, medium, or coarse
bubble diameters and their respective rising velocities.

3.2. Gas Dispersion Principles

Discrete particle flotation in a bubble separation process unit under laminar flow condi-
tions is given by Stoke’s law: Stoke’s law can be used to calculate the bubble rise rate, or the
falling rate of a spherical object in a fluid, such as water. Such an object reaches a terminal
velocity when the gravitational force, buoyancy, and the viscous drag reach a net equilibrium.
For a gas bubble with essentially no mass, the terminal velocity is reached when the buoyancy
force equals the drag force.

(3.14)(D*)(dw — dg) g = 18(3.14)vDV'r, (1a)
Vi = g(dw — dg) D*/(18v), (1b)

where D is the diameter of a spherical gas bubble, m; V1 is the terminal velocity of a spherical
bubble diameter D, m/s; dy is the density of water, kg/m3 ; dp is the density of gas bubble,
kg/m?; v is the water viscosity, Pa s; and g is the gravitational acceleration = 9.8 m/s”.

The Reynolds number must be less than 1.0 for Stoke’s law to apply. The spherical particle
can be a bubble or an air—solid—oil floc having a specific gravity of less than 1, thus causing a
negative terminal velocity, or a rising velocity. The bubble size is affected by the pressure in
the bubble formation, viscosity, and surface tension of the fluid.

Free air is defined as air under the conditions prevailing at the air pump or air blower
inlet. Standard air is defined in air blower work as air at a temperature of 68°F (20°C), a
pressure of 14.7 psig (101.3 kPa), and a relative humidity of 36%. Standard air has a specific
weight of 0.0750 Ib/ft> (1.20 g/L). The specific weight of air varies at sea level from
0.0776 Ib/ft® (1.24 g/L) at 50°F (10°C) to 0.0724 Ib/ft> (1.16 g/L) at 86°F (30°C). One
standard atmosphere pressure = 10.333 m of water = 33.899 ft of water = 14.696 Ib/in’
= 101.325 kPa = 101.325 kN/m* = 1.013 bar.

3.3. Gas Dispersion Tester Operation

The installation of the newly developed air dispersion tester (or bubble generation tester) is
described in Figs. 2.1 and 2.2. Figures 2.4 and 2.5 illustrate two different types of tester
operations, types 1 and 2 consecutively.
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Fig. 2.4. Type I air dispersion test.

3.3.1. TypeI Test

The air dispersion tester is initially filled with tap water or process water with valve
P closed and valves T, F, and U open. After the tester is full, valves T and F are closed and
valve P is opened for continuous and uniform feed of aerated process water. The aerated
process stream is introduced through inlet valve P and is allowed to flow until it has filled the
vertical air dispersion cylinder B and the larger open cylinder at the top C (exposed to
atmospheric pressure) and has overflowed through drain D. The pipe connection between
valve P and the inlet into the tester should be as short as possible. After a period of 2—5 min,
valve P is closed and valve F is opened, timing is begun and the percent air level in the
transparent tube E is measured in adequate time intervals. At this time, the water in tube E and
column G (at least 80% smaller in diameter than cylinder B) is allowed to enter the main air
dispersion cylinder B. The water from tube E replaces a portion of the aerated process stream
in cylinder B in direct proportion to its greater density. The drop in level of water in tube E is
determined by calibration markings on the tube and converted by a calibration curve
(Fig. 2.1) to percent air in the aerated process stream. The change in density with time can
be charted as shown in Fig. 2.4 for this testing (Type I Test). Tangents to the curve shown in
Fig. 2.4 are denoted L, M, and N. Their intersection with the upper abscissa gives the average
time, in min, for a bubble to rise through the height of cylinders B and C. The intersection of L
tangent with the ordinate indicates the percent air in water for the L size bubbles. When the
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value is subtracted from the intersection point of the M tangent, the percent air in water is
determined for the M size bubbles, etc. Thus the total volume of generated air for each size of
bubbles may be determined.

3.3.2. Type 1l Test

The air dispersion tester is initially filled with tap water or process water with valve P
closed and valves T, F, and U open. After the tester is full, valve T is closed and valve P is
opened for continuous and uniform feed of aerated process water. After over 5 min and when
a steady-state condition is reached, valve P is closed, timing is begun, and percent air vs. time
is recorded. Figure 2.5 is explained in a typical example.

Application of Stokes law to the available data enables the bubble size distribution to be
assessed. This can be accomplished automatically by interposing a pressure transducer to
sense the pressure differential between column G and cylinder B. The transducer generates an
electronic signal outputted to an appropriately programmed computer so that real-time bubble
size distribution data can be displayed.

Tests should be carried out with water or wastewater with known characteristics. Results
and conclusions should be reported of investigations that have been undertaken with the
bubble generation instrument (air dispersion tester) to determine the effect on bubble size
distribution under various operating conditions: air compressor pressure, dissolving tube
pressure, pump pressure, rotameter levels, air flow rate, bubble rise rate, water and air
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temperatures, surface tension and viscosity of water (bubble formation conditions), chemical
addition (if any), and presence of various particulates (if any).

The tester should be carefully examined and all its dimensions (diameters, heights, tube
volume, overflow volume, etc.) measured. A flow diagram illustrating the air dissolving tube
and the air dispersion tester is presented in Fig. 2.2.

In actual operation, the bleed-off valve should be checked. The time of air input into the
tester and the rise rate of air—water interface should be recorded.

The data to be presented for discussion should include, but not be limited to: the
percent total air content, percent of air bubbles in the water, air bubbles rise rates, and
bubble sizes.

3.4. Gas Dispersion Example

3.4.1. Construction and Testing of an Air Dispersion Tester

A vertical transparent plastic air dispersion cylinder B, 8.9 cm ID, 182.6 cm long is closed
at the base by a 1.59 cm thick plastic base (see Fig. 2.1). An inlet tube rises from the base to 13
cm above the interior base where there is an air dispersion head. This inlet may either admit
fresh tap water (or process water) from valve T or water with dissolved and entrained air to be
tested from valve P. There is an additional base valve K with two positions that determine this
source selection. When the pipe that normally supplies untreated water is opened to the drain,
the water in the cylinder may be drawn down to the level of the input tube, which rises
through the base to approximately 13 cm above the base. Figures 2.1 and 2.2 show the entire
system for air dispersion testing.

A copper tube called the raw water column G is inside the 8.9 cm ID air dispersion cylinder
(for the sake of heat transfer). The top of the copper tube G which is 5.3 cm below the
overflow drain hole is extended to a sloping transparent high-resolution volumetric level
indicator, as shown in Fig. 2.1. The volumetric level indicator is made of transparent plastic
tubing (74.3 cm effective length) and is calibrated for determination of “percent air in water.”
Zero to 5% air volume is uniformly scaled on a 73.7 cm horizontal line. The slope of the
transparent plastic tubing E is 7.6 cm/73.7 cm equal to 0.103. There is a valve U at the point
where the copper tube exits the air dispersion cylinder B to fill the high-resolution volumetric
level indicator.

At the top of the air dispersion cylinder there is a 24.1 cm diameter overflow dish 5.1 cm
deep. This overflow dish is made level. The volumetric indicator shown in Fig. 2.1 is a board
with the high-resolution sloping tube for the untreated water. A supplemental volumetric
indicator is the periphery of the 29.5 cm ID dish that receives the overflow.

The air dispersion cylinder B that contains the water samples for testing is mounted
vertically with valves P and T positioned to permit a short path of direct transfer of water
sample to the cylinder. The air dispersion cylinder B is sufficiently long and large in diameter,
in order to slow the flow rate of the sample transfer, increase the resolution with the larger
sample volume, permit an internal graduated mark to be used for measuring the rising
velocity of bubbles, and allow the stages of changing bubble velocity to be observed for a
wide range of bubble sizes.
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Table 2.1

Experimental conditions for Type II test

Measurement Value
Air dissolving tube effluent flow to reservoir, L/min 19
Air dissolving tube effluent flow to tester, L/min 12
Air dissolving tube total flow, L/min 31
Air flow, std (Meter A), L/min 0.2
Air flow, std (Meter B), L/min 0.2
Air pressure, psig 80
Air dissolving tube water pressure, psig 60*
Air dissolving tube diameter, cm 11.4
Air dissolving tube length, cm 88.9
Wastewater source Gray water
Wastewater temperature, °C 24

*60 psig = 413.7 kPa.

Table 2.2
Air dispersion data for Type II test

Time, min Air volume, %
0 2.10
0.25 1.95
0.50 1.80
1.00 1.50
1.50 1.15
2.00 0.90
4.00 0.50
6.00 0.34
8.00 0.25
10.00 0.15
12.00 0.05
12.50 0

3.4.2. Experimental Results

As an example, the Type II Test was conducted for an aerated wastewater whose experi-
mental conditions are shown in Table 2.1. The air dispersion data for the Type II Test were

recoded as shown in Table 2.2.

The air dispersion data are plotted in Fig. 2.5 and the calculations are shown below:

Fine bubbles (L):

Fine air bubbles in water = 0.55%
Fine bubbles in all bubbles = 25.6%
Fine bubbles rising velocity = 14.4 cm/min
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Medium bubbles (M):

Medium air bubbles in water = 0.8%
Medium bubbles in all bubbles = 37.2%
Medium bubbles rising velocity = 42.7 cm/min

Coarse bubbles (N):

Coarse air bubbles in water = 0.8%
Coarse bubbles in all bubbles = 37.2%
Coarse bubbles rising velocity = 125 cm/min

Total bubbles:

All air bubbles in water = 2.15%
Sum of all bubbles = 100%

The air bubbles rising velocities were estimated by the following equation:
Vr = D/t, 2

where Vr is the bubbles vertical rising velocity, cm/min; D, is the effective depth of air
dispersion cylinder, cm; and ¢ is the bubbles traveling time to water surface, min.
The aforementioned bubbles rising velocities were calculated as follows:

Fine bubbles rising velocity = 187.7/13 = 14.4 cm/min
Medium bubbles rising velocity = 187.7/4.4 = 42.7 cm/min
Coarse bubbles rising velocity = 187.7/1.5 = 125 cm/min

This is an example of too much air (2.15% of air bubbles in water) and too coarse air
dispersion (37.2% of air bubbles are coarse bubbles).

Knowing the water temperature, bubble terminal rising velocity, kinematic viscosity (from
Table 2.3), specific gravity of air bubbles (from Table 2.4), and gravitational acceleration
coefficient, one can then calculate the average diameter of spherical air bubbles using
Eq. (1a). Application of Eq. (1a) for determination of the rise rate of a gas bubble is presented
in Sect. 4.

4. GAS TRANSFER, DISSOLUTION, RELEASE, AND FLOTATION
4.1. Gas Transfer Principles

When a gas is in contact with the surface of a liquid, the amount of the gas that will go into
solution is proportional to the partial pressure of that gas. A simple rationale for Henry’s law
is that if the partial pressure of a gas is twice as high, then on the average twice as many
molecules will hit the liquid surface in a given time interval, and on the average twice as
many will be captured and go into solution. For a gas mixture, Henry’s law helps to predict
the amount of each gas that will go into solution. However, different gases have different
solubilities and this also affects the rate. The constant of proportionality in Henry’s law must
take this into account (17-25).
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Table 2.3
Viscosity and specific weight of water
Temperature, °F Specific wt, Ib/ft? Absolute viscosity”*, Kinematic viscosity”,
1b-s/ft? ft*/s
32 62.42 3.746 1.931
40 62.43 3.229 1.664
50 62.41 2.735 1.410
60 62.37 2.359 1.217
70 62.30 2.050 1.059
80 62.22 1.799 0.930
90 62.11 1.595 0.826
100 62.00 1.424 0.739
130 61.55 1.069 0.558

“To convert to centipoise, divide by 2.088 x 107>. 1 centipoise = 10~2 g/cm-s.
bTo convert to centistokes, divide by 1.075 x 107>, 1 centistoke = 1072 cmz/s.
“Values, x107°.

Table 2.4
Typical values for the specific weight of ambient air at relative humidity of 36%
Elevation (ft) Pressure (psi) Temperature

10°C 20°C 30°C

Specific weight of air

0 14.7 0.0776 0.0750 0.0724
1,000 14.2 0.0750 0.0724 0.0701
2,000 13.7 0.0722 0.0697 0.0674
4,000 12.7 0.0670 0.0648 0.0625

All specific weights are in Ib/ft® (1 g/em® = 62.43 Ib/ft). 1 ft = 0.3048 m. 1 psi = 6.895 kPa.

Table 2.5 gives the Henry’s law constants for sparingly soluble gases, such as air, carbon
dioxide, carbon monoxide, hydrogen, hydrogen sulfide, methane, nitrogen, and oxygen (23).
The values in Table 2.5 should be multiplied by 10* to obtain atm/mol fraction.

The partial pressure of gases at sea-level (i.e., 1.0 atm total pressure, or 0.0 m elevation
above mean sea level) is given in Table 2.6. Specifically, Table 2.6 presents the partial
pressures of the gases in air (nitrogen, oxygen, argon, carbon dioxide, methane, and carbon
monoxide) in a natural atmosphere under 1 atm total pressure and dry air conditions. The
same table also shows the percent volume of various gas components in dry air. For instance,
the percent volumes of nitrogen, oxygen, argon, and carbon dioxide gases in dry air are
78.9%, 20.95%, 0.93%, and 0.032%, respectively.

When aquatic environmental systems are open to the atmosphere, there are two ways for
gas transfer: (a) gases from the atmosphere are free to dissolve into the aqueous phase; and (b)
gases from the aqueous phase are free to escape into the atmosphere. Equilibrium is defined as
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Table 2.5

Henry’s law constants for sparingly soluble gases

T(°C) Air CO, Cco H, H,S CH, N, 0O,
0 4.32 0.073 3.52 5.79 0.0268 2.24 5.29 2.55
10 5.49 0.104 4.42 6.36 0.0367 2.97 6.68 3.27
20 6.64 0.142 5.36 6.83 0.0483 3.76 8.04 4.01
30 7.71 0.186 6.20 7.29 0.0609 4.49 9.24 4.75
40 8.70 0.233 6.96 7.51 0.0745 5.20 10.4 5.35
50 9.46 0.283 7.61 8.65 0.0884 5.77 11.3 5.88
60 10.1 0.341 8.21 7.65 0.1030 6.26 12.0 6.29

Multiply values in the table by 10* to obtain atm/mol fraction.

Table 2.6

Partial pressure of gases in a natural atmosphere (23)
Gas Din

N, 0.7809

(O} 0.2095

Ar 0.0093
CO, 0.00032
CH, 0.0000015
CO 0.0000001

1 atm total pressure and dry air conditions.

the conditions when the number of gas molecules that enter the aqueous phase is equal to the
number escaping into the gas phase. Equilibrium conditions represent the maximum (i.e.,
saturation) concentration of a dissolved gas in solution (26, 27).

4.2. Henry’s Law Constants, Partial Pressures, and Solubilities of Various Gases

Gas solubility in fresh water depends mainly on: (a) temperature; (b) type of gas; and (c)
partial pressure of the gas. In addition to the above three parameters, the gas solubility in
saline water also depends upon the salinity.

One may use Henry’s law to compute dissolved gas mole fraction of any gas, X;, at
equilibrium conditions:

Xi = Piy/H;, 3)
where X is the dissolved gas mole fraction of any gas; P; ; is the partial pressure of the gas, i, at

an elevation 4 (h = 1.0 if elevation = 1000 m); i is a gas; % is an elevation; and H; is the Henry’s
law constant for the particular gas, i.
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Since barometric pressure decreases with elevation, or lower atmospheric pressure, the
partial pressure of gases in Table 2.6 must be corrected for elevation or any atmospheric
pressure. The following equation is used to correct the partial pressures in Table 2.6 to take
into account elevation effects.

Pij = Pige 120 “4)

where H is the elevation above sea level in thousands of meters and P; g is the partial pressure
of the gas, i, at sea level where /4 is 0 m. e value is 2.71828.

The concentration of dissolved gas (mole/L) can be calculated using the following
approximation:

Ci = Xi Cwater; (53)

where C; is the concentration of dissolved gas, mole/L; X; is the dissolved gas mole fraction of
any gas; and C,e, iS the molar concentration of water.

Cuater = (1,000 g/L) /(18 g/M) = 55.56 M/L. (5b)

The following example shows how the saturation concentration of dissolved oxygen in Las
Cruces, New Mexico (elevation = 1,160 m; temperature = 30°C) can be calculated.
According to Table 2.6, the partial pressure of oxygen at sea level is 0.2095 atm. At the
elevation of 1,160 m (& = 1.160), the atmospheric pressure decreases to 87% of sea level
conditions.
Poxygen,l.l = Pi,Oe_O.IZIh
= 0.2095 e—O.lZl(l.lGO)
= 0.2095(0.87)
= 0.182 atm.

4

Using Henry’s constant corresponding to oxygen at 30°C, from Table 2.5 one obtains the
mol fraction of oxygen in water using Eq. (3):

Xi = Pi/H;, (3)
Xi = Xoxygen = Poxygen,1.1/(4.75 % 10* atm /mole fraction)
= 0.182 atm/(4.75 x 10* atm/mole fraction)

= 3.83 x 107® mole fraction.

The molar concentration of dissolved oxygen at saturation can then be calculated:
Ci= Xicwateru (5)

Coxygen = (3.83 x 107 mole fraction)(55.56 M/L)
=213 x107* M/L
= (2.13 x 107* M/L)(32,000 mg/M)
= 6.8 mg/L.
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Table 2.7
Solubilities of air, oxygen, nitrogen, hydrogen, and carbon dioxide in water at 1 atm and
various temperatures (22).

P = Pressure of the the gas

GAS
@ Note: 1 atim=1.01 Bar = 14.7 psi

C = Concentlration of the gas in a saturated
WATER solution

Solubilities of gas in water at 1 atm*

Temp °C Air Oxygen | Nitrogen |Hydrogen Cco,
4 2.63 4.40 2.14 0.206 14.7
20 1.87 3.10 1.54 0.182 8.78
50 1.30 2.09 1.09 0161 | 4.36

*% v/v = % gas volume/water volume = solubilities of gas in water at 1 atm.

4.3. Gas Dissolution and Release

Table 2.7 presents the solubilities (% v/v = % gas volume/water volume) of some common
gases, (air, oxygen, nitrogen, hydrogen, and carbon dioxide) under normal atmospheric
pressure (P = 1 atm = 1.01 Bar = 14.7 psi) at various water temperatures (4—50°C). Table
2.7 also shows how a gas can be pressurized and dissolved in water. P is the pressure of a gas
over the water, and C is the concentration of the gas in a saturated solution (22).

At constant temperature the solubility of a gas in a liquid is directly proportional to the
pressure of the gas above the solution, as shown in the small diagram in Table 2.7.

Ci=fxPy, (6)

Cy =f X Pa, @)
f=Cy/Py=Cy/Py, ®)
Cy = Ci(P2)/Py, )

where C; is the solubility of a gas in water (% v/v) under pressure P; (atm), C, is the
solubility of a gas in water (% v/v) under pressure P, (atm), P, is the normal atmospheric
pressure = 1 atm (which may be corrected by elevation), P, is the pressure of a gas above the
water, atm, and F is a constant.

The percent volume of gas bubbles released due to pressure change can be calculated by
the following equation:

Ve = C — Cy, (10)

where V, is the percent volume of gas bubble released from a previously pressurized water, %.
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It should be noted that Table 2.7 presents the technical data for air and pure gases, such as
oxygen, nitrogen, hydrogen, and carbon dioxide. When evaluating an environmental system,
we are neither dealing with pure oxygen nor with pure nitrogen gases. Oxygen and nitrogen
and others are the gas components of air. Actual concentration of a gas component, Cyqg.a,
which is only a fraction of the gas solubility shown in Table 2.7, can be calculated by
Egs. (11a) to (11d).

Cgas-a = Pin X Caas, (11a)

Coggena = 0.2095 X Coxygen, (11b)
Chitrogen-a = 0.7809 X Chitrogens (11¢)
Cearbondioxide-a = 0-00032 X Ccarbondioxide (11d)

where Cg,q., is the actual concentration or solubility of a gas component in water, % v/v
(% gas volume/water volume); Cy, is the concentration or solubility of a pure gas in water,
% v/v (% gas volume/water volume = mL gas/100 mL water); Coxygen-a 1S the actual
concentration or solubility of oxygen component in water, % v/v (% oxygen volume/water
volume); Coxygen 1 the concentration or solubility of pure oxygen in water, % v/v (% oxygen
volume/water volume); Chirogen-a 18 the actual concentration or solubility of nitrogen
component in water, % v/v (% nitrogen volume/water volume); Cpijirogen 18 the concentra-
tion or solubility of pure nitrogen in water, % v/v (% nitrogen volume/water volume);
Carbondioxide-a 18 the actual concentration or solubility of carbon dioxide component in
water, % v/v (% carbon dioxide volume/water volume); C..ibondioxide 1S the concentration or
solubility of pure carbon dioxide in water, % v/v (% carbon dioxide volume/water volume);
and P; j is the partial pressure of the gas, i, at an elevation 4.
Actual percentage of a gas component in water can be calculated by Eq. (12a):

PCTgaS = (100) (Cgas—a) / (Cair)a (12a)
PCTOX)’geﬂ = ( 100) (Coxygen—a) / (Cair) > (12b)
PCThitrogen = (100) (Cnitrogen-a) /(Cair), (12c¢)

where PCT,, is the actual percentage of a gas component, %; PCToyyeen is the actual
percentage of oxygen component, %; PCT\iogen 18 the actual percentage of nitrogen compo-
nent, %; Cgas-a 18 the actual concentration or solubility of a gas component in water, % v/v
(% gas volume/water volume); Coxygen-a 18 the actual concentration or solubility of oxygen
component in water, % v/v (% oxygen volume/water volume); Chigrogen-a 18 the actual
concentration or solubility of nitrogen component in water, % v/v (% nitrogen volume/
water volume); and C,;, is the concentration or solubility of air in water, % v/v (% air
volume/water volume).

The following are examples on engineering calculations for gas pressurization, dissolution,
and bubble release (22).
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4.3.1. Example 1

What is the solubility of air in water at 4°C and 5 atm pressure?
Solution
Select C; = 2.63% v/v for air from Table 2.7, and adopt Eq. (9).

Cy = C(P2)/Py, )]
Cy, = (2.63% v/v)(5 atm) /(1 atm) = 13.15% v/v.

Therefore, the solubility of air in water at 4°C and 5 atm pressure is equal to 13.15 mL of
air per 100 mL of water.

4.3.2. Example 2

The pressure of air is approximately 0.21 atm oxygen and 0.79 atm nitrogen. What is the
concentration of oxygen and nitrogen in water at 4°C with 1 atm of air above it?

Solution
Select both Coyygen = 4.40 and Cjirogen = 2.14 from Table 2.7, and adopt Egs. (11b), (11¢),
(12b), and (12c¢) for calculations:

Coxygen-a = 0.2095 x Coxygen

11b
= 0.2095 x 4.40 = 0.924% v /v, (11b)

Cnitrogen—a = 0.7809 x Cnitrogen

11c
=0.7809 x 2.14 = 1.69% v/v, (1ic)

PCToxygen = (100)(Coxygen—a)/(cair)
= (100)(0.924)/(2.63) (12b)
= 35.13% oxygen.

It is important to note that the air above this solution contains only 21% oxygen.

PCTnitrogen — (100)(Cnitrogen-a)/ (Cair)
= (100)(1.69)/(2.63) (12¢)
= 64.28% nitrogen.

4.3.3. Example 3

Air is dissolved in water at 20°C and 80 psi. What will be the % volume of air bubbles
released when the pressure is reduced to 14.7 psi? What will be the % volume of air bubbles
released?

Solution

(80 psi)(1 atm/14.7 psi) = 5.4 atm.
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Table 2.8

Concentration of air dissolved in water (22)

Temp °C Pressure of air above the water in atmospheres

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Concentration of air dissolved in water in mg/L

0 37.27 74.55 111.82 149.09 186.37 223.64 260.92 298.19

5 33.00 65.99 98.99 131.99 164.98 197.98 230.97 263.97

10 29.33 58.66 87.99 117.32 146.65 175.98 205.31 234.64

15 26.53 53.06 79.58 106.11 132.64 159.17 185.69 212.22

20 24.25 48.50 72.75 97.00 121.25 145.50 169.75 194.00

25 22.36 44.73 67.09 89.46 111.82 134.19 156.55 178.91

30 20.88 41.77 62.65 83.54 104.42 125.31 146.19 167.08

40 18.51 37.02 55.53 74.03 92.54 111.05 129.56 148.07

50 17.02 34.04 51.06 68.09 85.11 102.13 119.15 136.17

60 15.94 31.89 47.83 63.77 79.71 95.66 111.60 127.54

80 15.05 30.10 45.15 60.20 75.24 90.29 105.34 120.39

100 15.05 30.10 45.15 60.20 75.24 90.29 105.34 120.39

All concentrations are in mg/L. 1 atm = 101.325 kPa = 101.325 kN/m? = 1.013 bar.

Select C; = 1.87% v/v for air from Table 2.7, and adopt Eq. (9):
Cy = Ci(P2)/Py
= (1.87% v/v)(5.4 atm)/(1 atm) 9)
=10.10% v/v.

Therefore, the solubility of air in water at 20°C and 5.4 atm is equal to 10.10 mL of air per
100 mL of pressurized water.
The percent volume of gas bubbles released due to pressure change can be calculated by
Eq. (10):
Ve =C2 — (4
=10.10 — 1.87 10)
=8.23% v/v.

For every 100 mL of pressurized water at 5.4 atm, 8.23 mL of air bubbles will be released
to the environment at 1 atm. This is the theoretical maximum. In actual engineering practice,
there will be less volume of useful air bubbles due to the following factors: (a) efficiency of
equipment for gas dissolution; (b) pressure losses; (c) bleed-off of excess gases; (d) distribu-
tion of air bubbles, and (e) pressurized water recycle.

For ease of engineering planning and design, much technical information has been precalcu-
lated or gathered (22). Table 2.8 predicts the concentration of air dissolved in water (mg/L)
under various water temperatures (°C) and various air pressures above the water (atm). Table 2.9
presents the percent volume data of air bubbles released when the pressure is reduced from
various air pressures to normal atmospheric pressure (P = 1 atm) over the water.
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Table 2.9
Percent volume of bubbles released when pressure is reduced to 1 atm (22)

Temp °C Original pressure of air above the water in atmospheres
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
0 0.00 2.88 5.76 8.64 11.52 14.40 17.28 20.16
5 0.00 2.55 5.10 7.65 10.20 12.75 15.30 17.85
10 0.00 227 4.53 6.80 9.07 11.33 13.60 15.87
15 0.00 2.05 4.10 6.15 8.20 10.25 12.30 14.35
20 0.00 1.87 3.75 5.62 7.50 9.37 11.24 13.12
25 0.00 1.73 3.46 5.18 6.91 8.64 10.37 12.10
30 0.00 1.61 3.23 4.84 6.46 8.07 9.68 11.30
40 0.00 1.43 2.86 4.29 5.72 7.15 8.58 10.01
50 0.00 1.32 2.63 3.95 5.26 6.58 7.89 9.21
60 0.00 1.23 2.46 3.70 4.93 6.16 7.39 8.62
80 0.00 1.16 2.33 3.49 4.65 5.81 6.98 8.14
100 0.00 1.16 2.33 3.49 4.65 5.81 6.98 8.14
Fig. 2.6. Pressure inside .._,-"— —'."--._..
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4.4. Gas Bubble Formation and Size Distribution

The internal force of the air on the water is countered by the force holding the air in place
that is caused by the surface tension, as shown by Fig. 2.6 (22).
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Table 2.10

Bubble diameter vs. internal pressure (22)

Diameter (micrometers) 1,000 100 10 1
Net internal pressure (atm) 0.0029 0.029 0.29 2.9

1 atm = 101.325 kPa = 1.013 bar

Let r be the surface tension of the solution, D be the diameter of the gas bubble, P be the
pressure of the bubble, and A be the area of a cross section (Fig. 2.6), then the internal force
(Finternay) and surface force (Fyace) can be calculated by Egs. (13) and (14).

Fintemar = internal force,
Finternal = (pressure)(area),
Finternal = P(3.14D?) /4, (13)
Furface = surface force,
Fuface = (surface tension)(perimeter),

Futface = (l’)(314 D), (14)

where Fiemar 1S the internal force, dyne; Fur.ce 1S the surface force, dyne; r is the surface
tension, dyne/cm (or Ib/in); D is the bubble diameter, cm (or in); and P is the internal bubble
pressure, dyne/cm? (or psi).

When the internal force is equal to the surface force during a bubble formation process,
Eq. (15) is derived.

P(3.14 D*)/4 = (r)(3.14 D), (15)
P=4r/D, (16)

Table 2.10 indicates the relationship between the net internal pressure P (atm) and the gas
bubble diameter D (micrometer) in pure water. The pressure required inside the bubble is
strongly influenced by the surface tension of the solution. The addition of substances that
reduce the surface tension leads to smaller bubbles, according to Eq. (16). The addition of
milligram per liter amounts of surface-active agents can significantly alter the flotation
process — sometimes by altering the attachment mechanism, sometimes by altering the gas
bubble formation process, sometimes both; KSV Instruments Ltd, Finland has developed a
modern gas bubble pressure tensiometer for such an investigation (28).

4.5. Bubble Attachment, Rising, and Flotation

Many researchers (29-35) have investigated the theories, principles of gas bubble forma-
tion, size distribution, absorption/adsorption, solids attachment, detachment, decompression,
surface chemistry, rising velocities, and instrumentation (17-38).
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Fig. 2.7. Attachment of solids onto gas bubbles.

Figure 2.7 shows how the solids in a flotation system can be attached onto gas bubbles.
Adsorptive bubble separation processes (including flotation) are surface-chemistry processes,
mainly for separating fine solids that take advantage of the differences of wettability at solids
particle-surfaces. Solid surfaces are often naturally wettable by water and termed hydrophilic.
A surface that is nonwettable is water repelling and termed hydrophobic.

If a surface is hydrophobic, it is typically air attracting termed aerophilic, and is strongly
attracted to an air interface, which readily displaces water at the solid’s surface, as shown in
Fig. 2.7. In a flotation system, separation of a binary solids mixture may be accomplished by
the selective attachment of hydrophobic solid particles to gas bubbles (typically air bubbles).
The other hydrophobic solid particles remain in the liquid (typically water). The difference in
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the density between the air bubbles and water provides buoyancy that preferentially lifts the
hydrophobic solids particles to the surface where they remain entrained in a froth or scum that
can be drained off or mechanically skimmed away, thus, effecting the separation.

A flotation system may be used to separate solids of similar densities and sizes, which
cannot be achieved by other types of separations based on gravity alone. It is especially useful
for particles below 100 um, which are typically too small for gravity separation by sedimen-
tation clarification. The lower size limit for flotation separation is approximately 35 pm;
although particles as small as 1 pm can be separated. At these small particles sizes, it may be
difficult to take advantage of surface properties differences to induce selective hydrophobi-
city. On the other hand, particles greater than 200 um tend to be readily sheared from
the bubble surfaces by collision with other particles or the vessel walls. However, relativity
low density materials, such as coal, may be successfully separated at sizes up to 1,600 pum in
some systems.

Lenox Institute of Water Technology (22) has developed engineering design data for
use in various adsorptive bubble separation processes (including flotation process).
Tables 2.11-2.15 introduce the design data relative to bubble attachment and bubble rising
in the flotation systems.

4.5.1. Example

What is the rise rate of a bubble with a diameter of 50 um at a water temperature of 20°C.

Solution

Stoke’s law shown in Eqs. (1a) and (1b) can be used to calculate the rise rate, or falling rate
of a spherical object in a fluid. The following is an example showing how Table 2.11 can be
used and verified, and how Eq. (1b) can be applied to the determination of bubble rise rate in a
flotation system.

Vr = g(dw — dg)D?*/(18v), (1b)

where D is the diameter of a spherical gas bubble, m; V1 is the terminal velocity of a spherical

bubble diameter D, m/s; dy is the density of water, kg/m3 ; dp is the density of gas bubble,

kg/m?; v is the water viscosity, Pa-s; and g is the gravitational acceleration = 9.8 m/s”.
From Table 2.11, the following data are obtained for water temperature at 20°C:

dw = density of water = 998.2 kg/m?,
dp = density of gas bubble = 1.2 kg/m?,

v = water viscosity = 1,002 x 10~ ®Pa-s.
The following data are given:

D = diameter of a spherical gas bubble = 50 x 10~%m,

g = gravitational acceleration = 9.8 m/s”.
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Table 2.12
Number of bubbles needed to lift a particle of density 1.1 (22)

Number of bubbles needed to lift a particle of density 1.10

Pamc.le Effective diameter of air bubbles in micrometers pm
(density = 1.10)
10 25 50 75 100 125 150 175 200 225
Multiplication factor for number of bubbles
Dyum V pum® 524 8,180 65,444 221E 524E 1.02E 1.77E 2.81E 4.19E 5.96E
+05 +05 +06 +06 +06 +06  +06
10 524 1 1 1 1 1 1 1 1 1 1
25 8,180 2 1 1 1 1 1 1 1 1 1
50 65,444 13 1 1 1 1 1 1 1 1 1
75 2.21E+05 43 3 1 1 1 1 1 1 1 1
100  5.24E+05 101 7 1 1 1 1 1 1 1 1
125 1.02E+06 196 13 2 1 1 1 1 1 1 1
150 1.77E+06 338 22 3 1 1 1 1 1 1 1
175 2.81E+06 536 35 5 2 1 1 1 1 1 1
200 4.19E+06 801 52 7 2 1 1 1 1 1 1
225 5.96E+06 1,140 73 10 3 2 1 1 1 1 1
250 8.18E+06 1,563 101 13 4 2 1 1 1 1 1
300 1.41E+07 2,701 173 22 7 3 2 1 1 1 1
400 3.35E+07 6,401 410 52 16 7 4 2 2 1 1
500 6.54E+07 12,501 801 101 30 13 7 4 3 2 2
1,000 5.24E+08 1,00,001 6,401 801 238 101 52 30 19 13 9

The gas bubble rise velocity can then be calculated using Eq. (1b):
Vi = g(dw — dg)D?/(18v)
= (9.8 m/s%)(998.2 kg/m> — 1.2 kg/m?)(50 x 10°° m)?/(18 x 1,002 x 10~° Pa-s)
= 0.00135 m/s
= 0.135 cm/s.
One can then review the data in Table 2.11. When water temperature is 20°C, and the bubble

diameter is 50 pm, Table 2.11 indicates that the bubble rise velocity should be 0.135 cm/s,
which is identical to the calculated value of 0.135 cm/s.

4.6. Gas Dissolution in Water Containing High Dissolved Solids or High Salinity

4.6.1. Environmental Engineering Significance

The greater the solubility of a gas in water, the more gas bubbles can be generated, and in
turn, the higher the efficiency of a flotation system. It is known that the gas solubility in water
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Table 2.13
Number of bubbles needed to lift a particle of density 1.5 (22)

Number of bubbles needed to lift a particle of density 1.50

Partlgle Effective diameter of air bubbles in micrometers pm
(density = 1.5)
10 25 50 75 100 125 150 175 200 225
Multiplication factor for number of bubbles
Dpum V pm’ 524 8,180 65,444 2.21E 524E 1.02E 1.77E 2.81E 4.19E 5.96E
+05 +05 +06 +06 +06 +06  +06
10 524 1 1 1 1 1 1 1 1 1 1
25 8,180 8 1 1 1 1 1 1 1 1 1
50 65,444 63 5 1 1 1 1 1 1 1 1
75 2.21E+05 211 14 2 1 1 1 1 1 1 1
100 5.24E+05 501 33 5 2 1 1 1 1 1 1
125 1.02E+06 977 63 8 3 1 1 1 1 1 1
150 1.77E+06 1,688 109 14 5 2 1 1 1 1 1
175 2.81E+06 2,680 172 22 7 3 2 1 1 1 1
200 4.19E+06 4,001 257 33 10 5 3 2 1 1 1
225 596E+06 5,696 365 46 14 6 3 2 2 1 1
250 8.18E+06 7,813 501 63 19 8 5 3 2 1 1
300 1.41E+07 13,501 865 109 33 14 7 5 3 2 2
400 3.35E+07 32,001 2,049 257 76 33 17 10 6 5 3
500 6.54E+07 62,501 4,001 501 149 63 33 19 12 8 6
1,000 5.24E+08 5,00,001 32,001 4,001 1,186 501 257 149 94 63 44

decreases with increasing water temperature, salinity, or dissolved solids concentration.
These negative effects should be avoided when operating a flotation system.

On the other hand, the gas solubility in water increases with increasing the total pressure
above the water, which is good for the flotation system.

This section demonstrates the negative effects (caused by high water temperature, high
dissolved solids, and high salinity) as well as the positive effect (caused by high total pressure
over the water) on a flotation system, using dissolved oxygen concentration in water as an
example. Engineering approaches for overcoming the negative effects are also introduced.

4.6.2. Engineering Experience and Solutions

Both dissolved solids (or salinity) and water temperature have significant effects on bubble
formation and solids attachment in flotation systems. In general gas solubilities decrease with
increasing either the dissolved solids concentration or the water temperature. Since sea water
contains high concentrations of dissolved solids (as shown in Table 2.16), generally special
attention is needed if a flotation system is to be used for treatment of contaminated sea water
(or another contaminated water with high dissolved solids concentration) or high temperature
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Table 2.14
Number of bubbles needed to lift a particle of density 2.0 (22)

Number of bubbles needed to lift a particle of density 2.00

Pamc.le Effective diameter of air bubbles in micrometers pm
(density = 2.00)
10 25 50 75 100 125 150 175 200 225
Multiplication factor for number of bubbles
Dyum V pum® 524 8,180 65,444 2.21E 524E 1.02E 1.77E 2.81E 4.19E 5.96E
+05 +05 +06 +06 +06 +06 +06
10 524 2 1 1 1 1 1 1 1 1 1
25 8,180 16 2 1 1 1 1 1 1 1 1
50 65,444 126 9 2 1 1 1 1 1 1 1
75 2.21E+05 422 28 4 2 1 1 1 1 1 1
100 5.24E+05 1,001 65 9 3 2 1 1 1 1 1
125 1.02E+06 1,954 126 16 5 2 2 1 1 1 1
150 1.77E+06 3,376 217 28 9 4 2 2 1 1 1
175 2.81E+06 5,360 344 43 13 6 3 2 2 1 1
200 4.19E+06 8,001 513 65 19 9 5 3 2 2 1
225 5.96E+06 11,391 730 92 28 12 6 4 3 2 2
250 8.18E+06 15,626 1,001 126 38 16 9 5 3 2 2
300 1.41E+07 27,001 1,729 217 65 28 14 9 6 4 3
400 3.35E+07 64,001 4,097 513 152 65 33 19 12 9 6
500 6.54E+07 1,25,001 8,001 1,001 297 126 65 38 24 16 11
1,000 5.24E+08 1,000,001 64,001 8,001 2,371 1,001 513 297 187 126 88

wastewater. For instance, much higher pressure may be required to dissolve air in water,
in turn, to release pressure for bubble formation. Alternatively, special surface-active collec-
tors may be used to overcome the problems of high dissolved solids and/or high water
temperature (39).

Equations (17) and (18) illustrate the effects of dissolved solids and water temperature on
the dissolved oxygen concentration (mg/L) in water (37, 40-42).

Cpo. = (475 —2.65S)/(33.5+T), (17)
Cpo = (0.68 — 6 x 107*T)(P' — p)(1 — 9 x 107%S,) /(T + 35), (18)

where Cpg is the dissolved oxygen concentration in water at equilibrium with air above the water,
mg/L; T is the water temperature, °C; S is the dissolved solids concentration, g/L; P’ is the total
pressure above the water, mm Hg; p is the water vapor pressure, mm Hg; and S,, is the salinity, mg/L.

Equation (17) was reported by Gameson and Robertson (40) for water at atmospheric
pressure at equilibrium with air. The negative effects of high dissolved solids concentration
and high water temperature on the solubility of dissolved oxygen in water are clearly
illustrated by the equation.
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Table 2.16

Composition of sea water (22)

Component g mol/L glkg Equivalents/kg
Na® 0.47015 10.5561 0.4590
Mg** 0.05357 1.2720 0.1046
Ca®* 0.01024 0.4001 0.0200
K" 0.00996 0.3800 0.0097
Sr** 0.00015 0.0133 0.0003
Total 0.5936
Cl™ 0.54830 18.9799 0.5353
S04~ 0.03824 2.6486 0.0551
HCO;™ 0.00234 0.1397 0.0023
Br~ 0.00083 0.0646 0.0008
F~ 0.00007 0.0013 0.0001
H;BO; 0.00043 0.0260 -
Total 1.13194 34.4816 0.5936
H,0 54.89457 965.5184

Total 56.02651 1,000.0000

Density at 20°C = 1.0243 g/mL.
Dissolved solids = 35,320 mg/L.
Chloride concentration = 19,440 mg/L.

Equation (18) was reported by Fair, Geyer, and Okun (41), who considered the pressure
above the water, and the water vapor partial pressure (Table 2.17). While the negative effects
of high dissolved solids (in terms of high salinity) and high water temperature on dissolved
oxygen concentration are similar, Eq. (18) further shows that the higher the total pressure
above the water, the higher the dissolved oxygen concentration.

Wang (26) and Wang and Elmore (27) have developed more accurate dissolved oxygen
concentration equations that are suitable for mathematical modeling and computer calcula-
tions. Wang and Elmore’s equations (26, 27), shown in Table 2.18, can be applied to either
fresh water or saline water, and cover all related parameters, such as water temperature,
chloride concentration, barometric pressure, saturated water vapor pressure, etc.

4.6.3. Example 1

Predict the dissolved oxygen concentration in fresh water and sea water (Table 2.16) at 20°C.
Solution
For fresh pure water using Eq. (17):

Cpo = (475 —2.655)/(33.5+T)
= (475 —2.65 x 0)/(33.5 + 20) (17)
= 8.88 mg/L.
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Table 2.17

Vapor pressure of pure water* (22, 43)

Temp., °C P, mm Hg Temp., °C P, mm Hg
0 4.579 55 118.0
5 6.543 60 149.4

10 9.209 65 187.5

15 12.79 70 233.7

20 17.54 75 289.1

25 23.76 80 355.1

30 31.82 85 433.6

35 42.18 90 525.8

40 55.32 95 633.9

45 71.88 100 760.0

50 92.51

*From “Handbook of Chemistry and Physics,” 36th Edition, C. D. Hodgeman,
Editor in Chief, Chemical Rubber Publishing Co. 1954-1955 (43).

Table 2.18 shows that the expected dissolved oxygen saturation concentration in fresh
water at 1 atm and 20°C is 9 mg/L.
For sea water also using Eq. (17):

Cpo = (475 —2.65S)/(33.5+T)

= (475 — 2.65 x 35.32)/(33.5 + 20) (17)
= 7.13 mg/L.

Table 2.18 indicates that the expected dissolved oxygen saturation concentration in sea
water (chloride concentration = 19,440 mg/L) at 1 atm and 20°C is about 7.3 mg/L.

4.6.4. Example 2

Calculate the dissolved oxygen concentration in sea water (Table 2.16) at 740 mm Hg
pressure and 30°C.

Solution

From Table 2.17, the water vapor partial pressure is found to be 31.8 mm Hg.

The salinity is calculated using the data from Table 2.16 for the sea water.

S, = (0.5483 gmole/L)(35,450 mg/gmole) = 19,440 mg/L of chloride,

Cpo = (0.68 — 6 x 107*T) (P’ — p)(1 — 9 x 107S,)/(T + 35)
= (0.68 — 6 x 107* x 30)(740 — 31.8)(1 — 9 x 107° x 19,440)/(30 +35)  (18)
= 5.95 mg/L.
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Table 2.18

Wang and Elmore’s Equations* for Saturation Values of Dissolved Oxygen in Fresh and
Sea Water Exposed to an Atmosphere Containing 20.9% Oxygen under a Pressure of 760
mm of Mercury (26, 27)

Water Temperature Dissolved Oxygen (Cpo, mg/L) for Stated Difference per
(T, °C) Concentrations of Chloride (CL, mg/L) 1000 mg/L Chloride
0 5000 10000 15000 20000
0 14.7 13.8 13.0 12.1 11.3 0.165
1 14.3 13.5 12.7 11.9 11.1 0.160
2 13.9 13.1 12.3 11.6 10.8 0.154
3 13.5 12.8 12.0 11.3 10.5 0.149
4 13.1 12.4 11.7 11.0 10.3 0.144
5 12.8 12.1 114 10.7 10.0 0.140
6 12.5 11.8 11.0 10.4 9.8 0.135
7 12.1 11.5 10.8 10.2 9.6 0.130
8 11.8 11.2 10.6 10.0 9.4 0.125
9 11.6 11.0 10.4 9.7 9.1 0.121
10 11.3 10.7 10.1 9.5 8.9 0.118
11 11.0 10.4 9.9 9.3 8.7 0.114
12 10.8 10.2 9.7 9.1 8.6 0.110
13 10.5 10.0 9.4 8.9 8.4 0.107
14 10.3 9.7 9.2 8.7 8.2 0.104
15 10.0 9.5 9.0 8.5 8.0 0.100
16 9.8 9.3 8.8 8.4 7.9 0.098
17 9.6 9.1 8.7 8.2 7.7 0.095
18 9.4 9.0 8.5 8.0 7.6 0.092
19 9.2 8.8 8.3 7.9 7.4 0.089
20 9.0 8.6 8.1 7.7 7.3 0.088
21 8.8 8.4 8.0 7.6 7.1 0.086
22 8.7 8.3 7.8 7.4 7.0 0.084
23 8.5 8.1 7.7 7.3 6.8 0.083
24 8.3 7.9 7.5 7.1 6.7 0.083
25 8.2 7.8 7.4 7.0 6.5 0.082
26 8.0 7.6 7.2 6.8 6.4 0.080
27 7.9 7.5 7.1 6.7 6.3 0.079
28 7.7 7.3 6.9 6.6 6.2 0.078
29 7.6 7.2 6.8 6.5 6.1 0.076
30 7.4 7.1 6.7 6.3 6.0 0.075

*Cpo = (14.53475 — 0.4024407T + 0.834117x107>T> — 0.1096844 x 10~T?
+0.6373492 x 107°T*) + CL x 107 (—0.1591768 + 0.5374137 x 10T
—0.1152163 x 1073T% 4- 0.1516847 x 107°T> — 0.8862202 x 107°T*).

Example 1: Cpp = 7.6 mg/L when T = 29 °C and CL = 0 mg/L.

Example 2: Cpp = 7.2 mg/L when T = 29 °C and CL = 5000 mg/L.

*Gho = Cpo (P’ — p)/(760 — p)
*p = 4.571512 + 0.352142T + 0.007386T> + 0.000371T?
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NOMENCLATURE

C, = Solubility of a gas in water (% v/v) under pressure P, (atm)

C, = Solubility of a gas in water (% v/v) under pressure P, (atm)

C.ir = Concentration of air in water, % v/v (% air volume/water volume)

Ccarbondioxide = Concentration of pure carbon dioxide in water, % v/v (% carbon dioxide
volume/water volume)

Carbondioxide-a = Actual concentration of carbon dioxide component in water, % v/v (%
carbon dioxide volume/water volume)

Cpo = Dissolved oxygen concentration in water at equilibrium with air above the water, mg/L
(Gho = Dissolved oxygen concentration in water at any barometric pressure, water
temperature or chloride concentration, mg/L.

Cqas = Concentration of a pure gas in water, % v/v (% gas volume/water volume = mL gas/
100 mL water)

Cgas-a = Actual concentration of a gas component in water, % v/v (% gas volume/water
volume)

C; = Concentration of dissolved gas, mole/L

Chitrogen = Concentration of pure nitrogen in water, % v/v (% nitrogen volume/water volume)
Chitrogen-a = Concentration of nitrogen component in water, % v/v (% nitrogen volume/water
volume)

Coxygen = Concentration of pure oxygen in water, % v/v (% oxygen volume/water volume)
Coxygen-a = Actual concentration of oxygen component in water, % v/v (% oxygen volume/
water volume)

Cwater- = Molar concentration of water

CL = Chloride concentration, mg/L

D = Bubble diameter, cm (or in) (or m)

dg = Density of gas bubble, kg/m®

D. = Effective depth of air dispersion cylinder, cm

dw = Density of water, kg/m’

f= A constant

Finterna1 = Internal force, dyne

Furtace = Surface force, dyne

g = Gravitational acceleration = 9.8 m/s2 =32.174 ft/s2

h = The elevation above sea level in thousands of meters (4 = 1.0 when elevation = 1000 m)
H; = Henry’s law constant for the particular gas, 1

i=A gas

p = Water vapor pressure, mm Hg

P = Internal bubble pressure, dyne/cm? (or psi)

P’ = Total pressure above the water, mm Hg

P = Normal atmospheric pressure = 1 atm (which may be corrected by elevation)

P> = Pressure of a gas above the water, atm

PCT,,s = Actual percentage of a gas component, %

PCTitrogen = Actual percentage of nitrogen component, %
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PCToxyeen = Actual percentage of oxygen component, %

P; o = The partial pressure of the gas, i, at sea level where h is 0 m
P; , = The partial pressure of the gas, i, at an elevation h

r = Surface tension, dyne/cm (or 1b/in)

S =

Dissolved solids concentration, g/L.

Sa = Salinity, mg/L

T =

Water temperature, °C

t = Bubbles traveling time to water surface, s or min
v = Water viscosity, Pa-s

Vbr

= Percent volume of gas bubble released from a previously pressurized water, %

Vt = Bubbles vertical rising velocity = terminal velocity of a spherical gas bubble, cm/s, or
cm/min, or m/s
X; = Dissolved gas mole fraction of any gas
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1. INTRODUCTION
1.1. Background

For many years, industries that discharge their wastewaters directly to streams, rivers, and
lakes have had to comply with limits imposed by the US Environmental Protection Agency
(U.S. EPA) on the oil and grease content of their effluents. Currently, the NPDES new source
performance standard for oil and grease is 10 mg/L for most industry groups with the added
stipulation that none be floating or visible. i.e., no oil sheen will be visible. This standard
represents that level of control achievable by the Best Available Technology (BAT) for
removal of oil and grease (1). Even discharges to sewers are controlled under U.S. EPA
regulations. Most municipalities have standards for the pretreatment of industrial wastewaters
discharged to sewers. Generally, oil concentrations allowed in wastewater discharges to
sewers are in the range of 50—100 mg/L (2). Current and proposed European Union (EU)
standards and regulatory developments can be found in the literature (3).

A partial listing of facilities and activities that are likely sources of oil contamination of
wastewaters and stormwater includes (1,4):

Asphalt materials production

Parking lots and Airports

Railroad yards

Vehicle fueling and maintenance areas
Cooling and heating blowdown
Compressor station blowdown

Car salvage facilities

Truck stops

Electric power generating facilities

10. Petroleum refineries and distribution centers
11. Metal working

12.  Food processing

13.  Vehicle washing

RN B W=

If a facility discharges wastewater or stormwater to the land surface or waters of the state,
this discharge may be subject to federal, state, and local regulations governing surface water
quality. Additionally, if the facility discharges directly to an aquifer, to the land surface, or to
the vadose zone in such a manner that the pollutant will reach an aquifer, then the state’s
aquifer protection permit regulations may also apply,

Oils and grease are present in process wastewater and stormwater in five forms (1): free oil,
physically emulsified, chemically emulsified, dissolved, and oil wet solids, as shown in
Table 3.1.

To remove oil from wastewater, the wastewater is normally pumped to a gravity oil/water
separator (5,6). There, with time and quiescence, most of the free oil droplets rise to the surface
where they are skimmed off, but emulsified and dissolved oils remain. Normally, further oil
removal is accomplished by chemically breaking the emulsion followed by treatment of the
wastewater in an air flotation unit (7,8). The oil/water emulsion leaving the American Petro-
leum Institute (API) separator normally, according to Sylvester and Byseda (9), has oil droplets
less than 30 pm in diameter and oil concentrations less than 200 mg/L.
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Table 3.1

Oil and grease contamination in wastewater

Form of oil Formation

Free oil Oil present in wastewater or stormwater as droplets 20 pm or larger, having little

or no water associated with it
Floats to the surface because of its low specific gravity
Oil dispersed in water in a stable form

Physically Mechanical emulsions are formed by mixing through pumping, valves (especially
emulsified globe valves), other restrictions in flow, vertical piping, and other means, and
present as droplets 5-20 pm in size
Chemically Chemical emulsions are usually intentionally formed using detergents, alkaline
emulsified fluids, or other reagents, and having a droplet size less than 5 pm
Dissolved Oil which is solubilized in the liquid solvent and must be detected using infrared

analysis or other chemical means
Oil/water separators do not remove dissolved oil
Oil wet solids Oil that adheres to the surface of particulate materials

Air flotation has been used for many years in the beneficiation of ores. Its first application
in the wastewater-treatment field was in the flotation of suspended solids, fibers, and other
low-density solids (10,11). Flotation also was used for the thickening of activated sludge (12)
and flocculated chemical sludges. More recently, air flotation has been utilized for the
removal of oils and greases from wastewater because it is a practical, reliable, and efficient
treatment process (13—16).

Air flotation is widely used to treat oil-bearing effluents from a wide variety of sources:
refineries, ship’s bilge and ballast waste, deinking operations, metal plating, meat processing,
laundries, iron and steel plants, soap manufacturing, chemical processing and manufacturing
plants, barrel and drum cleaning, washrack and equipment maintenance, glass plants, soy-
bean processing, mill waste, and aluminum forming.

The process of flotation consists of four basic steps (17,18):

Bubble generation in the oily wastewater

Contact between the gas bubble and the oil droplet suspended in the water

Attachment of the oil droplet to the gas bubble

Rise of the air/oil combination to the surface where the oil (and normally attendant suspended
solids) is skimmed off

b S

Flotation utilizes the differential density between the bubbles to which the oil droplets and
small solid particles become attached and the water to effect separation. Since the agglo-
merates have a lower density than the medium in which they are immersed, they rise to the
surface where they are removed. The most commonly used flotation system for oil separation
is the use of dissolved air in which air bubbles are formed when water supersaturated with air
is released into the air/water mixture. A few systems are designed for dispersed or induced air
in which the air is induced by rapid mechanical mixing.
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Table 3.2
Typical ranges of oil and grease concentration in industrial wastewater
Wastewater type Range of oil and grease concentrations, mg/L.
Sewage 10-100
Food processing 100-1,000
Textile (wool processing) 10-50
Petroleum refining 100-1,000
Primary metals
Rinse waters 10-1,000
Concentrate 10,000-50,000
Metal fabrication 10,000-150,000
Metal cleaning
Rinse waters 10-1,000
Concentrate 100-5,000
Commercial laundries 100-2,000
Table 3.3
Typical refinery wastewater oil concentration
Oil phase Oil concentration, mg/L
Free (floating) 220
Emulsified 75
Soluble 5
Total 300

Concentrations of oil and grease vary significantly from one industrial source to another
and even between different plants in the same industries (Table 3.2). Concentrations are
especially high in wastewater from the metals-related industries that use large quantities of
oils for lubrication, cooling, and quenching in diverse processing operations, including
rolling, casting, cutting, milling, and other metal-cleaning operations.

The old adage that oil and water do not mix is not true, especially in industrial wastewater.
Oily wastes from these processes are frequently diverse mixtures of free floating, emulsified,
and soluble substances that have varying stability. A typical analysis for refinery wastewater
is given in Table 3.3.

1.2. Pretreatment

Since air flotation devices work best with feed streams having oil concentrations of 300
mg/L or less, air flotation units should be preceded by a primary treatment device such as an
API (American Petroleum Institute) gravity separator to remove most of the free and floating
oil. As a minimum, one can expect API effluent oil concentrations of approximately 25 mg/L,
but this figure depends on how much oil is emulsified and how much is “free” oil (19).
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Table 3.4
Estimated effluent quality from primary oil/water separation processes
Separators commercially available Effluent oil concentration (mg/L)
Fram Akers Plate Separator 50-100
API rectangular 50-75
Circular 50-75
Inland Steel-Hydrogard 50-75
Shell parallel plate interceptor 35-50
Shell corrugated plate interceptor 35-50
Finger plate separator 35-50
Keene-GraviPak 20
Table 3.5
Performance of oil/water separation systems
System Residence time  Average effluent concentration
(min) (mg/L)
Gravity tank 600 40-50
API separator 30 40-115
Parallel plate 30 25-70
5 40-100
Corrugated plate 5 10-50
Gas flotation 5 15-50
Gas flotation, with chemicals and 5 5-50
recycle
Biological treatment 60-1,200 1
Table 3.6

Efficiencies of different oil separation processes in the treatment of
refinery wastewater

Unit operation Oil removal (%)

Free oil Emulsified oil
API separator 60-99 -
Air flotation, no chemicals 70-95 1040
Air flotation, chemicals 75-95 50-90
Chemical coagulation and sedimentation 60-95 50-90

Osamore and Ahlert (20), who surveyed the operability of various types of gravity separators,
report gravity separator oil effluent concentrations in the 50 mg/L range (Table 3.4), while
others reported equally variable results (Tables 3.5 and 3.6).
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1.3. Equalization

Within a plant, industrial wastewaters fluctuate in quality and quantity with time depend-
ing on the process and the production cycle. Most wastewater-treatment systems are affected
by changes in flow rate, contaminant concentration, pH, and temperature. Fluctuations in
these parameters can be reduced by the use of an equalization system (21), which may be the
most important feature in a wastewater-treatment facility (22). If significant quantities of oil
are present, however, equalization may be preceded by an API separator.

Adams et al. (23) have demonstrated the need for smoothing out the variations in flow and
concentration as well as the need for removal of free oil. A study of dissolved air flotation
(DAF) treatment of wastewater from an edible oil plant indicated that there were very low
levels of oil removal in the air flotation system and treatment system. This was attributed to a
high concentration of free oil. Installation of a preliminary API oil separator removed these
free oils. Installing an equalization tank after the separator reduced fluctuations in loading and
allowed operation at a constant polymer dosage.

2. ALTERNATIVES TO FLOTATION

Alternatives for oil and grease removal can be summarized by eight processes (1): (1)
gravity separation, (2) air flotation, (3) chemical flocculation, (4) filtration, (5) coalescence,
(6) membrane processes, (7) biological processes, and (8) carbon adsorption (see Table 3.7).
U.S. EPA (5) did a survey of the various types of wastewater-treatment technologies that are
currently in use in 20 US petroleum refineries. Table 3.8 shows the results of the survey.

In addition to oil flotation the most popular processes, chemical treatment and membrane
processes, are briefly discussed below.

2.1. Chemical Treatment

Chemical treatment is applicable especially for small flows. At Caterpillar Tractor in
Leandro, CA, the flow is only 22,000 gal/d. A study of this plant by Lee and Schwab (24)
resulted in the following proposed system design:

Equalization, acid treatment, heat, and surface oil skimming
Addition of lime and polyelectrolyte

Sedimentation

Sludge dewatering

b NS

Bench-scale testing at pH 2, heating to 50°C, adding lime to raise the pH to 9.0-9.5, and
adding 3 mg/L. Dow A-23 (a polymeric flocculant) resulted in 96% oil removal from a
wastewater initially containing 5,493 mg/L of oil plus good removal of heavy metals, zinc,
lead, and nickel (24).

2.2. Membrane Processes

Emulsified oils may be separated from wastewater utilizing membranes (25) that are
permeable to water but impermeable to macroscopic molecules such as oil and suspended
solids. Ultrafiltration (UF) and reverse osmosis (RO) are two such processes, differing from
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Table 3.7

Processes for oil and grease removal

Process Description Advantages Disadvantages

Gravity API, CPI, TPS, PPI Removal of suspended solids, No removal of oil
separation and free and dispersed oils; droplets <20 pm or

Air flotation

Chemical
flocculation

Filtration

Coalescence

Membrane
processes

Biological
processes

Carbon
adsorption

DAF, IAF

Used with gravity

separation and air
flotation

Sand, anthracite,

multimedia, crushed
graphite, oleophicically
coated ceramic,

hollow fiber membrane
cartride (ultrafiltration)

Fibrous membrane

Reverse osmosis;

ultrafiltration;
hyperfiltration

Activated sludge

GAC used for filtration

and coalescing separator;
PAC used

for removal of soluble
oils only

simple and economical
operation

Removal of suspended solids;
can remove emulsified and
dispersed oils with chemical
addition; effectively treats
shock loads

Treatment/removal of high
levels of suspended solids

Removal of suspended solids;
separation of free, dispersed,
and emulsified oil

Effective removal of all oil
components, except soluble
oils

Removal of soluble oil

Effective soluble oil removal

Effective removal of all oil
components including soluble
oils

soluble oil; limited
removal of emulsified
oil

Requires relatively low
flow or large tank

Chemical sludge
handling required
when chemical
coagulants used

Chemical sludge
produced

Backwashing, which
requires subsequent
treatment

Extensive pretreatment;
high potential for
fouling; not practical
for full-scale
operation

Membrane fouling and
limited life; extensive
pretreatment; low flux
rate; not practical for
full-scale operation

Extensive pretreatment
required to reduce
influent oil levels to
<40 mg/L

Expensive; extensive
pretreatment; carbon
must be regenerated
or replaced; not
practical for full-scale
operation
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Table 3.8
Wastewater-treatment technologies used in 20 petroleum refineries

Summary of current wastewater-treatment technologies

Treatment type Direct discharge Indirect discharge
refineries (total 20) refineries (total 7)

In-plant Oil-water separator 15
controls Stripper 16
Oxidizer 2

Activated carbon 1

Primary API separator 9
treatment  Air flotation 5
Coagulation 1

Chemical precipitation 1

Dissolved air flotation 1

Equalization 1

Flocculation 1

Grit chamber 0

Gas flotation 0

Induced air flotation 4
0

1

6

1

1

1

3

3

5

N O

Settling and skimming

Secondary Activated sludge unit

treatment  Bio treatment ponds

PAC bio-treatment
RBCs
Secondary clarifier
Lagoons
Filtration (media and sand)
Aeration and other biological treatment

O OO R ONO RN, PR, R AR OO~R,WUB—~O WL AN

each other mainly in the permeability of the membrane to dissolved solids and the pressure
needed to force water through it.

RO membranes provide a barrier to the transfer of contaminants such as dissolved solids
(chlorides, phosphates, etc.) to remove those contaminants from the wastewater (26). How-
ever, RO membranes are easily fouled: hence, the feed must be relatively free of suspended
solids and oil.

UF membranes are less discriminatory than RO membranes, allowing dissolved solids
to pass through them, but rejecting oil and grease: moreover, the required pressure to
effect the separation is generally less than 100 psi. Extremes of pH, temperature, and dirtiness
can be tolerated within reason (although membrane life decreases as conditions become more
severe), although flux (flow rate), frequency of cleaning, and membrane life are all affected.

UF systems have been effective in treating metals forming wastewater (27). The data shown
in Table 3.9 are representative of what can be expected. Note that there is excellent removal of
oil and grease and suspended solids, but some oil does pass through the membrane.
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Table 3.9
Results from ultrafiltration treatment of aluminum-forming wastewater
Day Concentration and removal
Oil and grease (mg/L) Suspended solids (mg/L)

Influent Effluent” Removal (%) Influent Effluent” Removal (%)
1 95 22 76 1,262 26 98
2 1,540 52 97 791 19 98
3 13,180 267 98 5,676 267 99

“The effluent is the treated water that has permeated (i.e., flowed through) the membrane.

In a survey of major industries using UF systems to treat oily wastewater (28), 21 respondents
gave data on UF applications in the following industries: (1) general metalworking, (2) primary
metals, (3) waste collection, (4) food processing, (5) transportation, and (6) textile.

3. OIL/WATER ANALYSIS

An accurate method for determining the oil content of a wastewater is extremely important.
However, like many other water-pollution tests, such as biochemical oxygen demand (BOD),
chemical oxygen demand (COD), total organic carbon (TOC), etc., the term “oil and grease”
really defines a broad category of chemicals rather than a single identifiable chemical species.

Oily matter may be of mineral, animal, or vegetable origin. Oil can be present as free (or
floating) oil, as an emulsion (water in oil or oil in water), or even in dissolved form (Table 3.1);
oil can, and does, represent a wide variety of organic compounds of different molecular weights.

A variety of tests can be used to determine oil concentrations in water (but most tests
involve extraction of the oil from water with a preferential solvent), and a wide variety of
solvents can be used in those tests: hexane, petroleum ether, benzene, ethyl ether, chloroform,
n-hexane, carbon tetrachloride, etc. Analytical procedures used for oil and grease are shown
in Table 3.10. The most notable aspect of the data presented in Table 3.10 is the wide variety
of solvents used. Because most of these solvents are flammable, and benzene is now on
the OSHA-restricted exposure list, most of the foregoing solvents have been replaced with
Freon (trichlorotrifluoromethane) as specified by the U.S. EPA (29). However, all chloro-
fluorocarbons (CFCs) have proved to be the cause for the depletion of atmospheric ozone.
Consequently, there may be a return to hexane as the recommended solvent (30).

All of these solvents, however, extract only a fraction of the oils present; for example,
petroleum ether extracts everything but asphaltenes (19). It is therefore essential to standard-
ize any analytical procedure for each source of oily water separately, because of the solvent-
extraction technology (30) and as a result of the different compositions of various oils.
Limitations of the various methods have been tabulated by the Department of the Environ-
ment of the UK (19).

The infrared technique is generally accepted as the most accurate and reproducible for
measuring oil concentrations in water. The American Society for Testing Materials recom-
mends Freon extraction followed by infrared analysis in its standards (31).
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Table 3.10
Methods for the determination of oil in water and wastewater
Society or Method Solvent Solvent Method Interference
institute name and used boiling  description material
designation point
O
American Public Oil and grease Petroleum 35-60  Direct
Health Association ether extraction
American Water Grease n-Hexane 69 Soxhlet Elemental
Works Association, extraction sulfur and
and Water method organic dyes
Pollution Control
Federation
American Society Oily matter in Benzene, 60-80  Distillation of Phenolic type
for Testing and industrial carbon volatile oils material and
Materials wastewater tetrachloride, followed by colloidal
or direct sulfur
chloroform extraction
American Volatile and Benzene 80 Distillation of Alcohols,
Petroleum Institute nonvolatile oily volatile oils cresols, and
material (method followed by  organic
731-53) direct acids
extraction
Nonvolatile Ethyl ether 35 Ferric Elemental
oil material hydroxide sulfur and
(method flocculation chlorophyll
732-53) followed by

direct
extraction of
oil from floc
by solvent

4. ELECTROFLOTATION AND ELECTROCOAGULATION

When a voltage is applied between two electrodes immersed in a conductive liquid such as

wastewater, coagulation of the charged particles can occur. Also, upon the electrolysis of
water, hydrogen and oxygen are released in the form of small, uniform bubbles that rise,
producing a blanket effect. The bubble swarm carries suspended solids and oil globules to the
surface where a floating sludge layer forms and is mechanically removed. Chemical coagu-
lants enhance the floc formation.

Roth and Ferguson (32) reported on the results of electroflotation (EF) treatment at an
aircraft maintenance facility. Chemical additives included lime (to pH approximately 8.5),
alum (200 mg/L), and anionic polymer (1.5 mg/L). Using 6-9 V, 15-25 A/m’(described as
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low energy usage), and a retention time of 20-30 min reduced the oil and grease more than
99% from 60 to 0.3 mg/L, with a concomitant reduction of metals, achieving effluent
concentrations of 0.8 mg/L Ni, 0.5 mg/L total Cr, and 0.07 mg/L Al.

Another application of electrolytic process is in the coagulation of oily wastewater prior
to air flotation. The process described by Weintraub et al. (33—-36) and shown in Fig. 1.9 is
as follows: oily emulsion wastewater from which free oil has been removed enters the
electrocoagulation (EC) cell where it permeates uniformly through a rectangular caged
anode fitted with iron or steel machinery turnings and chips; the wastewater then flows
through a perforated sheet-metal cathode; DC voltage is applied to the electrodes, dissolving
the ferrous iron at the anode and forming hydrogen and hydrogen ions at the cathode. A few
hundred mg/L of salt may be added to increase the ionic conductivity and prevent passivation
of the iron electrode.

The ferrous ions are oxidized to the ferric state in a complex manner with chemical oil
emulsifying agents and the air. The destabilized oil emulsion droplets adsorb onto the highly
dispersed and reactive ferric hydroxide microfloc. The oil-rich sludge that is generated
accumulates on the surface where it forms a blanket that is easily skimmed off.

The air for the oxidation and for the flotation of the sludge is supplied by a DAF system
operated at 85 psi (23). Subsequently, the water is passed through a sand filter for final
polishing. Results include a 99% reduction of oil and grease from 2,330 to 19 mg/L, using a
voltage in the range of 5-26 V and amperage of 6-45 A. The sludge averages 30% oil.

Ramirez (37) worked with the commercial Lectro Clear system to treat rendering waste-
water. The system used separate EC (38) at 12.5 V and 1,500 A followed by EF (39) at 12.8 V
and 400 A. The retention time was 25 min (37). Chemicals added included 1,200 mg/L
H,S04(to pH 4.5), 100 mg/L alum, and 6 mg/L of an anionic polyelectrolyte. DAF was used to
dewater the skimmings. Operational results showed reduction of the oil and grease from
810 to 19 mg/L (98% removal); major amounts of suspended solids were also removed
(3,500-95 mg/L).

Chambers and Cottrell (40) reported on the treatment of carrier-truck washings effluent
in the UK. A flow of 230 m3/d was treated in a 1.8 x 1.2 x 5-m deep tank at a rate of
11.4 m*/h; the retention time was approximately 1 h. Alum at a concentration of 60 mg/L
was added. In two experiments, the ether extractables were reduced approximately 75% and
the suspended solids were reduced approximately 50%. Power requirement was approxi-
mately 0.4 kwh/m3.

5. DISSOLVED AIR FLOTATION
5.1. Process Description

In the DAF process (Fig. 1.10), very fine gas bubbles are generated by reducing the
pressure on a stream of the wastewater that has been exposed to air at pressures greater
than atmospheric. When the pressure is released into the flotation basin, small bubbles
nucleate from the supersaturated solution, attach to, and become entrapped by oil and solid
particles and rise to the surface where they are removed.
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The DAF system (Fig. 1.10) consists of the following units (41-43):

Pressurizing pump

Air-injection system

Saturation vessel

Load (pressure) regulator (also called the pressure-relief valve)
Flotation vessel (including the influent distributor)

Chemical addition system

ARl

Chemicals are usually added to break emulsions or promote floc formation.

5.2. Flow Schemes

Pressurization is usually applied in one of three flow schemes (10,44) (Fig. 1.11 in Chapter 1):

1. In the full-flow system, all of the incoming raw wastewater is pressurized and saturated with air.
This results in the most air being dissolved and (compared with the other two methods) yields the
maximum probability of good particle-bubble contact. However, it requires a larger saturation
system and may break up previously formed floc due to the shearing action of the pump and
pressure-reduction process.

2. Inthe split-flow system, only part of the incoming wastewater is pressurized. This requires less space,
reduces pumping costs, lessens the impact of flow variations, and reduces breakup of the flocs.

3. With recirculation, 20-50% of the treated wastewater is returned via the pressurization system,
thus avoiding disruption of flocs or demulsification of the oil in the untreated influent. This
requires a larger flotation basin to provide for the recirculation flow.

As early as 1954, Rohlich (45) concluded that the recycle system was best. That conclusion

has not changed with time.

Boyd et al. (46) compared two pressurization systems: full vs. recycle treatment of refinery
wastewater; these two processes achieved 72 and 92% removal of influent oil, respectively.
Degregorio, in an interview published in Chemical Week in 1979, noted that 80-90% of
industrial DAF units employed recycled pressurization (47). The literature review supports
that viewpoint; most DAF systems are operated in the recycle mode according to the articles
cited herein.

5.3. Chemical Usage

Most air flotation systems employ chemical addition. Early in the application of air
flotation systems, the importance of chemicals for emulsion breaking and floc formation
was recognized. Biesinger et al. (48) tested the efficiency of a recycle DAF system on beef-
packing-plant wastewater with and without the use of chemicals. Without chemicals, 73% of
the influent oil and grease (initial concentration 300 mg/L) was removed, whereas with the
addition of 10 mg/L alum, the removal increased to 86%.

Hart (49, 50) also experimented with chemical additives on a rather dilute refinery
wastewater. Without chemicals, 65% removal of oil was removed (from 18 reduced to
6 mg/L); with chemicals, 79% removal was achieved (11 down to 2 mg/L). There were
concomitant removals of SS, BOD, and COD (Table 3.11). Using an induced air flotation
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Table 3.11
Comparison of the treatment efficiency of refinery wastewater with
and without chemicals

Treatment process Removals (%)
Oil SS COD BODs

DAF

Without chemicals 65 55 30 33

With 2 mg/L polyelectrolyte 79 75 42 40
IAF

Without chemicals 93

With chemicals 96

(IAF) system, McIntyre also found that chemicals enhanced oil removal slightly, increasing
the removal from 93 to 96% (Table 3.11). Pearson (51) experimented with the effects of the
addition of inorganic chemicals, specifically alum, on oil removal. The use of alum plus a
polyelectrolyte increased the oil removal from 40 to 90% (Fig. 1.13). Weight for weight, the
aluminum ions were more efficient than ferric ions; they gave optimum removals at 35 mg/L
as opposed to 60 mg/L with iron. In addition, the effluent produced by aluminum ions
contained one half the oil present in the ferric-treated waste, i.e., 10 vs. 20 mg/L oil.

5.4. Ionic Strength

The ionic strength of solvents can also have an effect. Sato et al. (52) found that in general,
oil removal was improved at higher ionic strengths and higher cation valences.

5.5. Design Variables

The design variables for DAF are discussed fully in Chap. 1. Particular pressures and
recycle ratios applicable to oil removal were reported by Sato et al. (52), Beychock (53), and
Adams et al. (54). Sato et al. (52) measured the effect of dissolution pressure on the residual
oil concentration over the range from 30 to 70 psi. Removal was maximal at 45 psi. They
concluded that too high a pressure decreases efficiency probably because of excessive liquid
disturbance in the flotation column.

A compilation of data for percent recycle is found in Table 3.12. Percent recycle ranged
from 25 to 58%, with 37% being the average of the literature values vs. the 50% recom-
mended by Beychock (53) and within the range of 10-60% given by Adams et al. (54).

5.6. Oil Components Removal

Gas chromatography has now allowed the engineer/chemist to go beyond simply reporting
oil and grease as a mileu of chemicals. Now the chemist can analyze for the removal of each
different chemical in that mixture. In the treatment of refinery wastewater in a batch DAF
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Table 3.12
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Recycle ratios used in industrial DAF systems

Author Wastewater Recycle (%)
Biesinger (55) Poultry processing 44
Biesinger (55) Poultry processing 58
Biesinger (55) Beef packing 35
Barker et al. (56) Steel-rolling mill 25
Woodward et al. (57,58) Poultry processing 20
Hart (49) Refinery 30
Quigley and Hoffman (59) Refinery 50
Steiner (60) Refinery, pilot plant 20 (opt)
Zimmerman and Jacquez (61) Poultry processing 35-50
Cardile and Fronczak (45) Railroad 50
Franzen et al. (62) Refinery 25
Churchill and Tacchi (63) Refinery 50
Metal working 30
Mclntyre (64) Metal working 40
Grosz (65) Refinery 36
Average 37%
Table 3.13

Performance of DAF in the treatment of refinery wastewater

Parameter Before treatment  After treatment Removal (%)
pH 6.7 6.7

Turbidity, NTU - 1.0 94.4

COD (mg/L) 160 8.0 95.0

Total SS at 105°C (mg/L) 57 12 79.0

Fixed SS at 550°C (mg/L) 31 4 87.0

Volatile at 550°C (mg/L) 25 10 60.0

Total oil and grease (mg/L) 92 4.62 95.0

Phenols (mg/L) 147 22.0 85.0

Ethylbenzene (mg/L) 0.5 0.025 95
Paraffin (n-C,,) - - 98

system, Moursy and El-Ela (66) did just this. The fate of each identified hydrocarbon, both
aromatic and paraffin, was determined (Table 3.13).

Their results showed that some hydrocarbons were completely removed; others were
removed with efficiencies between 79 (n-C3) and 98% (n-C;,). They attributed the differences
in removal to the differences in solubility and molecular weights of the hydrocarbons, especially
as the water solubility of the compounds decreased, the degree of removal increased.
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Table 3.14

Performance of bench-scale IAF in treatment of wastewater

Chemical Concentration pH Influent COD Influent Oil Influent  Sulfides

additive (mg/L) COD removal oil removal sulfides removal

(mg/L) (%) (mg/L) (%) (mg/L) (%)

(Raw - 9.0 1,378 - 222 - 318 -
wastewater)

None 0 9.0 1,060 23 58 48 238 25

Polyelectrolyte 25 9.0 1,171 15 42 62 256 20

Polyelectrolyte 6 9.0 988 28 41 63 256 20

Polyelectrolyte 12.5 9.0 868 37 41 63 - -

Polyelectrolyte 12.5 9.0 892 35 44 60 223 30

Based on one sample, 25% BOD removal was noted.

6. INDUCED AIR FLOTATION
6.1. Process Description

In induced gas (air) flotation (IAF), bubbles are generated and discharged into the liquid
by high-speed rotating impellers, by diffusers, or by homogenization of a gas/liquid stream
(11, 67, 68). The bubbles are an order of magnitude larger (about 1,000 pm in diameter)
than DAF bubbles. Short detention times of 5 min or less allow smaller equipment size
(69). Multicell treatment systems can result in greater overall removal of oils. For example,
with four cells each achieving 60% removal, the total removal is 97.5%. Any needed
chemicals may be added to the first aeration cell where rapid mixing, flocculation, and
flotation occur.

6.2. Performance Data

Representative performance data for bench-scale IAF systems have been provided by
Adams et al. (54) (Table 3.14). Oil removals ranged from 48% without the use of chemical
additives to 63% with them.

7. NOZZLE AIR FLOTATION
7.1. Process Description

A patented design by Degner and Colbert is based on injection of air into the recycled
effluent before releasing this two-phase air/water mixture into the flotation vessel (70). The
injection device uses an eductor or an exhauster as a gas aspiration nozzle (Fig. 1.19) to draw
air into the recycled treated wastewater. Multiple cells may be combined for greater treatment
efficiency. Residence time in the flotation cell is about 1 min. A unique aspect of this system
is the use of a back pressure that maintains a gas blanket between the liquid level and the gas-
tight cover. This cover allows collection, and if necessary treatment, of any off-gases.
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7.2. Equipment Development

WEMCO (an equipment manufacturer) developed the nozzle aeration flotation system
shown in Fig. 1.21 in Chapter 1 (71). This is a single cell of the recommended 4-cell treatment
system. The manufacturer claims that the advantages include lower power requirement, since
one pump provides mixing and air; elimination of the need for a separate flocculation vessel,
since mixing, flocculation, and flotation are accomplished in the first cell; and lower mainte-
nance costs, since there are no high-speed parts to wear out.

7.3. Performance Data

Gotzy (48) reported on bench-scale (batch) treatment of aluminum-forming and refinery
wastewaters; Steiner et al. (72) and Hobe (73) reported on pilot plant-scale tests on refinery
and tuna-cannery wastewaters, respectively, while Cardile and Fronczak (74) provided data
on an operating system. Davies and Vose (75) noted that Chevron prefers the IAF process and
has a number of units in refinery service in North America, but provides no data.

Steiner (60) used both bench- and pilot-scale models to study the performance of the
nozzle air flotation (NAF) unit in treating wastewater from an API separator. Parameters that
varied were polymer concentration, percent recycle (which varied as a result of a variable air-
induction rate), and overall residence time. The removal of oil and grease as a function of
nozzle pressure is shown in Table 3.15.

Hobe (73) provided few experimental details other than the need for chemicals and a
comparison of the degrees of removal with and without chemicals. The removal using 25 mg/L.
of polymer averaged 85% based on 1,045 mg/L of oil and grease in the influent; without

Table 3.15
Effect of nozzle pressure on the performance of IAF

Nozzle pressure (psi)

10 7.5 5

Recycle flow (gal/min) 28 24 20
Air-induction rate (ft/min) 1.67 1.08 0.50
Residence time (min) 1.40 1.55 1.80
Oil (conc: mg/L)

Influent 36 54 41

Effluent 9 12 8

Removal (%) 75 78 80
Suspended solids (conc: mg/L)

Influent 64 60 57

Effluent 15 17 17

Removal (%) 77 72 70

Feed flow. 5.5 gal/min: chemical addition. 10 mg/L Calgon WT-2640.
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chemicals, the removal averaged 67%; the supernatant oil and grease averaged 25-30% FOG
(fat, oil, and grease), 30-35% total solids, and 3—8% total protein.

Pearson (51) showed that a plot of residual oil concentrations vs. chemical dose exhibited a
minimum effluent value for the dose of approximately 80 mg/L alum (Fig. 3.4). Above and
below this value, the oil content of the effluent increased. The improvement in oil removal
with the addition of polymer is also shown.

NATCO (76) reported that its Tridair hydraulic induced gas flotation cell accomplished
90-98% removal of insoluble oil, organics, and suspended solids. Removal efficiency was
influenced by physical characteristics of the incoming stream such as pH, total dissolved and
suspended solids, temperature, presence of chemicals, mixtures of different streams, and zeta
potential. The nozzle/educator design ensured uniform dispersion of the finely divided air/gas
bubbles throughout the liquid. By controlling the volume and rate of air/gas induced, the
development of the proper bubble size for the efficient lifting of oil/organic and suspended
solids was achieved.

Table 3.16 summarizes the performance of NAF in removing oil and grease in the
treatment of various industrial wastewaters.

7.4. Multicell Units

Extensive comparative testing of oil-field and refinery wastewaters convinced Ellis and
Fischer (77) that multistage units are more versatile and reliable than single-stage units. Each
stage of flotation improves the water quality of the effluent of the previous stage. Hence, less
than optimum conditions can be tolerated in one or more stages without sacrificing a final
effluent of high quality. Single-stage units have only one opportunity to reduce contaminants
to an acceptable level.

Table 3.16
Performance of nozzle IAF in industrial wastewater treatment
Author Wastewater Chemicals Flow Influent Effluent Removal
(gal/min)  (mg/L) (mg/L) (%)
Cardile and Railroad Polyelectrolytes 2,150 450 7.0 98 0 & G*
Fronczak (74) maintenance 116 7.6 96 TSS
Steiner et al. Refinery Polyelectrolytes 28 31 6 810& G
(72) (10 mg/L) (Pilot) 38 11 71 SS
Hobe (73) Tuna cannery Polyelectrolytes  (Pilot) 1,045 145 86 0 & G
(25 mg/L)
Gotzy (48) Al-forming cast Variable (Bench) Improvement in percent
house cooling transmittance noted
water

“0 & G, oil and grease.
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A test comparing a full-stream pressurization single-cell system to a multicell impeller
induction system yielded an effluent oil concentration of 10-21 mg/L for the single cell vs.
2-10 mg/L for the multicell system. The latter system cost 60% as much as the former.

8. FLOTATION SYSTEM PERFORMANCE

According to a UK study (19), removals of oil by flotation generally average 90% if the
influent concentration is 150 mg/L or more. If the influent concentration to the air flotation
system is reduced to 25 mg/L by pretreatment, removals in the range of 70-75% can be
expected. This report recommends that the inlet concentration to an air flotation system
should not exceed 200-300 mg/L for effective system operation, a level that can normally be
obtained by pretreatment in a gravity (API) oil-water separator.

Beychock (53) predicted that with the use of alum and the equipment design (loading)
figures he recommends, 85-95% removal of oil can be obtained in a DAF unit operated in the
recycle mode (Table 3.17).

Volesky and Agathos (78) have assembled a great deal of operating data for refinery
wastewater treatment from the literature, much of it from Russian sources. Removals ranged
from a low of 30-99.6%.

Performance data compiled from the literature are found in Tables 3.18 through 3.23.
Oil removals from several systems treating refinery wastewater are shown in Table 3.18.
Oil removals from other wastewaters are shown in the succeeding tables: ballast water
(Table 3.19), paint manufacturing, tannery, glass plant and chemical plant wastewaters
(Table 3.20), vehicle-maintenance wastewater (Table 3.21), metal-bearing oily wastewater
(Table 3.22), and food-processing wastewater (Table 3.23). Because of the numerous vari-
ables associated with the data/testing (especially the type and amount of chemical additives), it
is essentially futile to try to construct correlations. However, recently, several models have
been developed to describe the performance of air flotation systems (94—98). Such modeling
techniques should help researchers to be able to construct dependable correlations in the
future.

Thompson and Wolf (99) reported that in a survey of flotation units used in the petroleum
industry, flotation system performance varied widely. Oil-removal efficiencies ranged from
50 to 100% and appeared to depend upon the use of chemical aids. SS removal ranged
between 30 and 80% and also depended on the use of chemicals. Insufficient data were

Table 3.17

Expected DAF performance

Contaminant Expected removal (%)
Oil and grease 85-95

Suspended solids 70-75

COD (total) 65-85

COD (dissolved) 30-35
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Table 3.18
Oil refinery wastewater treatment by various air flotation systems
Author Oil Chemicals” Hydraulic ~ System
Influent Effluent Removal (mg/L) loadlng 2
(gal/min/ft”)
(mg/L) (mg/L) (%)
Boyd et al. (79) 94 10-15  84-89 75-100 Alum 0.9 DAF (full flow)
105 Cationic
polymer
Biesinger et al. 220 9.5 96 50 Alum, 4 poly 0.7 DAF/R
(55) 460 37 92 75 Alum, 0.5 poly 1.5 DAF/R
Ellis and Fischer 50 20 60 Poly IAF (multicell)
7
Hart (49) 11 2 79 2 Poly DAF/R
Quigley and 85-95 30-70 Alum DAF (full flow)
Hoffman (59)
Smith and Robe 2,000 10 95 2-3 Poly 2.0 DAF/R
(80)
Steiner (60) 50 15 80 10 Poly 2.8-17.5 DAF/R
50 10 80 10 Poly Nozzle air
Finkler et al. (81) 135 30 78 DAF
Franzen et al. (62) 75-85 3.8 DAF (full flow)
Churchill and 220 25 89 Alum + poly, 10 1.5-2.0 DAF/R
Tacchi (63) +2
150 10 93 10 Poly IAF (four-cell)
Median values
Eckenfelder (82) 125 35 72 None
100 10 92 100 Alum
Ecodyne” 107 10 91 Alum + poly DAF
383 36 91 DAF
680 6 90 Alum
Kirkup (83) 76 3 96 Yes IAF
201 14 93 No IAF
Moursy and El-Ela 86.8 4.6 93 4.3 Alum, pH DAF (batch)
(66) 5.9-6.2
Berne (84) 100 12 88 1.5 and 1.0 poly DAF

of two different
types

“Poly = polyelectrolyte of unspecified source.
PManufacturer’s literature.

obtained on which to base any firm conclusion as to which equipment provided the best

performance or to make performance predictions, mathematical or otherwise.

Galil et al. (100) treated an industrial effluent that contained hydrocarbons in the range of
20-77 mg/L. Less than 10% were found in “free” form, 70-80% were emulsified, and
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Table 3.19

Ballast wastewater treatment by various air flotation systems

Author Oil Chemicals“utilized Hydraulic System

Influent Effluent Removal (meg/L) loadlng 2
(gal/min/ft”)
(mg/L)  (mg/L) (%)

Boyd and 100-200  5-10 90-97.5 70-100 Alum, 1 1.25 DAF
Shell (87) calionic poly

Ellis and 50-5,000 10 80-99.8 IAF
Fischer (77) (multicell)

Envirex (86) 1,000 10-40 94-96 2.5 DAF

Eckenfelder 133 15 89 100 Alum, 1 poly DAF
(82)

Sport (oilfield ~95 1.2-6.0 DAF/R
brine) (88)

Ellis and 200-700 20 90-97 Poly IAF
Fischer (multicell)
(oil-field 100-200 110 90-95 Poly
brine) (77)  200-500  10-12 94-98 Poly

“Poly = Polyelectrolyte.

Table 3.20
Removal of oil in treatment of four industrial wastewaters by air flotation systems
Wastewater Oil in Oil in Removal Chemicals Hydraulic System
influent effluent (%) utilized (mg/L) loading
(mg/L) (mg/L) (gal/min/ft®)
Paint 1,000-2,000 0 100 150 Alum - DAF
manufacturing 5 Cationic
(79) polymer
Tannery (89) 370 70 81 270 FeCl;, pH - DAF/R
4-5 pilot
10-20 polymer
Glass plant (90) 100 0 100 75 High mol wt  — DAF/R
polymer
Chemical plant 450 250 44 None 1.6 DAF full-
(55) stream

10-20% were dissolved. The DAF process enabled a reduction in the general hydrocarbon
content by 50-90%. The results indicated that the chemical flocculation followed by DAF
efficiently removed the emulsified phase, which could be aggregated and separated to the
surface. It was found that the process could also remove substantial amounts of dissolved
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Table 3.21
Treatment of vehicle-maintenance wastewater by air flotation systems
Author Oil Chemicals“utilized Hydraulic  System
(mg/L) loading
Influent  Effluent Removal (gal/min/
(mgl) (mgl) (%) f%)
Katnik and 490 5 99 150 Anionic poly DAF
Pavilcus (90)
Envirex (86) 400 10-52 87-97 2-3.5 DAF
Lynes (91) 166 13 92 IAF (pilot)
Cardile and 226 9 96 Poly and alum 1.26 DAF
Fronczak (74) 450 8 98 IAF (nozzle)
Eckenfelder (82) 250-700 20-50 90+ 30 Alum, 10 DAF

activated silica

“Poly = Polyelectrolyte.

Table 3.22

Treatment of metal-bearing wastewater by various air flotation systems

Author Oil Chemicals“utilized Hydraulic System
Influent Effluent Removal (mg/L) 12?1?/1;:% (gal/
(mg/L) (mg/L) (%)

Katnik and 7,200 80 99 Air Sparger
Pavilcus”(90) (batch)
Barker et al. (65) 1,482 84 92 Alum, clay, poly 1.70 1/3 design

flow rate
DAF/R
Ettelt‘(92) 819 14 98 2,700 Alum, 20 DAF/R
Dow® A-23
Kreye et al.%(93) 100 Alum, poly DAF
(Percol® 727)
Envirex*” 587 5 99 100 Alum, 1 poly DAF/R (bench
scale)
0.5-0.75 Alum and DAF/R
poly
Ecodyne’ 1,170 75 94 1,500 Alum and DAF/R
poly
1,620 8 99 Alum and poly

“Poly = Polyelectrolyte.

PSteel rolling.
“Can forming.
9Zinc plating.
“Machine shop.

/Manufacturer’s literature.
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Table 3.23
Treatment of food-processing wastewater by various air flotation systems
Author Oil Chemicals”  Hydraulic System  Specific
Influent  Effluent Removal utilized loading waste
a2
(mg/L) (mg/L) %) (mg/L) (gal/min/ft”) source
Biesinger 45 25 44 1.3 DAF/R  Poultry
et al. (55) 620 130 79 1.2 DAF/R  Poultry
280 40 86 10 Alum 1.8 DAF/R  Beef
300 80 73 1.1 DAF/R  Beef
1,160 360 69 30 Alum, 0.57 DAF/R  Soybean
0.5 poly (full oil
flow)
Adams 2,515 Alum, poly DAF/R Edible oil
et al. (54) (full
flow)
Woodward 3,140 18 99 75 Alum, 75 2.8 DAF/R
et al. (57) soda ash,
2 poly
Murakami and 5,181 155 97 Alum, poly DAF
Robe (85)
Envirex (86)
(1981) 200 15-50 75-92 1.7-2.5 DAF Poultry
(1982) 700 35-100  86-95 2-3 DAF Rendering
Zimmerman 4,000 140 96 250 Lime, DAF/R  Poultry
and Jacquez 1 poly (bench
61) scale)
Ecodyne” 3,000 80 97 0.75 Poly DAF  Meat
packing
600 80 87 DAF/R

“Poly = Polyelectrolyte.
“Manufacturer’s literature.

organic matter. The researchers explained this removal mechanism by the hydrophobic
characteristics of some of the substances, which could bind to the solid surfaces. It was
found that aggregates created by the flocculation with the cationic polyelectrolyte (C-577)
could remove up to 40% of the dissolved hydrocarbon.

Al-Shamrani et al. (101) considered the effects of coagulant dose, pH, and the duration and
intensity of both slow and fast mixing. Oil removals up to 99.3% at pH 8 and 99.94% at pH 7
were reported for aluminum sulfate and ferric sulfate, respectively. Rapid mixing times of
approximately 2 min and flocculation times ranging from 15 to 20 min were found to be
optimal for the DAF separation. The significant factors affecting the process were the recycle
ratio, influent solids concentration, water quality such as salinity, surface tension, and
temperature, residence time and the addition of coagulant or surfactants.
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Fig. 3.1. Oil removal efficiency as a function of influent oil and grease concentration in a DAF system.

Abed Baig et al. (102) reported on the treatment of wastewaters from a variety of
industries including oil refineries, petrochemical works, steel mills, metal finishing plants,
cooking oil, and ghee factories. Their study was undertaken to investigate the removal of oil
and grease from industrial and domestic wastewaters. Tests were carried out to find the
removal efficiencies for oil and grease at retention times varying from 10 min to 2 h and for
different concentrations varying from 50 to 500 mg/L. A retention time of 1 h was found to
be sufficient for the separation of all oil concentrations. The samples were treated chemically
prior to floatation by the addition of alum and polymer and then were treated in a DAF unit at
pressures varying from 25 to 55 psi. A removal efficiency of 85% was achieved at 55 psi.

Percent removal can be a misleading term. Removal efficiency clearly varies as the influent
oil concentrations vary, with higher efficiencies being attained at higher influent concentra-
tions (Fig. 3.1). The critical factor is the residual concentration of the substance of concern in
the final effluent.

9. AIR POLLUTION ASPECTS

A very early DAF paper on the treatment of refinery wastewater by Vrablik (103) contains
an analysis of the DAF off-gas (Table 3.24). The unit was covered and the off-gas was
directed to an air pollution abatement system. The treatment flow sheet shows that the off-
gases go to a vapor-recovery system. In concept the author in 1959 was well ahead of the
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Table 3.24

Analysis of DAF off-gas from the treatment of refinery

wastewater

Contaminant Contaminant concentration
in air (mol %)

Isobutane 0.44

n-Butane 0.18

Butane 0.87

Isopentane 1.65

n-Pentane 0.82

Pentene 1.57

Ce Plus 0.82

Benzene 0.02

Toluene 0.02

Oxygen 9.96

Nitrogen 83.65

time. Only recently have air-pollution control authorities attempted to limit ambient releases
of hydrocarbons that are precursors for ozone formation.

10. PRODUCT RECOVERY FROM FLOAT

The role of the flotation system is to remove suspended materials by conveying them to
the surface of the flotation vessel. The removed material then itself must be managed. If it is
good oil (as recovered in refinery API separators) it may be recycled directly to the refinery.
In other cases, for lesser quality oil, oil/water emulsions, or oily-contaminated solids, further
treatment steps must be taken.

A common processing step for oil/water emulsions is to acidify with sulfuric acid to a low
pH, heat to 150-160°F, and hold at that temperature 16—24 h. During that time, more oil that
can be recycled can separate out. The rag layer is neutralized and sent back to the wastewater-
treatment system.

Another possible technique for the separation of oil from dissolved-air-flotation (DAF)
oily sludge (float) is by freezing and thawing (104).

Clearly, then the quality and concentration of materials in the sludge (surface-removed
product or float) are of importance. A compilation of data is found in Table 3.25.

11. COSTS

All data dealing with capital and/or operating cost are given as reported and have not
been updated; the year of the cost analysis is given at the end of each discussion. To allow the
reader to adjust the cost data to current prices, the US Army Corps of Engineers Civil Works
Construction Yearly Average Cost Index for Utilities is given in the Appendix (106).
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11.1. Railyard Wastes

Lynes (91) has determined the results of a pilot-plant investigation of successful treatment
of alkaline emulsified locomotive wastewater with IAF (WEMCO Depurator). He then
compared costs of this continuous-treatment system to batch chemical treatment — $1.10/
1,000 gal by air flotation vs. $0.41/1,000 gal by batch treatment (1986).

11.2. Barrel and Drum Wastewater

For the pretreatment of wastewater from a barrel and drum cleaning operation prior to
discharge to a sewer, a Midwest firm installed a collection/pumping system, emulsion
breaking chemical addition, a WEMCO Hydrocleaner (IAF), a neutralization system, an oil
storage tank, a complete data-acquisition system, and a laboratory control building to handle
250 gpm at a 1981 capital cost of $681,000 (the TAF unit cost $57,000, 1981) (68).

11.3. Refinery Wastewater

Air Flotation has been tested and proven to be economical in treating refinery wastewater.
After installing an air flotation system in Kansas, chemical costs were reduced threefold
compared with the previous sedimentation system employed (107).

Thompson et al. (99) have compared several refinery oily wastewater-treatment systems.
Table 3.26 shows the costs for gravity separators, air flotation, activated sludge, and carbon

Table 3.26
Yearly costs for treatment of 1,000 gal of oily wastewater
Oily-water gravity — Gas Activated Carbon Total
separator flotation sludge adsorption
Investment costs $300,000 $330,000  $1,600,000  $925,000 $2,175,000
(excluding land)
Operating costs
Power ($0.01/hp) 1,750 2,630 9,640 21,550 35,570
Maintenance at 4% 12,000 13,200 46,400 37,000 108,600
plant cost
Direct labor and 20,000 20,000 40,000 40,000 120,000
overhead
Depreciation at 10% 30,000 33,000 116,000 92,500 271,500
plant cost
Insurance and taxes 9,000 9,900 34,800 27,750 81,450
at 3% plant cost
Chemicals
$/1,000 gal 0.14 0.15 0.47 0.42 1.18

“Included in investment.
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Table 3.27
Cost of rectangular, dissolved-gas, recycle pressurization flotation system

Capacity Power requirements (hp) Costs”
gal/min bbl/d Total ($) Unit ($/bbl/d)
50 1,715 8.0 23,500 13.70
100 3,430 8.0 24,600 7.20
300 10,390 15.5 34,400 3.30
500 17,150 15.5 38,050 2.20
1,000 34,300 30.8 48,500 1.40

“Open top design — closed top and vapor recovery optional (extra cost).

Table 3.28
Cost of cylindrical, dissolved-gas, full-stream pressurization flotation system
Capacity Power requirements (hp) Costs”

gal/min bbl/d Total ($) Unit ($/bbl/d)
50 1,715 2.5 8,000 4.66

100 3,430 5.0 10,500 3.06

250 8,575 12.5 14,000 1.63

350 12,000 17.5 15,500 1.29

500 17,150 25.0 16,500 0.96

750 25,725 37.5 19,900 0.77

1,000 34,300 50.0 21,500 0.63

1,250 42,875 62.5 25,500 0.59

1,500 51,450 75.0 28,000 0.54

2,000 68,600 100.0 31,800 0.46

3,000 102,900 150.0 35,700 0.41

“Open top design — closed top and vapor recovery optional (extra cost).

Table 3.29
Cost of rectangular, froth-type flotation system

Capacity Power requirements (hp) Costs”
gal/min bbl/d Total ($) Unit ($/bbl/d)
150 5,150 13.0 15,600 3.03
300 10,300 21.0 19,800 1.92
450 15,450 31.0 21,500 1.39
750 25,725 41.0 24,750 0.96
1,125 38,585 61.0 35,100 0.91
2,250 77,175 61.0 47,600 0.62
3,000 102,900 81.0 49,000 0.48

“Open top design — closed top and vapor recovery optional (extra cost).
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Table 3.30

Treatment cost of industrial wastewaters by DAF
Wastewater Treatment cost ($/1,000 gal)
Poultry processing 0.14-0.17

Beef packing 0.16

Food processing 0.36

Deinking mill 0.08

Oil refining 0.09-0.12

Table 3.31

Detailed costs of three industrial wastewaters’ treatment by DAF

Case number Poultry Beef Chemical Food Drinking  Oil refinery
I I I 1I I II

Flow rate (gal/min) 825 690 600 110 3,000 160 1,300 1,400 850

Equipment cost ($); 56,170 56,170 40,150 40,930 112,300 60,592 125,500 89,200 109,900

includes, piping

erection, and

tankage

50% contingency 28,085 28,085 20,075 20,465 56,150 30,296 62,750 44,600 54,950

Amortization: 20 6,590 6,590 4,711 4,802 13,176 7,109 14,725 10,466 12,895

years at 6% interest

($lyear)

Utilities ($/year); 872 872 872 2940 9.798 2,000 12,248 5,880 17,760

$0.015/kwh

Maintenance 842 842 602 614 1,684 910 1,882 1,338 1,648

($/year); 1% of

equipment and

contingency

Operation cost 10,000 10,000 10,000 20,000 20,000 20,000 20,000 20,000 20,000

($/year)

Chemical cost - - - - - 790 9,120 47,560 25,150

($lyear)”

Cost ($/1,000 gal) 0.14 0.17 0.16 049 0.03 0.36 0.08 0.12  0.09

“$1.50/1b polymer; $0.05/1b FeCls.

adsorption. For a flow of 1,000 gpm, the 1972 capital cost for a flotation system was

$330,000; the operating cost (including fixed costs) was $0.15/1,000 gal.
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11.4. Comparative Costs

Thompson et al. (99) tabulated costs for the three basic air flotation systems: (1) rectangu-
lar DAF (Table 3.27), (2) circular DAF (Table 3.28), and (3) rectangular IAF (Table 3.29).
Cylindrical systems were the most economical, and require less steel in their construction and
less space for installation, 1972.

Biesinger et al. (55) compared several different DAF systems. Flow rates ranged from 100
to 300 gpm. Construction costs did not vary widely ($40,000-$125,000). Operational costs
varied significantly from $0.03 to $0.49/1,000 gal (Tables 3.30 and 3.31, 1974).

APPENDIX

U.S. Army Corps of Engineers Civil Works Construction Yearly Average Cost Index
for Utilities (106)

Year Index Year Index

1967 100 1989 383.14
1968 104.83 1990 386.75
1969 112.17 1991 392.35
1970 119.75 1992 399.07
1971 131.73 1993 410.63
1972 141.94 1994 424 91
1973 149.36 1995 439.72
1974 170.45 1996 445.58
1975 190.49 1997 454.99
1976 202.61 1998 4594

1977 215.84 1999 460.16
1978 235.78 2000 468.05
1979 257.2 2001 472.18
1980 277.6 2002 484 .41
1981 302.25 2003 495.72
1982 320.13 2004 506.13
1983 330.82 2005 516.75
1984 341.06 2006 528.12
1985 346.12 2007 539.74
1986 347.33 2008 552.16
1987 353.35 2009 570.38
1988 369.45
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Abstract The main focus of this chapter is the scientific analysis of flotation for wastewater
treatment. The analysis includes a brief description of where and why flotation is used and with
what intent. The physical and chemical theories of flotation as they pertain to wastewater
flotation, such as characteristic bubble size and its modification, specific contact angles and
their control, reactor flow-through pattern, etc. are discussed. Some more frequently encountered
versions of flotation reactors are given, together with some illustrating data on the actual plant
performance. Furthermore, a rational method to obtain optimum designs of flotation plants and
to operate given plants under optimal conditions is described. Here, preparatory investigations
and laboratory studies parallel with large-scale operation can be valuable. The design engineer
will also be interested in a survey of data on process efficiency as found in the literature along
with first estimates on the costs of this flotation process.

Key Words Flotation « wastewater treatment * theory of flotation * optimum design * process
efficiency ¢ costs « DAF « wastewater flotation.

1. INTRODUCTION

The main focus of this chapter is the application of scientific analysis of flotation to the
treatment of wastewater. The analysis includes a brief description of where and why flotation
is used and with what intent. The physical and chemical theories of flotation as they pertain to
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wastewater flotation, such as characteristic bubble size and its modification, specific contact
angles and their control, reactor flow-through pattern, etc. are discussed. Some more fre-
quently encountered versions of flotation reactors are given, together with some illustrating
data on actual plant performance. Furthermore, a rational method to obtain optimum designs
of flotation plants and to operate given plants under optimal conditions is described. Here,
preparatory investigations and laboratory studies parallel with large-scale operation can be
valuable. The design engineer will also be interested in a survey of data on process efficiency
as found in the literature along with first estimates on the costs of this flotation process.

Flotation in a physical sense is the upward motion of particles, flocs, or other aggregates
due to a net buoyancy force. This concept has been applied directly in wastewater treatment
in removing substances that are specifically lighter than water. Predominantly, these have
been oily and fatty materials.

Ore refining represents a very early and very successful application of the flotation
process. Here, the buoyancy has been increased by attaching air bubbles onto the ore
particles that are specifically heavier than water. The use of air bubbles to separate solids
from a liquid phase has logically also been referred to as flotation; this is the narrow
technical meaning of the term used in treatment technology. In wastewater treatment this
process has not been very successful until recently, for reasons to be discussed below.
Possible exceptions are the aforementioned oil removal either without additional air or by
using compressed air.

2. WASTEWATER FLOTATION

Flotation in this discussion is understood to be primarily dissolved air flotation (DAF) (see
Fig. 4.1). Flotation in this sense is not confined to substances with a specific gravity lower
than that of water, and it does not include ion flotation. As will be discussed later, gas bubbles
are produced in the reactor and attached to discrete particles or to particle aggregates after
aggregation or during aggregation.

Flotation is used as a liquid—solid separation process similar to the function of the
sedimentation process or the filtration process (1-3). This is one means of true removal of
solids from wastewater. In addition, all those substances that are associated with solids
through adsorption phenomena are also removed.

Flotation will be employed to separate solids that are present or that are “created” in the
reactor as is the case in phosphate precipitation. A few possible and largely tested applica-
tions are flotation in the phase of primary clarification (4-6), flotation as secondary clarifica-
tion with or without chemical addition (4-7), flotation in tertiary treatment (8, 9), and
flotation in biosolids thickening (10—12) — the treatment of stormwater overflows has been
proposed and investigated (13).

The removal of total suspended solids also affects the BOD/COD load since some fractions
of the suspended phase are organic. The BOD/COD load is also reduced because dissolved
organic substances, included in these global parameters, may be adsorbed onto solids that are
removed by flotation (14—16).
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Fig. 4.1. Definition of the flotation process (13).

Processes for effective liquid—solid separation, in particular for smaller, close-to-colloidal
particles will become important with increased use of chemicals in wastewater treatment.
Such chemicals are applied for the removal of phosphorous components, for the improvement
of solids retention in treatment plants, or for control of heavy metals. The need for liquid—solid
separation will therefore also increase with increasing chemical usage (13).

Wastewater flotation — as indicated, above — requires the generation of small air bubbles,
smaller than 100 pum. The reasons for this will be discussed later. This size of air bubble
requirement excludes compressed air flotation as a technical process in wastewater treatment.
Conceptually, electroflotation and DAF (by pressurizing fresh water or recycled water and
introducing it at lower pressure into the reactor or by applying a vacuum to the air-saturated
wastewater stream as it enters the reactor) may be used. From a point of view of feasible and
successful operation, DAF appears to be the most efficient for the treatment of municipal
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wastewater. In specific industrial processes, electroflotation or even vacuum flotation might
be applied. Figure 4.2 shows schematic sketches of DAF, both with and without recycling,
electroflotation, and compressed air flotation (17).

The general theme of all contributions is the “scientific basis” of flotation. Previous
discussions have shown several surface chemical principles that should be applicable to a
description of wastewater flotation. Similarly fluid mechanical aspects or experiences in
reactor design should be considered when designing a wastewater flotation unit. Complica-
tions in wastewater flotation will most likely arise from unknown and changing composition
of the liquid and solid phases and also from the deviation of real-world reactors from
laboratory or conceptual reactors.

In this discussion therefore the application and limits of concepts developed in the area of
surface chemistry and within the field of reactor design are to be described. Consequences for
planning, design, and operation of wastewater flotation units under the auspices of scientific
analysis are to be elaborated. A typical example is the difficulty in defining in detail the
colloidal chemical aspects of wastewater.

3. APPLICATION OF PHYSICOCHEMICAL PRINCIPLES

The physicochemical principles discussed in the following paragraphs will be applied in
such way as to optimize the sequence of steps in designing and operating wastewater flotation
units. In this way it should be possible to arrive at a good optimal design that allows for
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corrections (through operation) when wastewater characteristics change. From this analysis it
should be possible to develop recommendations for a set of analyses to parallel operation and
to optimize the actual performance of a real-world plant.

In the following paragraphs the most significant reaction steps are described. Knowing
these, the parameters controlling each reaction step will be identified. And finally, one has to
ask which physical or physicochemical principle can be applied to describe and even control
parameters a priori, or where and in what way site-specific analyses must be performed in
order to quantify phenomena that are specific to wastewater and that cannot yet readily be
explained by physicochemical principles.

3.1. Reaction Steps in Wastewater Flotation

Depending upon the point of view, one can identify a very large number of reaction steps
of more physical or more chemical nature, or one will find that only relatively few signifi-
cantly differing steps are of importance for the technical operation of a flotation unit.

In wastewater flotation, i.e., the liquid—solid separation due to the upward movement of
particle—bubble complexes, the most significant steps are (13, 14) as follows:

1. Air-bubble formation/generation/introduction into the system

2. Contact between solid particles or aggregates and air bubbles (or enclosure of bubbles into
aggregates while those are forming)

3. The actual rise of the air bubble—solids complex as it is enhanced or hindered by the continuous
flow through the reactor.

Additional reaction steps that might be of interest from a more basic point of view include the
air/gas solution (under pressure) in water, the addition of chemicals to stabilize gas bubbles,
the aggregation of solid particles in themselves prior to flotation or in conjunction with the
flotation process, the modification of aggregation between gas bubbles and solid particles by
means of chemicals, and the various movements of a gas bubble—solid particle complex in an
actual reaction chamber as controlled by inflow, outflow, baffles, short-circuiting and not
complete mixing. However, for this more technical discussion the three reaction steps as
shown schematically in Fig. 4.3 are to be focused on. It will be these three steps that might
become process/rate controlling (e.g., too large bubbles will not guarantee the formation of a
stable bubble—solid complex under certain conditions characteristic for a wastewater system).
It is these three steps that can be modified or controlled by physical and chemical means
accessible to a designing or operating engineer.

3.2. Step 1: Generation of Gas Bubbles

Air bubble formation is accomplished in flotation reactors for wastewater treatment by
saturating the wastewater stream or a part thereof or the treated recycle wastewater. This will
take place with air under pressure in a pressure tank. Subsequently, the pressure is reduced to
(as a rule) normal atmospheric pressure. As the Henry—Dalton law predicts, the higher
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amount of air/gas dissolution at higher (partial) pressures will be released to reach the new
equilibrium. This new equilibrium is controlled by the new (atmospheric) partial pressure.
Thus, the most significant factors in the generation of gas bubbles are pressure in the air
saturation chamber or pressure difference between compressor and atmosphere and flux of
wastewater or recycled water through the system relative to the wastewater stream. Fur-
thermore, the wastewater characteristics (in particular the characteristics of the dissolved
phase) described, for instance, in terms of surface tension at the gas—water interface will be
of importance since these describe the maximum size of stable bubbles or indicate when
coalescence of bubbles will occur. Last but not the least, the type of nozzle or aerator or air
injector may affect average bubble size and the size distribution of bubbles. Figure 4.4
illustrates how with a change in pressure difference the average bubble size can be modified
(18). As the optimal bubble size for typical wastewater systems is in the order of 100 um
or below (as will be described later) pressure differences of 4-5 bar are usually selected
(19, 20). This represents a higher limit for air pressurization from an operational point of
view. Since it is also somewhat of a lower limit from the efficiency point of view, there is
relatively little advantage in experimenting with this significant parameter. Similarly, the
type of injector used will affect average bubble size and size distribution of bubbles as seen
in Fig. 4.4. The form or type of injector device should therefore also be a design objective.
However, here other aspects come into consideration as well. Possible clogging due
to wastewater-specific constituents must be avoided. Commercial or competitive aspects
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(i.e., the inaccessibility of specific types of information or types of devices) will also play a
significant role. Thus, even though the correct choice of injector type may affect the overall
process efficiency, one frequently only convinces oneself of the suitability of the device
that is offered by the designing or consulting engineering firm (21). The reaction step
“bubble formation” can largely be described by physical and physicochemical principles.
Since the physical aspects, as explained, are mostly predetermined, specific physicochemi-
cal characteristics that describe the wastewater will have to be identified, quantified, and
optimized.

3.3. Step 2: Air-Solids Aggregation

The formation of a stable aggregate between one or more gas bubbles and a solid particle
or floc requires the collision or encounter between both partners and subsequently, a perma-
nent adherence between these two different phases.

Encounters or soft collisions are facilitated by velocity gradients in the reactor. Those
velocity gradients may result from the continuous flow in the reactor, the upward motion of
the gas bubbles, and the downward motion of the solid particles or flocs. This means that
predominantly, physical parameters control the reaction step. Bubble and floc (number)
concentration affect the frequency of encounter. However, under usual wastewater conditions,
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both solid particles in the aqueous phase and gas bubbles (at air/solid ratios used for wastewater
flotation) are present in number concentrations that are high enough not to be rate-limiting.
Thus, rarely must there be an increase in gas bubble number concentration or in particle
concentration or in the intensity of shear flow in order to attain a critical encounter frequency.

Adherence or permanent contact between particles/flocs and gas bubbles depends upon the
resulting forces at the gas—water—solid interface deriving from physical attraction forces and
physicochemical repulsion forces. This is a predominantly physicochemically controlled
reaction step. This can be expressed conveniently (3) by considering the surface tension of
the gas—solid interface and the solid—liquid interface as well as the liquid—gas interface as
indicated in Fig. 4.5 (22). It becomes apparent from the pertinent Eqs. (1) and (2) that
the adhesive energy increases with increasing surface tension at the solid—liquid and the
liquid—gas interfaces and decreasing surface tension at the gas—solid interface. Rewriting this
equation, one can define a characteristic angle, A., the so-called contact angle, which reflects
those properties of the three-phase system that are decisive for a permanent aggregation
between gas bubbles and solid surfaces. This contact angle therefore represents the most
significant parameter in determining the optimal bubble size that leads to a stable gas—solid
aggregate. Decreasing contact angle (i.e., for more hydrophilic flocs or particles), and
generating smaller bubbles are needed to obtain a stable gas bubble—floc complex (23).
Typical wastewater conditions lead to contact angles in the order of 40-50° requiring very
small bubbles, possibly less than 100 um in size (Fig. 4.6).

Eolid—gas = F(rst. + . — 7'sG) (D
rsG = I'sL + I'LgCos A, ()

where Egqjig_gas 1 the surface adsorption energy at the solid—gas interface, kcal; F is surface
adsorption factor, kcal-cm/dyne; rg; is surface tension at solid—liquid interface, dyne/cm; 1. g
is surface tension at liquid—gas interface, dyne/cm; rgg is surface tension at solid—gas
interface, dyne/cm; and A, is equilibrium contact angle, degree.

As indicated, the characteristics of all three phases contribute to the chemical adherence. It
is possible to manipulate the surface tension at the gas—liquid interface, affecting bubble size

Liquid phase
Gas phase

Solid phase

Fig. 4.5. Characterization of the three-phase system (22).
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and bubble stability (foaming agents — see schematic illustration in Fig. 4.7). It is also
possible to change the surface tension at the gas—solid interface, changing the specific
attachment of bubble and solids (i.e., increasing or decreasing the affinity by adding collec-
tors or so-called depressing reagents). This is frequently done in ore treatment. Similarly it
must be expected that predominantly dissolved wastewater constituents may affect or control
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these interface phenomena. This means that some wastewaters are more easily floated with a
given air/water injection device than others (24). This is illustrated in Fig. 4.8 where relative
flotation velocities, leading to different maximum hydraulic surface loadings, have been
observed under identical physical conditions for two different wastewaters.

3.4. Step 3: Upward Movement of Bubble-Solid Complex

Having formed a stable complex, the resulting force of gravity and buoyancy will be
directed upward and lead to an upward motion. The velocity of this motion is such that the
fluid resistance (drag resistance) equals the resultant net (static) buoyancy component. In this
sense flotation can be looked at as the analogous reverse of sedimentation.

While there are many additional complications, for instance due to the introduction of recycled
water or the introduction of a third phase or the even less complete mixing or less perfect flow
through the reactor, the analogy between sedimentation and flotation still can be used to relate
hydraulic surface loading and flotation velocity as illustrated in Fig. 4.9. This relationship is
generally corroborated by actual plant data. In a similar fashion a relationship between maximum
permissible solids loading and flotation characteristics can be derived (25-27).

From this mechanistic model of the flotation process one would derive that an increase in
the number of gas bubbles attached to one solid particle or floc, provided the crucial surface
tension parameters allow this, will lead to an increase in the flotation velocity. And with this
the degree of liquid—solid separation in a given reactor improves. If the efficiency of the
liquid—solid separation is expressed, for instance, by the concentration of remaining solids
and the amount of gas bubbles attached to a solid particle by the so-called air/solid ratio,
then with increasing air/solids ratio the remaining concentration of floating particles
should decrease (28). Observations confirming these phenomena are shown in Fig. 4.10.
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This argumentation has led to the formulation of one of the most important flotation para-
meters, the air/solids ratio (i.e., the A/S ratio). However, in order to achieve a higher A/S ratio
one has to increase either both the pressure difference and the amount of water recycled or
one of those two parameters separately, introducing in all instances additional turbulence and
possibly a disturbance of the flow-through pattern. This, in turn, may mean a reduction in
overall process efficiency. Thus, only within certain boundaries, the increase of A/S ratios will
lead to a direct increase in the process efficiency.

It has been mentioned before that the flow-through pattern within the continuous flow
reactor is of great importance for the net upward motion of the bubble—solid complex. Hence,
it will affect the overall process efficiency. The flow pattern is controlled or determined by the
geometry of the reactor (depth, width, length) and by the location of input and output relative
to each other and relative to the reactor geometry. Baffles and similar devices built into the
reactor will also affect in their way the flow-through pattern. Even the flow rate or flux
relative to reactor volume and reactor geometry will control to some degree the flow-through
pattern and therefore the upward motion of the bubble—solid complex. The schematic
drawings of two flotation reactors in Fig. 4.11 show how the effective flotation zone differs
from the overall reactor geometry (24). In addition, short-circuiting and dead space phenom-
ena identified, for instance, through the measurement of local flow rates will show further
deviation from the ideal of a completely mixed continuous flow rector. This leads to different
relationships between, for instance, the flotation velocity and the maximum permissible
hydraulic surface loading as is shown in Fig. 4.11 for the two reactor types. Apparently the
differently conceived reactor “one” allows higher hydraulic surface loading and is therefore
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Fig. 4.11. Hydraulic surface loading vs. relative flotation velocity for two types of tanks (13).
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more efficient than reactor “two”. In this field, there is little experience on the application of
hydromechanic and chemical engineering principles to the description and prediction of
flotation reactor behavior. Thus, the technique of model scale experiments might be exploited
to investigate this reaction step (13, 14, 29, 30). With more data on these phenomena it should
be possible to describe and predict plant performance or even to optimize iteratively reactor
geometry and reactor appurtenances.

4. WASTEWATER FLOTATION DESIGN

In deciding for or against the use of a flotation device in wastewater treatment it is
necessary to have information on the general efficiency of the process (representative data
for average wastewater characteristics) and on the specific site-dependent/wastewater-depen-
dent modifications of such efficiency data, which can only be obtained through experiments.
Furthermore cost data, both, absolute and in relation to other comparable liquid—solid
separation processes must be provided. If then, the decision is made in favor of a flotation
reactor, design criteria, sequences of fixing design parameters, and the interrelationship with
pilot plant experiments must be identified. Thus, the following sections deal with the
necessary steps in the design, the identification of expected efficiency, and the projected
cost of a flotation device. Prior to this a brief introduction to typical flotation devices will be
given along with case studies illustrating the application.

4.1. Typical Large-Scale Flotation Reactors

Flotation reactors are even more the domain of the mechanical engineer than other
wastewater treatment units. The mechanical engineer will tailor the design in part specifically
for the encountered wastewater treatment problem. In part this will be (competition-oriented)
specific know-how of special firms. Thus, it is difficult to find sample designs that might be
called “standard”.

In Figs. 4.12 and 4.13 two types of more frequently encountered flotation reactors of
differing characteristics are shown in order to point out various important and generally
encountered features. Figure 4.12 shows a rectangular (35) longitudinally oriented reactor
while Fig. 4.13 shows a cylindrical radially operated reactor (31). Similar arguments as for or
against rectangular and cylindrical sedimentation basins are employed in outlining the
relative merits of one or the other form. Both types have been used in technical plants for
the flotation of municipal wastewater, with good success.

Both figures show that, independent of the different flow-through pattern, various devices
and/or appurtenances needed for the flotation of municipal wastewater appear similarly in
both designs (13, 14):

1. The inflow is mixed with the air-saturated and pressurized recycle water at atmospheric pressure
and enters the reactor relatively deep (through baffles).

2. The outflow is separated from the reactor by another baffle, protecting the floating biosolids
blanket.
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Fig. 4.13. Cylindrical flotation reactor (15, 31).
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3. In the treatment of municipal wastewater both types of solids removal should be provided, for the
floating biosolids on top of the reactor (by an endless belt mechanism as shown in Fig. 4.12 or a
rotating scoop as shown in Fig. 4.13) and a bottom residue removal device (scraper in the case of
Fig. 4.12 and rotary plow in the case of Fig. 4.13) moving the sediment into a central sump.

Injector and nozzle design; form, size, and location of pressure tanks; and pumps and fixtures
vary from manufacturer to manufacturer. This can also be deduced by comparing Fig. 4.12
with Fig. 4.13.

4.2. Flotation-Filtration Reactor

The recently developed flotation—filtration reactor consists of two unit processes: DAF and
filtration with built-in chemical flocculation in one single tank. It is an excellent package
plant for tertiary treatment of secondary effluents (32).

The influent enters the inlet at the center near bottom, and it flows through a hydraulic
rotary joint and an inlet distributor into the rapid mixing section of a slowly moving
carriage. The entire moving carriage consists of rapid mixer, flocculator, air dissolving
tube, backwash pump, biosolids discharge scoop, and biosolids recycle scoop. From the
rapid mixing section, the water enters the hydraulic flocculator for gradually building up the
flocs by gentle mixing. The flocculated water moves from the flocculator into the flotation
compartment clockwise with the same velocity as the entire carriage including the floccula-
tor moving counterclockwise simultaneously. The outgoing flocculator effluent velocity is
compensated by the opposite velocity of the moving carriage, resulting in a “zero” horizon-
tal velocity of the flotation chamber influent. The flocculated water thus stands still in the
flotation tank for optimum clarification. At the outlet of the flocculator, clean water with
microscopic air bubbles is added to the flotation tank in order to float the insoluble flocs and
suspended matter to the water surface. The float accumulated on the water surface is
scooped off by biosolids discharge scoop and discharged into the center biosolids collector
where there is a biosolids outlet to an appropriate treatment facility. The bottom of the unit
is composed of multiple sections of sand filter and clear well. The clarified flotation effluent
passes through the sand filter downward and enters the clear well. The filters are back-
washed periodically.

The pressurized feed stream is held at this high pressure for about 0.2-3.0 min in a
retention tank (i.e., a pressure vessel) designed to provide sufficient time for dissolution of
air into the stream to be treated. From the retention tank, the stream is released back to
atmospheric pressure in the flotation chamber. Most of the pressure drop occurs after a
pressure reducing valve and in the transfer line between the retention tank and flotation
chamber, so that the turbulent effects of depressurization can be minimized. The sudden
reduction in pressure in the flotation chamber results in the release of microscopic air bubbles
(average diameter 80 um or smaller), which attach themselves to suspended or colloidal
particles in the process water in the flotation chamber. This results in agglomeration that, due
to the entrained air, gives a net combined specific gravity less than that of water that causes
the flotation phenomenon. The vertical rising rate of air bubbles ranges between 0.5 and
2.0 ft/min (32). The floated materials rise to the surface of the flotation chamber to form a
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floated layer. Specially designed flight scrapers, scoops, or other skimming devices continu-
ously remove the floated material. The float can in certain cases attain a thickness of many
inches and can be relatively stable for a short period. The layer thickens with time, but undue
delays in removal will cause a release of particulates back to the liquid.

The flotation—filtration plant uses granular media filtration, which involves the passage of
water through a filter bed of filter media with resulting deposition of solids. Eventually the
hydraulic pressure drop across the filter bed becomes excessive, or the efficiency of the filter
bed to remove suspended solids is impaired. Cleaning the bed by backwashing is then
necessary to restore operating head and filter effluent quality. The time in service between
backwashings is called the filter run time. The head loss at which filtration is interrupted for
cleaning is termed the terminal head loss. Either sand alone or both anthracite and sand can be
used as the filter media. When both anthracite and sand are used as the filter media, with
anthracite being placed on top of the sand, the filtration operation is termed dual-media
filtration. Gravity granular media filters in the flotation—filtration plant operate by using the
available head in the DAF chamber. The filter system includes multiple filter compartments.
This allows for the filtration system to continue operating while one compartment is being
backwashed by automatic backwash mechanism. Each filter compartment is, in effect, a
single filter. Filter flow rate is based on declining rate, as there are no flow rate controllers. An
attractive feature of the automatic backwash filter is that operating head losses are generally
less than 1 ft of water (provided that the filter bed consists of either 11 in. of sand, or 2 in. of
anthracite plus 9 in. of sand.) A motor-driven moving carriage assembly is equipped with a
backwash (clean water) pump and a washwater collection pump and it backwashes each filter
compartment sequentially as it rotates to the top of the compartment. The backwash unit also
includes a hood that covers the filter compartment during backwashing. The collection pump
automatically draws backwash wastewater from the filter and discharges the wastewater to a
sewer or recycling unit for reuse.

The advantages of this high-rate flotation—filtration system include (32, 34) the following:

1. High efficiency of pollutants removal: The flotation—filtration reactor can remove not only
classical pollutants, but also toxic heavy metals, toxic inorganics, and toxic organics.

2. Removal of troubling pollutants: Fungi, floating algae, trace oil, soluble phosphate, asbestos,
etc., in secondary effluent or industrial effluent can be easily separated by the flotation—filtration
reactor, while such pollutants cannot be cost-effectively removed by conventional processes.

3. Cost saving: Tertiary treatment processes, such as ultrafiltration, reverse osmosis, granular carbon
adsorption, ion exchange, and chemical oxidation, all require pretreatment systems. The flota-
tion—filtration reactor can be used as an alternative tertiary treatment or used as a pretreatment
unit. In either case, a significant cost saving is expected.

4. Unique Construction: A flotationfiltration reactor can be delivered fully prefabricated. Larger
units are delivered in parts that are flanged together. Generally, no heavy foundation or support
structure is needed as the total load factor when filled with water weighs less than 250 lb/ftz, which
is less than the load for a parking lot. A flat concrete ground pad is usually sufficient.

5. Complete automation (including influent flow control, water level control, proportional chemical
feed, and timer-controlled or headloss-controlled filter backwash) significantly simplifies the
plant’s operation and maintenance. Only one operator is required if manual operation is preferred.
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6. Energy saving: The flotation—filtration system uses a static rapid mixer and a hydraulic baffled
flocculator both having no moving parts. These static units not only do not break down, but also
conserve energy.

7. Water conservation and environmental impact: The flotation—filtration reactor plant recycles all
filter backwash water to the head of the plant for reprocessing; thus it conserves water and
produces no wastewater. The amount of biosolids produced is very small in comparison with
conventional processes.

4.3. Applications of the DAF Process

Wastewaters can be classified into domestic wastewater, industrial wastewater, and a
mixture of both wastewaters. Either the domestic or the mixture of wastewaters is also called
municipal wastewater. Since the characteristics of industrial wastewater vary significantly
from industry to industry, only the characteristics of domestic wastewater are presented in
Table 4.1 (32).

Wastewater treatment processes are classified as pretreatment, primary treatment, second-
ary treatment, tertiary treatment, and biosolids management.

Pretreatment processes include grinding for solids size reduction, screening for solids
removal, flow equalization, and/or oil separation.

4.3.1. Primary Treatment

Primary treatment can be chemical and/or physical. Chemical primary treatment includes
pH adjustment by neutralization and nutrients and metals removal by coagulation/floccula-
tion. Physical primary treatment usually refers to suspended solids removal by sedimentation
or DAF (see Fig. 4.14) (33). The effluent from a primary treatment process system is called
primary effluent. A wastewater treatment plant having only pretreatment, primary treatment,
and biosolids treatment facilities is classified as primary treatment plant although biosolids
handling elements are not part of primary treatment.

For municipal wastewater treatment, primary treatment is considered to be the absolute
minimum. Table 4.1 indicates that a primary treatment plant can remove about 90% of
settleable solids, 10-30% of organic carbon, up to 10% of organic nitrogen, and less than
15% of total phosphorus (32).

4.3.2. Secondary Treatment

Secondary treatment generally involves a biological process for removal of organic
substances through biochemical adsorption and subsequent oxidation either in the reactor
or in other elements. The biological process can be activated sludge, trickling filter, rotating
biological contactor, activated biofilter, aquaculture, lagoons, oxidation ditch, or an anaer-
obic biological treatment process. The effluent from a secondary treatment process is
called secondary effluent. A wastewater treatment plant having pretreatment, primary
treatment, secondary treatment, and biosolids treatment facilities is classified as secondary
treatment plant. An example for the application of DAF in secondary treatment is shown
in Fig. 4.15 (35).
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Table 4.1
Constituents of municipal wastewater and their removal in primary and secondary
treatment (32)

Parameter Concentration (mg/L except as noted) Removal (%)
Range Typical Primary Secondary
Physical
Total Solids 350-1,250 750
Settleable solids 50-200 100 90
Total suspended solids 100400 250 50-90
Volatile suspended solids 70-300 150 60-90
Total dissolved solids 250-850 500 5
Volatile dissolved solids 100-300 150 30
Chemical
pH, unit 7-1.5 7.0
Calcium 30-50 40
Chlorides 30-85 50
Sulphate 20-60 15
Organic carbon
BODs 100400 250 10-30 >90
COD 200-1,000 500 10-30 70-80
TOD 200-1,100 500 10-30 70-80
TOC 100-400 250 10-30 60-80
Nitrogen
Total (as N) 15-90 40 35
Organic 5-40 25 10 50-80
Ammonia 10-50 25 0-20
Nitrites Produced
Nitrates Produced
Phosphorus
Total (as P) 5-20 12 0-15 2040
Organic 1-5 2
Inorganic 5-15 10

Secondary treatment of municipal wastewater as is seen in Table 4.1 can remove up to
90% of suspended solids, 30% of volatile dissolved solids, over 90% of BOD, up to 80% of
COD, TOC and organic nitrogen, up to 20% of ammonia nitrogen, and up to 40% of total
phosphorus (32).

4.3.3. Tertiary Treatment

In many instances, secondary treatment is no longer sufficient for protection of lakes,
streams, estuaries, or ground water supply. Tertiary treatment (or advanced treatment) is
necessary when particular contaminants must be removed to meet effluent standards, or to
prepare the water for reuse (see Fig. 4.16) (35). Common tertiary treatment processes include
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ultrafiltration, reverse osmosis, carbon adsorption, ion exchange, sand filtration, denitrifica-
tion, ammonia stripping, and coagulation/clarification. The objectives of tertiary treatment
include removal of phosphorus, nitrogen, residual organics, residual color, residual sus-
pended solids, or residual dissolved solids (32). The effluent from a tertiary treatment process
is called tertiary effluent. A treatment plant having all stages of treatment and biosolids
management facilities is classified as tertiary treatment plant.

The plant effluent from a primary treatment plant, a secondary treatment plant, or a tertiary
treatment plant is often disinfected with chlorine, ozone, or UV light to destroy pathogenic
microorganisms before discharge into the receiving waters (34).

4.3.4. Industrial-Wastes Treatment

For treatment of combined wastewater by municipalities or treatment of industrial waste-
water by the industry many more water quality parameters must be added on the plant effluent
monitoring list because industrial wastewaters often contain toxic or extremely undesirable
contaminants. Table 4.2 indicates the parameters set by the US Environmental Protection
Agency (US EPA) Effluent Discharge Standards for industrial wastewater or combined
wastewater (32).

4.3.5. Biosolids Treatment

Biosolids treatment and management technologies include thickening by gravity or DAF
(see Fig. 4.17) (36); stabilization by aerobic or anaerobic digestion; conditioning by chemical
or heat treatment; dewatering by belt filter presses, centrifugation, sandbeds or heat drying;
and ultimate reuse/disposal by landfill, land application, or incineration (conversion into

energy).

4.4. Application Examples

In one instance, seasonal overloading (from wineries) caused repeated breakdown of a
municipal activated sludge treatment plant. Therefore, the hydraulically overloaded primary
clarifier was substituted by a flotation unit with a preceding chemical dosage step. The
conclusions on the basis of a long-term investigation can be formulated as follows (13):

1. The solids retention is 20—30% higher than in a sedimentation clarifier (this leads to or is coupled
with an increase of 20—40% in COD reduction).

2. The treated liquid phase has higher oxygen concentrations (3—9 mg/L) and therefore introduces a
higher oxygen load into the activated sludge unit where such oxygen is needed.

3. The solids content of the float blanket is higher than in settled biosolids. This means that despite
higher solids retention, i.e., higher biosolids production than in a sedimentation unit, no higher
biosolids volume is to be handled.

4. The maximum hydraulic loading and solids loading is higher than for sedimentation basins with
the added possibility of adjustment due to feed fluctuations (within certain ranges).
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The overall picture of the effectiveness of this combination of coagulation and flotation with
an activated sludge unit can be obtained from the following data (13):

Influent
BOD=375-600 mg/L
COD=600 mg/L
Effluent
Solids removal up to 95% over a range of solids loading rate from 1 kg/m?/h to 5.5 kg/m*/h

COD reduction=70-75% (in sedimentation 50-55%)
Oxygen concentration=30-80% of saturation value at 30-65% recycled water

Biosolids characteristics
Solids concentration=7-9% at recycle rates of 30—70% and A/S ratio of 0.02-0.20

Surge Grit Bar
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clarifier basin [¥ ~fonber | Screen [&——
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Fig. 4.17. Application of DAF as a biosolids thickening process (36).
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In another instance, an overloaded or insufficiently operating secondary clarifier was to be
aided by an additional flotation reactor placed between the activated sludge unit and the
secondary clarifier. It was expected that not only liquid—solid separation would go to higher
efficiencies but also that the recycled activated sludge would be more active due to higher
oxygen concentration. Furthermore, flotation might affect a higher solids concentration of the
separated activated sludge, allowing a better control of the biosolids loading parameters.
Again the following positive statements may serve as a summary of the data obtained in a
long-term large-scale investigation:

1. The volume of the return biosolids is reduced to about 1/10th of the original amount.

2. The oxygen concentration in the separated biosolids is of the same order as in the aerated effluent
of the activated sludge reactor and presents a reservoir of few minutes.

3. The oxygen concentration of the effluent of the flotation reactor is higher by a factor of 2-3 than
the inflow into the activated sludge plant and higher than the effluent of the supernatant from the
secondary sedimentation basin.

The following characteristic data would describe the specific situation appropriately (13):

Influent to the flotation cell (effluent of the activated sludge reactor)
Flow = 6.5 m>/h
DO = 4 mg/L
TSS = 2,200 mg/L
I, = 107 mL/mg

Effluent of the flotation cell

Flow = 6.0 m’/h

DO = 6.8 mg/L

TSS = 5,500 mg/L
Biosolids

Flow = 0.5 m>/h

DO = 1.9 mg/L

TSS = 27,800 mg/L

I, = 35.5 mL/mg

4.5. Design Criteria

The more basic interpretation of the different reaction steps of the flotation process, as well
as observations from treatment plant operation, indicates that this particular unit process is
controlled by a large number of design and operation parameters. Design parameters are
understood to include (13, 14) the following:

Dimensions of the reactor

Arrangement of inflow and outflow

Capacities of ancillary equipment (pressure tank, pumps, etc.)

Provisions for variation in operation (amount of air introduced, amount and type of chemicals
added, etc.)

bl e
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Operational parameters include the following:

Amount of air introduced

Air to solid ratio, A/S
Hydraulic loading

Type and amount of chemicals
pH adjustments, etc.

NhREWD =

The operational parameters may change with changing wastewater characteristics and can or
must be controlled through appropriate adjustment in order to optimize the process. Thus, the
setting of design parameters represents a sort of irreversible decision while operational
parameters can be adjusted continuously to compensate for less than optimal design. This
means that great care must be taken in deciding on the order of magnitude of such design
parameters.

Figure 4.18 shows a list of pertinent process variables. Each variable is characterized as to
whether it is primarily decided during the phase of design and construction or if it still can be
adapted during the phase of operation. It is seen that a large number of variables fall into the
category of design parameters, while other parameters, predominantly of chemical nature, are
operational parameters. The variables to be fixed in a specific design in direct correspondence
with the type of wastewater to be floated, the amount of wastewater, and the specific
purification requirements are (13) as follows:

Biosolids
Floated+SETTLED

Quantity
Dry solids content

Inflow Flotation reactor Effluent

Quantity Geometry Solids concentration

Hydraulic surface loading

Solids concentration, Oxygen concentration

Velocity of floatation
Solids surface loading
Air/solids ratio

Characteristics of Other substances

solid and liquid phases

Pressure Saturation Recycle

Amout of water Pressure Effluent characteristics

Amount of air Efficiency
Addition of air

Time of Saturation
| — "3

Tempereture

Injector device

Dissolved solids, etc.

Fig. 4.18. Design parameters and operation variables of the flotation process (13).
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1. For the purpose of bubble generation

Injector type and form
Recycle flow rate
Volume of pressure tank
Pressure
2. For the aggregation of bubbles and solids and for the transport of the bubble—solids complex
Effective surface area including baffle arrangement
Effective reactor depth, including biosolids handling and storing
Inflow and outflow arrangement, determining flow-through pattern

A conceptual understanding, description, and prediction of the effect of these parameters
upon the flotation of wastewater do not yet exist (13). Therefore, it is not possible to describe
and optimize such designs by mathematical models. It is advisable to use many bench or pilot
scale model investigations to support intuition and experience in characterizing plant perfor-
mance, with the goal of finding optimum plant dimensions.

Whenever possible, as mentioned above, design should be based on pilot flotation—filtra-
tion investigations of the actual wastewater to be treated. Such pilot plant investigations are
the best way to assure (32) the following:

1. Selection of optimal parameters, such as chemical type and dosage, flocculation detention time
and G value, flotation detention time, flotation overflow rate, air supply rate, pressure and
detention time of air dissolving tube, clarifier recirculation ratio, filtration rate, terminal head
loss, filter run time, backwash rate, etc.

2. Defining effluent quality performance for a given application

Determination of the effects of primary and/or secondary treatment variations

4. Representative cost comparisons between different flotation/filtration designs capable of equiva-
lent performance (i.e., quantity treated and plant effluent quality).

(98]

In general, the retention time in the flocculation/flotation chambers is usually 3-5 min
depending on the characteristics of the wastewater flow and the performance of the particular
plant. Only the recycle flow flotation system is feasible for tertiary treatment of secondary
effluent. The pressure and retention time of air dissolving tube are in the ranges of 25—70 psig
and 0.2-3.0 min, respectively. A typical flotation overflow rate for tertiary treatment employ-
ing a flotation—filtration unit is 3.5 gpm/ft*. Typical filtration rate and filter backwash rate are
3.0 gpm/ft* and 15.0 gpm/ft?, respectively. Terminal head loss usually is less than 1 ft (32).

One procedure for a global assessment of the interaction between the reactor and waste-
water of specific characteristics in terms of flotation efficiency is described in the following
section.

4.6. Rational Design

A simplified flowsheet for the successive steps proposed to design a flotation plant is given
in Fig. 4.19 (37). Assuming that a manufacturer-specific type of reactor with empirically
optimized inflow, outflow, and baffle arrangement exists, one must then answer the most
crucial question of what to use as the maximum permissible hydraulic or solids surface
loading. This in turn will fix the reactor surface in direct correspondence with the wastewater
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Fig. 4.19. Procedure for design and operation of flotation reactors (37).

flow rates and/or the wastewater solids load. Reactor depth, the only other design parameter
to be determined, may be derived from average detention times or correlated directly with
empirical evidence on optimum reactor depths. Consequently, all reactor dimensions can be
determined.

As is seen in Fig. 4.19, the adjustment of the A/S ratio, and to some degree of the type and
concentration of chemicals to be used, may correct somewhat the changes in the floatability,
that is, the flotation velocity. With such changes the permissible surface loading will be
different, thus allowing a limited compensation for unfavorable design parameters. Similarly
the technical means of removing the floating biosolids blanket as well as the frequency of
removing it must be and can be decided upon during operation after both biosolids and
effluent characteristics are specified. Figure 4.19 furthermore indicates that the information
necessary to identify a design surface loading may come from a batch reactor experiment or
studies with a scaled-down continuous flow pilot model (37).

A schematic representation of the nature and intensity of such preparatory investigations is
given in Fig. 4.20. In a scaled-down model of the intended large-scale reactor — scaling laws
obeying Froude number (FN), Reynolds number (RN) or depth, detention time, and other
parameters — various experiments with systematically increased hydraulic and surface loading
at fixed A/S ratios are performed, and solids reduction rates or efficiency of the process is
evaluated. This leads to a maximum surface loading (expressed either as Q/A or TSS/A) for a
given A/S ratio. Parallel to this, the flotation velocity characteristics of that particular waste-
water are determined in a batch flotation unit (24) as indicated in Fig. 4.20. When this is done
for different types of wastewater, a reactor-specific monogram/relationship can be defined.
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Fig. 4.20. Tllustration of investigation to test the flotation characteristics of wastewater (Vg for a
flotation reactor model (13).

This will establish a relationship of observed flotation velocity of a specific wastewater, which
is easily determined in a batch experiment, to the maximum permissible surface loading.

Thus, if such monogram exists for the reactor type intended to be installed, then the
preparatory investigation requires only the determination of the flotation velocity. If a new
reactor type is to be used, continuous flow type investigations in a scaled-down model must
be performed as indicated.

It should be mentioned here that there are specific differences not only in the flotation
characteristic of specific wastewater (leading to a relative or absolute flotation velocity) but
also in the reactor type as it is illustrated in Fig. 4.11 for two geometrically differing reactors.
Therefore, a systematic investigation with differently designed model reactors might be used
to optimize in an iterative manner the overall reactor design.

4.7. Process Efficiency

The possible applications of flotation for liquid—solid separation have been indicated in the
introductory paragraphs. In many instances, flotation as one possible unit process will be
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compared with sedimentation, not only in terms of operational convenience and reliability or
existing engineering know-how but also in terms of efficiency and cost. The projected process
efficiency on one hand and the costs of this process on the other hand will be decisive in
selecting this or another unit process. Cost aspects will be discussed in the following section,
while the present discussion is devoted to a brief description of the overall process efficiency,
as far as that is possible.

From the preceding, more detailed and conceptual description of the flotation process it has
become apparent that it is not possible to describe the efficiency of this process, that is, the
ratio of solids retention to solids inflow concentration (a technical efficiency parameter) in a
global or general way. It is rather necessary to specify for each observed solids retention rate
the decisive wastewater characteristics as well as the reactor particularities and the opera-
tional conditions (such as A/S ratio, amount of recycle water, pressure difference, chemicals
used, etc.). This, however, is not done in most instances where such process efficiencies are
given in the literature. Therefore, these data cannot be used as a direct indication of
liquid-solid separation rate to be expected. They may only be used as a means of estimating
orders of magnitude. The U.S. EPA average data presented in Table 4.3 is only used as a
general guide when DAF is designed for wastewater treatment. In practical applications, the
design engineers must obtain actual wastewater matrix and the representative inflow concen-
tration for planning and designing a wastewater system.

Tables 4.3—4.6 show for illustration’s sake such more generalized process removal and
efficiency data for various types of wastewaters and biosolids (13, 23, 24, 32, 38—47). In using
such summaries the following facts must be born in mind:

1. Efficiency values can at best be given as ranges and not as deterministic singular data.

2. One has to differentiate between points of application in wastewater and biosolids treatment, be it
primary clarification or secondary clarification or in the context of tertiary treatment (predomi-
nantly for phosphate removal) or for biosolids thickening.

3. It is generally advisable to refer to experiments with wastewater systems that correspond to the
one under consideration, i.e., if possible the type of wastewater should be listed.

4. Similarly, operational parameters of chemical nature (predominantly pH value and type and
amount of coagulant used) should be known or listed.

5. In some instances it is not meaningful or not even desirable to list efficiency values as ratio of
solids retention over inflow concentration; but rather an absolute value for the effluent solids
concentration that can be attained with this process is of much more importance to the designing
engineer.

With these precautions the summary of literature data on process efficiency may be used to
make first estimates of an orientating nature on the technical suitability or competitiveness of
this process.

5. COSTS OF FLOTATION

Analogous to the discussion on the representativity of efficiency data of the process
as published in the literature, a word of caution is in order with respect to the limited
usefulness of generalized cost data. As in describing the efficiency of individual plants, the
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Table 4.3

Pollutants removal by flotation (US EPA, 32)

Pollutant Effluent concentration Removal efficiency (%)

Range Median Range Median

Classical pollutants, mg/L.
BOD (5-day) 140-1,000 250 4-87 68
COD 18-3,200 1,200 8-96 66
TSS 18-740 82 6-98 88
Total phosphorus <0.05-12 0.66 50—>99 98
Total phenols >0.001-23 0.66 3—>94 12
Oil and grease 16-220 84 57-97 79

Toxic pollutants, pg/L
Antimony ND-2,300 20 4-95¢ 76
Arsenic ND-18 <10 8—>99 45
Xylene ND-1,000 200 95->99 97
Cadmium BDL-<72 3 0->99 98¢
Chromium 2-620 200 20-99 52
Copper 5-960 180 9-98 75
Cyanide <10-2,300 54 0-<62 10
Lead ND-1,000 70 9->99 98
Mercury BDL-2 BDL 33-88 75
Nickel ND-270 41 29->99 73
Selenium BDL-8.5 2 NM
Silver BDL-66 19 45
Thallium BDL-50 14 NM
Zinc ND-53,000 200 12->99 89
Bis (2-ethylhexyl) phthalate 30-1,100 100 10-98 72
Butyl benzyl phthalate ND-42 ND 97->99 >99
Carbon tetrachloride BDL-210 36 75
Chloroform ND-24 9 20->99 58
Dichlorobromomethane ND >99
2,4-Dichlorophenol 6 NM
Di-n-butyl phthalate ND-300 20 0->99 97
Diethyl phthalate ND >99
Di-n-octyl phthalate ND-33 11 61->99 78
N-nitrosodiphenylamine 620 66
N-nitroso-di-n-propylamine 84 NM
2-Chlorophenol 2 NM
2,4-Dimethylphenol ND-28 14 >99
Pentachlorophenol 5-30 13 19
Phenol 9-2,400 71 0-80 57
2,4,6-trichlorophenol 3 NM
Benzene 5-200 120 NM
Chlorobenzene 57 NM

(Continued)
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Table 4.3

(Continued)

Pollutant Effluent concentration Removal efficiency (%)

Range Median Range Median

Dichlorobenzene 18-260 140 76
Ethylbenzene ND-970 44 3—>99 65
Toluene ND-2,100 580 10—>99 39
Fluoranthene 0.5-<10 5.2 NM
Fluorene 14 NM
Naphthalene ND-840 96 33->99 77
Pyrene 0.3-18 9.2 0
Anthracene/phenanthrene 0.2-600 10 45—>98 81
2-Chloronaphthalene 17 0

Blanks indicate data not available; BDL, below detection line; ND, not detected; NM, not meaningful.
“Approximate value.

Table 4.4

Flotation process efficiency in wastewater treatment (13)

Type of wastewater and type of treatment  Parameter Reduction (%)  Effluent (mg/L)

Municipal preliminary clarification

Without coagulants Total solids 50-60 150
Settleable solids 98

With coagulants Total solids 85-95 0-50
Settleable solids 100 0

Municipal physicochemical treatment Suspended solids ~ 80-98 1-10
Turbidity 65-85
Total phosphorus ~ 85-95 0.2-1.0

quantification of costs of a specific plant depends upon the local situation, i.e., the place
within the treatment process, the wastewater characteristics, the size of the plant, required
efficiencies, ambient requirements as the control of noise, odor, etc. (13). Nevertheless, cost
data of an orientating nature are needed in order to compare this process with others.

Cost data of the kind that are found in so-called “cost functions,” which are meanwhile
available for nearly all unit processes used in wastewater treatment and which are frequently
reevaluated and corrected, may be derived from a postcalculation of executed projects.

The cost is a function of time. When cost information is given, the time and location for the
cost must be specified. Knowing the cost, location, and the time, the cost data in the past can
be adjusted to the present using appropriate cost indexes, such as the index shown in the
Appendix. Different cost indexes are available; the locality factors (for transferring the costs
from one region to another, or one country to another) and the detailed cost elements can be
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Table 4.5
Flotation process efficiency in industrial wastewater treatment (13)
Type of industrial waste Parameter Reduction (%)
Slaughter house BODs 76
Permanganate value 57
Margarine factory Suspended solids 92
Ether extractable material 89
Car factory Suspended solids 98
Ether extractable material 97
Paper mill Suspended solids 96
Permanganate value 91
Cannery Suspended solids 78
BOD; 58
Table 4.6
Flotation and sedimentation efficiency in biosolids treatment (13)
Type of biosolids Chemical addition Solids content (%)
Sedimentation
Primary biosolids None 0.44.5
Polyelectrolyte 5-8
Activated sludge None 0.2
Polyelectrolyte 2.8
Flotation
Activated sludge None 4
Polyelectrolyte 67
Primary + activated sludge None 33
Polyelectrolyte 4

found from the literature (48). Process costs, frequently given as annual total costs or as
specific costs (i.e., relative to the unit of wastewater treated), must include construction
and equipment costs, that is, investment costs, as well as operation and maintenance costs.
Figure 4.21 shows the costs for construction and equipment for a DAF clarification plant (49).
Figure 4.22 shows the plant operation and maintenance annual costs (49).

The calculations of the costs for DAF clarification are based on the following:

Service life of 40 years.

Costs are based on an overflow rate of 4,440 gpd/ft* of surface area.

3. Construction cost includes the basic unit, flow splitting device and an enclosed piping and
equipment gallery for drive equipment, pumps, air tanks and miscellaneous equipment.

4. Largest practical size for an individual unit is currently 20 ft x 100 ft. for a rectangular unit.

Larger sizes could be possible with technology advances.

N —



154 N.K. Shammas et al.

10 1T | T 1T 1.1 11171
CONSTRUCTION COST
.
Pe
1
»
9 1.0 pd
“’ v
—~
3 -
] g —H T :
W ! ' '
° i
0 : !
g T
V!
a3 -
5 0.1 +
=
; ~] + .
| L .
1 ] J :
|
0.01 |
1.0 10 100 1000
Flow, MGD

Fig. 4.21. Construction cost for DAF clarification (49).

b

Power cost is based on 0.10 kwh/ft>.

No chemical costs are included.

7. Operations and maintenance costs include 48 h/year for routine checks and 0.009 h/ft2 for
maintenance. Also, for each overflow event: 1 h travel time, 1 h setup/shutdown time, 0.004
h/ft® for washdown, and 4 h/d operation.

8. Process Performance: (with chemicals)

o

BODjs removal, % 40-60
SS removal, % 50-70

The costs for DAF thickening are shown in Figs. 4.23 and 4.24 for construction and annual
operation and maintenance, respectively (49). The cost calculations are based on the following:

1. Service life: 40 years

2. Construction costs include the following:
(a) Flotation chamber (2-h detention based on biosolids flow)
(b) Pressure tanks (60 psig)
(c) Recycle pumps (100% recycle)



Fundamentals of Wastewater Flotation 155

l.o !'TTT[II 1 1 T H AN NS 1 T T D S S s o 8 |
0 OPERATION & MAINTENANCE COST: - .
~ —+Ht1t Operation period
'(_'6 IHEEE [ )] 90d/yr
- ol il It - Yl 60d/yr
, S " Y
8 | L e r//r/ q /
i 30d/yr
w - ' i/ : Y
(¢] i oo %
0.l t 15d/yr
0 t ~
=} T 7 A1
O Y
. %
:i. H V I
4
g ~ /// /// X
i A~ AN
~ B .. //
B ool e . ‘
0 =T
0 = R - :
— l ¢ !
g ; i ;
g : 1 J }
& 1
000! | E
1.0 [o) 100 1000
Flow, MGD

Fig. 4.22. Annual operation and maintenance costs for DAF clarification (49).

3. Costs for thickening of secondary biosolids only: 820 1b/MG
4. Loading rate = 2 Ib/ft*/h
5. Operating time for various flowrates:

0.1 40 h/week
1 MGD 40 h/week
10 MGD 100 h/week
100 MGD 168 h/week

Adjustment factor: To determine costs at loading rates or biosolids quantities other than the
above, enter curve at effective flow, Q apjusTeED:

2 Ib/ft*/h New design biosolids mass

. . X 3)
New design mass loading rate 820 Ib/d/MG

OapyustED = QDESIGN X

Cost in terms of year 2005 dollars (as an example): It must be indicated that all these curves
were calculated for the USA in the year 1976 using US dollar interest rates, energy costs, and
labor costs. To obtain costs in terms of 2005 US dollar value, multiply the cost obtained from
Figs. 4.21 to 4.24 by a factor of 2.55:

Costygps = 2.55 COStFigure 4)
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Fig. 4.23. Construction cost for DAF thickening (49).
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Table 4.7
Cost comparison of various treatment processes (13, 53-55)

Relative cost Relative cost
Treatment process (100,000 population) (10,000 population)
Filtration 3.1 12
Flotation 1.7 3.5
Sedimentation I 2.0
Coagulation 1.8 2.1
Physical/biological treatment 20 35

“All costs were calculated relative to sedimentation cost for a population of 100,000.

This cost multiplication factor is obtained from the US Army Corps of Engineers, United States
Cost Index for Utilities (50), by calculating the ratio of the dollar value in 2005 to its value in
1976, the year for which the costs in the figures were determined (refer to Appendix):

Cost factor = 516.75/202.61 = 2.55

Finally an overall comparison of specific costs of different unit processes, such as coagulation
(chemicals only), sedimentation, flotation, and filtration is given in Table 4.7 (13, 51, 52). These
unit processes are used today in wastewater treatment (3, 13, 53). A comparison with the specific
cost of other biological wastewater treatment systems can be found elsewhere (54, 55).

Similarly the 2009 costs can be calculated if the 2009 Cost Index (570.38) shown in
Appendix is used. The future costs can be calculated when the future Cost Index becomes
available (50).

6. ENGINEERING CONSIDERATIONS
6.1. DAF for Primaryl/Secondary Clarification

DAF is used to remove suspended solids by flotation (rising) by decreasing their apparent
density. DAF consists of saturating a portion or all of the wastewater feed, or a portion of
recycled effluent with air at a pressure of 25-70 psig. The pressurized wastewater is held at
this pressure for 0.5-3.0 min in a retention tank and then released to atmospheric pressure in
the flotation chamber. The sudden reduction in pressure results in the release of microscopic
air bubbles, which attach themselves to oil and suspended particles in the wastewater in the
flotation chamber. This results in agglomerations, which, due to the entrained air, have
greatly increased vertical rise rates of about 0.5-2.0 ft/min. The floated materials rise to the
surface to form a biosolids layer called the float. Specially designed flight scrapers or other
skimming devices continuously remove the float. The effectiveness of DAF depends upon the
attachment of bubbles to the suspended oil and other particles that are to be removed from
the waste stream. The attraction between the air bubble and particles is primarily a result of
the particles’ surface charges and bubble-size distribution (56).

The more uniform the distribution of water and microbubbles, the shallower the flotation
unit can be. Generally, the depth of effective flotation units is between 4 and 9 ft. The surface
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float can in certain cases attain a thickness of many inches and can be relatively stable for a
short period. The layer thickens with time, but undue delays in removal will cause a release of
particulates back to the liquid.

Units can be round, square, or rectangular. In addition, gases other than air can be used. The
petroleum industry has used nitrogen, with closed vessels, to reduce the possibilities of fire.

DAF has been used for many years to treat industrial wastewater. It has commonly been
used to thicken biosolids generated by municipal wastewater; however, lately it has been put
in use to treat all types of municipal wastewater.

Performance:
Removal (w/o chemicals), % Suspended solids = 40-65
Oil and grease = 60-80
Removal (w. chemicals), % Suspended solids = 80-93

Oil and grease = 85-99

Chemicals required: Alum Al, (SO4)3.14H,0, ferric chloride (FeC15), and polymers can
be added to aid in the coagulation process prior to the actual flotation step.
Design criteria:

Pressure, psig 25-70
Air to solids ratio, 1b/lb 0.01-0.1
Float detention, min 20-60
Surface Hydraulic Loading, gal/d/ft> 500-8,000
Recycle, percent (where employed) 5-120

Process reliability: DAF systems have been found to be reliable. However, chemical
pretreatment is essential, without which DAF units are subject to variable influent conditions,
resulting in widely varying performance.

Environmental impact: Requires very small land area. The air released in the unit is
unlikely to strip volatile organic material into the air. The air compressors will need silencers
to control the noise generated. The biosolids generated will need methods for disposal. These
biosolids will contain high levels of chemical coagulants used in the flotation process.

6.2. DAF-Filtration for Industrial Wastewaters and for Tertiary Treatment
of Municipal Wastewaters
DAF is a widely used process in the following industries:

1. Municipal Biological Treatment Plants
2. Petroleum Refining
3. Pulp and Paper Mills
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4. Rubber Processing
5. Metal Finishing

DAF is also used on a limited basis in the following industries: auto and other laundries, iron
and steel manufacturing, aluminum forming, battery manufacturing, explosives manufacturing,
gum and wood chemicals, pharmaceutical manufacturing, paint and ink formulation, soap and
detergent manufacturing, textile mills and linen supply laundries.

The combined flotation—filtration units make an excellent wastewater treatment package
plant. The flotation—filtration plant is applicable in the following cases:

1. In a biological wastewater treatment plant, flotation—filtration units can be used as a tertiary
treatment unit for final polishing of plant effluent. It is a very efficient unit for the removal of
phosphates as well as many toxic substances.

2. In industrial waste treatment, the flotation—filtration unit could constitute a total physicochemical
treatment system for removal of toxic, nonbiodegradable, refractory, floating, and/or oily substances.

3. Flotationfiltration can also be an excellent pretreatment unit to other tertiary wastewater
treatment processes, such as granular carbon adsorption, ultrafiltration, reverse osmosis, ion
exchange, etc.

6.3. DAF for Thickening

In DAF systems, a recycled subnatant flow is pressurized from 30 to 70 psig and then
saturated with air in a pressure tank. The pressurized effluent is then mixed with the influent
biosolids and subsequently released into the flotation tank. The excess dissolved air then
separates from solution, which is now under atmospheric pressure, and the minute (average
diameter 80 um) rising gas bubbles attach themselves to particles that form the floating
biosolids blanket. The thickened blanket is skimmed off and pumped to the downstream
biosolids handling facilities while the subnatant is returned to the plant. Polyelectrolytes are
frequently used as flotation aids to enhance performance and create a thicker biosolids blanket
(56-59).

Applications: DAF is the most common form of flotation thickening in use in the USA and
has been used for many years to thicken biosolids generated by the waste activated sludge
process and to a lesser degree to thicken combined biosolids. The use of air flotation is limited
primarily to thickening of biosolids prior to dewatering or digestion. Used in this way, the
efficiency of the subsequent dewatering units can be increased and the volume of supernatant
from the subsequent digestion units can be decreased. Existing air flotation thickening units
can be upgraded by the optimization of process variables and by the utilization of polyelec-
trolytes. Air flotation thickening is best applied to waste activated sludge. With this process, it
is possible to thicken the biosolids to 6% solids, while the maximum concentration attainable
by gravity thickening is 2—3% solids. The DAF process can also be applied to mixtures of
primary and waste activated biosolids. DAF also maintains the biosolids in aerobic condition
and potentially has a better solids capture than gravity thickening. There is some evidence
that activated biosolids from pure oxygen systems are more amenable to flotation thickening
than biosolids from conventional systems.
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Performance: A summary of data from various air flotation units indicates that solids
recovery ranges from 83 to 99% at solids loading rates of 748 1b/ft?/d. Other operating data
are as follows (56):

Influent suspended solids 3,000-20,000 mg/L (median 7,300)

Supernatant suspended solids 31-460 mg/L (median 144)

Suspended solids removal 94-99+% (median 98.7)

Float solids 2.8-12.4% (median 5.0)

Loading 1.3-7.7 Io/h/ft? (median 3.1)

Flow 0.4-1.8 gal/min/ft2 (median 1.0)

Supernatant suspended solids 150 mg/L (returned to mainstream of the treatment plant)

Chemicals required: Flotation aids (generally polyelectrolytes) are usually used to enhance
performance.
Some design criteria are as follows:

Pressure 30-70 psig

Effluent recycle ratio 30-150% of influent flow

Air to solids ratio 0.02 1b air/Ib solids

Solids loading 5-55 1b/ft*/d (depending on biosolids type and whether
flotation aids are used)

Polyelectrolyte addition 5-10 Ib/ton of dry solids

Solids capture 70-98+%

Total solids, unthickened 0.3-2.0%

Total solids, thickened 3-12%

Hydraulic loading 0.4-2.0 gal/min/ft*

Reliability: DAF systems are reliable from a mechanical standpoint. Variations in biosolids
characteristics can affect process (treatment) reliability and may require operator attention.

Environmental Impact: Requires less land than gravity thickeners. A subnatant stream is
returned to the head of the treatment plant, although it should be compatible with other
wastewaters. The air released to the atmosphere may strip volatile organic material from the
biosolids. The volume of biosolids requiring ultimate disposal may be reduced, although its
composition will be altered if chemical flotation aids are used. The air compressors will
require shielding to control the generated noise.

NOMENCLATURE

A = horizontal reactor area, m> (ft)

A. = equilibrium contact angle, degree

A/S = air to solids ratio, kg/kg (1b/lb)

DO = dissolved oxygen, mg/L

Esolid_gas = the surface adsorption energy at the solid—gas interface, kcal
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F = surface adsorption factor, kcal-cm/dyne

I, = sludge (biosolids) volume index, mL/mg

0 = flowrate, m*/d (MGD)

rsp. = surface tension at solid—liquid interface, dyne/cm
r_g = surface tension at liquid—gas interface, dyne/cm
rsg = surface tension at solid—gas interface, dyne/cm
S = weight of dry solids, kg (1b)

t = detention time, min

T = temperature, °C (°F)

TSS=total suspended solids, mg/L

v = flotation rising velocity, m/min (ft/min)

APPENDIX
United States Cost Index for Utilities: US Army Corps of Engineers (50)

Year Index Year Index
1967 100 1989 383.14
1968 104.83 1990 386.75
1969 112.17 1991 392.35
1970 119.75 1992 399.07
1971 131.73 1993 410.63
1972 141.94 1994 42491
1973 149.36 1995 439.72
1974 170.45 1996 445.58
1975 190.49 1997 454.99
1976 202.61 1998 4594
1977 215.84 1999 460.16
1978 235.78 2000 468.05
1979 257.2 2001 472.18
1980 277.6 2002 484.41
1981 302.25 2003 495.72
1982 320.13 2004 506.13
1983 330.82 2005 516.75
1984 341.06 2006 528.12
1985 346.12 2007 539.74
1986 347.33 2008 552.16
1987 353.35 2009 570.38
1988 369.45
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Abstract Existing water and wastewater treatment technologies are often too costly or
operationally complex for installation in single family homes and small community water
systems serving less than 3,300 persons. Properly designed and installed septic tanks fol-
lowed by soil absorption fields require minimum maintenance and can operate in all climatic
conditions. However, when a soil system loses its capacity to absorb septic tank effluents,
there is a potential for effluent surfacing, which often results in odors and, possibly, health
hazards. Alternatively, the septic tank effluent containing nutrients may reach a lake causing
problems due to eutrophication.

This chapter introduces a novel water/wastewater package treatment plant specifically
developed for single family homes, apartments, and camping sites. The dimensions of the
plant are 0.9 m x 0.6 m x 1.8 m high. The distinguishing features of the plant are its high rate
electroflotation and UV processes. The chapter covers the following topics: conventional and
innovative package water treatment plants, electroflotation theory, water purification by
electroflotation and filtration, treatment of well water, treatment of lake water, treatment of
highly contaminated water, and wastewater treatment by electroflotation and filtration.
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1. INTRODUCTION

Water supply systems in rural areas share, in principle, the general features of large urban
water supply systems. However, rural water supply systems have to fit the needs of the rural
populations served. The rural populations are usually small in density and scattered over wide
areas. Often, it is economically unfeasible to install long water transmission lines for water
treatment in a regional water purification plant.

The source of rural water supply is usually underground aquifers rather than river or lake
waters. In comparison with urban water supply systems, pumping, distribution, storage, and
treatment facilities of rural water supply systems are smaller, simpler, and less costly because
ground water is usually cleaner than surface water (1).

Existing water treatment technologies, such as flocculation, sedimentation, filtration, ion
exchange, granular carbon adsorption, etc (2, 3) are often too costly or operationally complex
for installation in single family homes and small community water systems serving less than
3,300 persons. It is reported by the American Water Works Association Research Foundation
(4) that these small water supply systems comprise approximately 78% of the number of
water supplies in the U.S. Most small water systems use only chlorination for water disinfec-
tion, thus are not considered to be adequate (5).

Small package water treatment plants are a potential cost-effective solution to the common
problems affecting the drinking water quality of a rural single family home or a typical small
community and are within the technical expertise of small system operations.

The Drinking Water Research Division of the U.S. Environmental Protection Agency
(U.S. EPA) has funded several research projects in this study area of small system technol-
ogy. The U.S. EPA studies included: cost evaluation; arsenic removal by reverse osmosis, ion
exchange, and activated alumina; uranium removal; reverse osmosis evaluation; fluoride and
selenium removal by activated alumina and ion exchange; nitrate removal by ion exchange;
barium and radium reduction by ion exchange; disinfection alternatives; and turbidity
removal by various filtration methods (slow sand, direct, diatomaceous earth).

It has been known that the financial and personnel limitations faced by single families and
small communities in rural areas can be alleviated by prefabricated package treatment
installations. The question of the adequacy of treatment provided by these installations as
they are managed and operated by unskilled people in rural areas must be properly answered.

Similar limitations apply to wastewater disposal for single families and small communities
in rural and unsewered suburban areas. A septic tank followed by a soil absorption field (6) is
the traditional onsite system for treatment and disposal of domestic wastewater from such
areas. Almost one-third of the population in rural and suburban areas of the United States
depends on such systems. Properly designed and installed systems require minimum mainte-
nance and can operate in all climatic conditions. However, when a soil system looses its
capacity to absorb septic tank effluents, there is a potential for effluent surfacing, which often
results in odors and, possibly, health hazards. Alternatively, the septic tank effluent contain-
ing nutrients may reach a lake causing problems due to eutrophication (7, 8).

Eutrophication of a lake induced by septic tank effluents can be retarded by removing the
source of plant nutrients, phosphorus, or/and nitrogen. This is accomplished by diversion of
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the septic tank treated effluent around the lake or by treatment of the septic tank effluent
employing advanced treatment processes. Treatment of septic tank effluent by electro-
flotation is the simplest of such advanced methods.

2. CONVENTIONAL PACKAGE WATER TREATMENT PLANTS

During the past four decades, single family homes in resort areas and rural small commu-
nities have achieved cost savings by adopting package water treatment plants. A conventional
package water treatment plant generally consists of prefabricated and largely preassembled
clarification and filtration units. Morand and Young (9), under the sponsorship of the U.S.
EPA, studied six conventional package water treatment plants. The results of the study are
shown in Tables 5.1-5.3.

The six conventional package plants (W, T, V, M, P and C shown in Tables 5.1-5.3) had
varied success in their treatment performance. Four of the plants (C, T, W, and P) had uniform
high-quality source waters; however, only three of these (C, T, and W) consistently met the
effluent turbidity standard. The low standard plate counts and the absence of coliforms in the
treated water indicates that all six package water treatment plants having prechlorination and
filtration facilities produced adequately disinfected water. Effluents of four of the six package
plants were tested at least once for trihalomethane (THM); the total concentrations were
greater than 100 pg/L. The point of chlorination (i.e., prechlorination) and often the large free

Table 5.1

Conventional package treatment plants — general characteristics

Site Model year Design Population Average Group Type of Source

flow rate served/no of volume per served distribution
(gpm) meters day (gal) pipe used

W Neptune 200 1,500/552 110,000 City PVC Surface
Microfloc impoundment
AQ-40 1973

T  Neptune 200 1,000/360 78,000 City PVC cast iron Surface
Microfloc asbestos impoundment
AQ-40 1973 cement

V  Neptune 200 —/423 72,000 PSD PVC River
Microfloc
AQ-40 1976

M  Neptune 560 —/1,680 330,000 PSD  PVC River
Microfloc
AQ-112 1972

P Neptune 100 —/411 82,000 PSD PVC Surface
Microfloc impoundment
Water Boy
1972

C  Permutit 200 State park 57,000 State  Asbestos River
Permujet 1971 park  cement

PSD Public Service District.
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chlorine residuals (>2 mg/L) detected in the treated water contribute to these high THM
levels.

It was also observed that regardless of their source water quality, all conventional package
plants require a minimum level of maintenance and operational skill. Lack of this minimum
skill and attention precludes consistently successful performance, regardless of the raw water
quality.

3. INNOVATIVE FLOTATION-FILTRATION PACKAGE PLANTS
3.1. Flotation—Filtration System Type I (1.2 MGD)

System Type I, the first package flotation plant built in America (10-19), consists mainly
of flocculation, dissolved air flotation/sand filtration, and disinfection processes. Before
installation of the plant, the total THM in Lenox, MA tap water ranged from 19.7 to 88.5
pg/L. After the plant was put on-line, the total THM of Lenox tap water has been reduced by
more than 50%. Even without using any disinfectant, the innovative package water treatment
plant was extremely efficient for removing 80—-100% of the coliform bacteria from raw water.
Since there is no need to use prechlorination, not only THM has been reduced, but also the
capital cost for prechlorination facility and O&M costs for postchlorination are reduced. The
plant effluent still required postchlorination as a final safeguard for water in the distribution
system, but the chlorine requirement is significantly reduced by up to 40%.

The Lenox plant, which is an ideal package plant for small communities, has a design
capacity of 1.2 MGD serving a population of 10,000, 6,500 inhabitants in town, and 3,500
tourists. Figure 5.1 presents a cut-off section of the package plant. Table 5.4 shows a
summary of the plant’s performance data. It can be seen that raw water turbidity, color,
and coliforms are all significantly removed. It is important to know that the plant recycles and
reuses its filter backwash wastewater for the production of drinking water. The water loss
caused by floated sludge is less than 0.5% compared to a conventional plant, consisting of
flocculation, sedimentation, and filtration, which has a normal water loss of 10% due to the
discharge of filter backwash as wastewater.

3.2. Flotation-Filtration System Type II (100 gpm)

Package Plant Type II, designed specifically for small communities, also consists of
flocculation, dissolved air flotation/sand filtration processes.

The plant has a design capacity of 100 gpm (0.144 MGD). Assuming the water consump-
tion rate in rural areas to be 100 gal/capita/d, one small package plant Type II would be able
to serve about 1,500 people. The top and side views of the plant are shown in Fig. 5.2.

Figure 5.3 shows the same package plant system mounted on a trailer to provide mobility
for its possible service in remote camping sites, construction sites, battle fields, etc.

It has been demonstrated that the Type II plant can attain significant removal of turbidity,
color, trihalomethane precursors (in terms of trihalomethane formation potential, UV absor-
bance, humic substances, etc.), and coliform bacteria from the raw water of the City of Rome,
NY. Table 5.5 presents a summary of typical monthly performance data (20-23).
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Fig. 5.1. Cutoff view and description of the flotation—filtration system, type I.

3.3. Flotation-Filtration System Type III (10 gpm)

The miniature package treatment system consists of a mixing tank, static hydraulic
flocculation tank, dissolved air flotation tank (Diameter = 3 ft.), and three sand filters. The
system has a design capacity of 10 gpm (0.0144 MGD). This compact system can serve 150
people in a small housing development, or a town house complex. It too can be mounted on a
trailer to have maximum mobility.

Under the supervision of the City of Pittsfield, MA and the Department of Environmental
Quality Engineering (DEQE) in Massachusetts, raw surface water, the same source used for
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Table 5.4
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Performance of flotation—filtration system type I, Lenox, MA

Parameter Performance data
Period 1 Period 2
Influent
Flow, gpm 77-820 168843
Temperature, °F 38-70.5 36-59
pH, unit 7.4-8.6 6.4-8.4
Turbidity Grab, NTU 0.75-8.2 0.8-5.4
Turbidity, (daily average), NTU 0.66-7.7 0.8-4.4
Color, unit 1-15 9-15
Coliform, #/100 mL 0—>2,000 041

Chemical treatment
Polymer, type

XNAIC or C302

C302 and/or XMA9A

Polymer dosage, mg/L 0-5 0-3.9
Alum, type AS AS
Alum dosage, mg/L Al,O3 0-6.7 0-14
Other chemical, type None SA
Other chemical dosage, mg/L 0 0-4.8
Effluent before postchlorination

Flow, gpm 74-815 165-840
pH, unit 6.8-7.9 6.3-7.5
Turbidity Grab, NTU 0.09-1.00 0.09-2.5
Turbidity (overall average) NTU 0.3 0.41
Color, unit 04 1-8
Coliform, #/100 mL 0-2 02
Polymer residue, mg/L 0-0.5 0-0.1
Alum residue, mg/L Al 0.03-0.3 0.01-0.2
Other chemical residue, mg/L 0 0
Sludge

Flow, gpm <1.0-7 3-35
Suspended solids, mg/L 168-43,270 242-15,677
Coliform, #/100 mL 0-2,000 NA

water supply to the city, was successfully treated by this miniature system. Table 5.6
summarizes the performance data (24-26). It is clear that turbidity, color, trihalomethane
formation potential (THMFP), coliform bacteria, iron, manganese, lead and giardia cyst-sized
particles (in terms of microscopic particle count) were significantly removed from the City of
Pittsfield’s raw water supply. The process system easily met all U.S. Environmental Protec-
tion Agency and the Massachusetts Drinking Water Standards.

The same Type III system was used to treat the acid-rain contaminated South Pond water.
South Pond is located in northwestern Massachusetts, USA, about 6 miles south of the
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173



174 L.K. Wang et al.
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Fig. 5.3. Mobile flotation—filtration package plant, type II.

Vermont border. The pond lies at an elevation of 1980 ft in the Berkshire Hills and has an area
of 18 acres. It is a shallow lake with an average depth of 10 ft having very limited and low-
growing aquatic vegetation along the bottom. Predominant fish species include bullhead and
panfish in low numbers. Surrounding the lake is a mixed northern hardwood forest of
hemlock, beech, and sugar maple trees, with a blend of mountain laurel and blueberry bushes
along the shoreline. During the summer months, 150 ft of the eastern shoreline is used as a
campground beach for the state forest. South Pond has no cabins, cottages or other facilities
discharging wastewater along its shore and the State of Massachusetts also prohibits fishers
and boaters from using gas powered motors on the pond. However, the South Pond water has
been contaminated by acid rain. Table 5.7 presents the raw water quality and the treatment
results. It can be seen that the raw water quality was poor in terms of low pH, high acidity,
color, turbidity, sulfates, and coliform bacteria. Since the raw water sulfate content was high
and its nitrate content was low, it can be reasonably concluded that the lake water was
acidified by sulfur dioxide, not by nitrogen oxides. It is encouraging to see (from Table 5.7)
that flotation treatment (using sodium aluminate and lime) in the first treatment stage
rendered the South Pond water to be suitable for recreational purposes. After the second
stage filtration treatment, the filter effluent became of potable quality which is suitable for
domestic consumption. The final effluent is neutral in pH, low in color, turbidity, acidity,
nitrates and sulfates, and zero in phosphates and coliforms.
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Table 5.5

Performance of flotation—filtration system type II, Rome, NY
Parameter Range Average
Influent

Flow, gpm 100 100
Temperature, °F 34-40 37.6
pH, unit 7.1-7.3 7.2
Turbidity, NTU 0.65-1.2 0.89
Color, unit 40-50 42.5
Microscopic count, #/mL 4,214-12,939 8,833
Aluminum, mg/L 0-0.074 0.013
Alkalinity, mg/L CaCOj3 10-21 154
THMFP, mg/L 127493 303
UV (254 nm) 0.169-0.213 0.185
Total coliform, #/100 mL <1-TNTC

Total plate count #/1 mL 4-6 5.0
Humic substances, mg/L 4.2-6.0 5.6
Chemical treatment

Polymer, type 1849A 1849A
Polymer dosage, mg/L 1.5-2.0 1.9
Sodium aluminate, mg/L 4.8-6.4 6.1
Alum, ppm Aly(SOy4); - 14H,0 17.4-29.6 23.1
Other chemical, type None None
Other chemical, mg/L 0 0
Sandfloat effluent, unchlorinated

Flow, gpm 98.5-99.4 98.9
pH, unit 6.8-7.1 7.0
Turbidity, NTU 0.1-0.39 0.12
Color, unit 2 2.0
Microscopic count, #/mL 13-67 37
Aluminum, mg/L 0-0.014 0.005
Alkalinity, mg/L CaCOs3 7-16 9.0
THMEFP, ppb 19-97 61.2
Chlorine demand, mg/L 0.65-1.5 1.2
UV (254 nm) 0.019-0.045 0.034
Total coliform, #/100 mL <1 <1
Total plate count #/1 mL 0 0
Humic substances, mg/L 0.3-3.1 1.19
Chlorinated effluent

pH, unit 6.9-7.7 7.2
Turbidity, NTU 0.2-0.3 0.2
Color, unit 0-3 1.0
Microscopic count, #/mL NA NA
Aluminum residue, AL 0-0.014 0.005

(Continued)



176 L.K. Wang et al.

Table 5.5

(Continued)

Parameter Range Average
Chlorine residue, mg/L 0.2-0.45 0.3
Temperature, °F 34-40 37.6
Corrosion control OK OK
THMFP, mg/L 19-97 61.2
Total coliform, #/100 mL 0 0
Total plate count 0 0
Sludge from sandfloat

Flow, gpm mg/L 0.6-1.5 1
Total suspended solids, mg/L 394-4,213 2,433

4. WATER PURIFICATION BY ELECTROFLOTATION AND FILTRATION
4.1. Description of Electroflotation System Type IV

Type IV system is a novel water purification package plant specifically developed for
single family homes, apartments, and camping sites (27). The dimensions of the plant are
0.9m x 0.6 m x 1.8 m high (3 ft x 2 ft x 6 ft high), as shown in Fig. 5.4.

Figure 5.5 shows the process flow diagram of Type IV System. The primary distinguishing
features of the compact package plant are: (a) the high rate electroflotation process that
replaces conventional sedimentation for clarification; and (b) the trouble-free UV process that
replaces conventional chlorination for disinfection.

The new miniature package plant includes:

Influent, effluent, and residues discharge pump

Two backwash pumps

Two chemical metering pumps

All necessary piping, valves, motors, controls

All ancillary equipment necessary to treat a water supply of 500 gal/d

Al

Items to be furnished by the customer include:

6. Electrical power 20 AMP-115 VAC, 60 Hz, single phase

Alum and polyelectrolyte chemicals specified by the manufacturer
Storage tank (optional), and

Heated and vented area to house a cabinet 24 in. X 36 in. x 72 in.

© %0

4.2. Electroflotation Theory

Since the theories of chemical flocculation (28), sand filtration (29), and disinfection
(30, 31) are well established, only the theory of electrofiotation is discussed in this chapter.

Flotation is a unit operation for separating a solid phase from the liquid phase by introdu-
cing gas bubbles which adhere to one phase causing a decrease in the apparent density of that
phase such that it will rise and float (32— 35).



Electroflotation

Table 5.6

177

Performance of flotation—filtration system type III — treatment

of surface water, Pittsfield, MA

Parameter Range
Influent

Flow, mg/L 3.2-12
Temperature, °F 39.2-62.6
pH, unit 6.1-7.5
Turbidity, NTU 1-3.5
Color, unit 25-70
Microscopic count, #/mL 1,967-17,328
Aluminum, mg/L 0-0.17
Alkalinity, mg/L CaCO; 4-39
THMFP, mg/L 73-577

UV (254 nm) 0.056-0.303
Total coliform, #/100 mL NA

Iron, mg/L 0.03-0.78
Manganese, mg/L 0-0.15
Chlorine demand, mg/L 0.7-3.3
Chemical treatment

Polymer, type 1849A
Polymer dosage, mg/L 0.5-1
Sodium aluminate, mg/L Al,O3 6-13

Alum dosage, mg/L Al,O3 5-6

Other chemical, type LIME
Other chemical dosage, mg/L 0-13.5
Filter effluent, unchlorinated

Flow, gpm 7.38-11.9
pH, unit 6.8-8
Turbidity, NTU 0.1-0.7
Color, unit 0-5
Microscopic count, #/mL 5-125
Aluminum, mg/L Al 0-0.1
Alkalinity, mg/L. CaCO; 4-31
THMFP, ppb mg/L 4-18
Chlorine demand, mg/L 0.4-1.5

UV (254 nm; 1 cm light path) 0.027-0.097
Total coliform, #/100 mL 0-2

Iron, mg/L 0-0.08
Manganese, mg/L 0-0.09
Chlorinated water

Chlorine type mg/L Cl, or Ca (OCl),
Chlorine dosage, mg/L Cl, 0.62-1.71

(Continued)
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Table 5.6

(Continued)

Parameter Range

Corrosion control chemical SSN or SMP

Corrosion control chemical, mg/L 7-20

PpH, unit 7.1-8

Turbidity, NTU 0.2-0.4

Color, unit 0-5

Aluminum residue, mg/L. Al 0-0.1

Chlorine residue, mg/L 0.1-04

Total coliform, #/100 mL 0

Sludge from pilot plant

Flow, gpm 0.08-0.15

Total suspended solids, mg/L 1,145-3,390
Table 5.7

Performance of flotation—filtration system type III — treatment of acidic pond
water, Stockbridge, MA

Flotation effluent Filtration effluent
Parameter Raw lake water (1st stage) (2nd stage)
pH, unit 4.9 7.0 7.1
Color, unit 3.5 0.3 0.1
Turbidity, NTU 2.8 0.8 0.05
Acidity mg/L CaCOs5 24.0 1.9 1.8
NOs-N, mg/L 0.4 0.3 0.2
PO4-P, mg/L 0.1 0 0
SO,4, mg/L 70.0 10.0 9.0
Coliforms, #/100 mL 160 1 0

In dissolved air flotation (DAF), the gas used for flotation is air; while the gas used in
electroflotation consists of hydrogen and oxygen produced by the electrolysis of water. The
chemical reactions occurring at the electrodes to produce these gases are shown below:

Anode Reaction:

2H,0 — 4H" + 0, | +4e” (1)
Cathode Reaction:
4e” +4H,0 — 2H, T +40H™ )
Total Reaction:

2H,0 —2H, 1 + 0, | 3)
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Fig. 5.4.
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Fig. 5.5. Flow diagram of the electroflotation—filtration package treatment plant, type IV.

From these reactions, it can be seen that for each 4 electrons of current passed between the
electrodes, one molecule of oxygen and two molecules of hydrogen are formed. Or in more
convenient terms, 0.174 mL of gas, measured at standard temperature and pressure, is
produced by each coulomb of current.
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Table 5.8
Volume of gas production as a function of voltage and currant (test run = 1.5 min)

Voltage (V) Amperage (A) Voltage x amperage Gas volume (mL) Gas rate (mL/min)

0 0 0 0 0

39 0 0 1.5 1.0
7.8 0.5 3.9 8.0 53
12.3 0.6 7.4 17.0 11.3
17.3 1.0 17.3 26.5 17.7
233 1.6 37.3 30.0 20.0
29.3 23 67.4 50.0 333
31.0 2.8 86.8 65.0 43.3
39.0 35 136.5 81.0 54.0

Electrolysis of water produces small gas bubbles with diameters in the order of 100 p that
are formed at the electrodes and rise as fine mist. The rate of gas production as a function of
the voltage and currant is given in Table 5.8.

Generation of bubbles through electrolysis has several advantages (36):

1. Purity — since the bubbles are created from water and no actual handling or transport of the gases
occurs before their use, gas in the bubbles remains uncontaminated.

2. Process Control — controlling the rate of generation is easy: the more current applied, the more gas
generated. Conversely, the less current applied, the less gas generated.

3. Simplicity — the resulting unit is easy to manufacture and simple in operation.

4.3. Operation of the Electroflotation—Filtration Package Plant

Figure 5.6 illustrates the miniature electroflotation—filtration package plant. Raw water
influent is pumped (4) into the plant through an influent pipeline. As this fluid enters the alum
flocculation cylinder (10), it is mixed with a concentrated solution of alum which is pumped
(9) to this point from the alum storage cylinder. The alum solution and the fluid swirl in this
tank to form a precipitate called alum floc. The liquid and floc emerge from the cylinder
where another chemical, polyelectrolyte or sodium aluminate, is added in a similar fashion
(11). The fluid then flows through a mixing cylinder (12) to a point in the tank (13) just below
the electroflotation unit (14). This unit electrically separates the molecules of hydrogen and
oxygen in the water and, thereby, forms gaseous bubbles which immediately rise to the
surface. These bubbles attach themselves to the flocs, which have now entrapped the foreign
matter in the fluid, and rise to the surface. Being buoyant, the sludge floats on the water
surface and is collected (16) and returned to the front section of the influent storage tank by
the sludge discharge pump (17). Gaseous materials are removed through a vent and fan (39).

The fluid, which now fills the tank (13), is drawn down through the bottom of the tank by
means of the discharge pump (32). As water flows down the tank, it passes through a layer of
sand (24) and a fine screen where unfloated particulates are filtered out. The water then passes
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through an ultra violet (UV) disinfection unit (38) where pathogens are killed. The purified
potable water product is now fit for domestic consumption.

Water flow from the filter is controlled by a flow meter (33). Water flow into the system
from the influent pump (4) which is in excess of the purified outflow is bypassed back to the
influent storage tank through a bypass line (7).

As material builds up in and on the surface of the sand, the flow through the sand decreases.
In order to maintain the design flow in the system over an extended period of time, the sand
must be cleansed periodically. This is accomplished by a timer, which shuts off the influent
flow and energizes the backwash cycle. During this short (20 s) cycle, water is pumped (28)
back through the sand (24) from the clearwell (30). This backwash flow lifts the foreign
matter from the sand. To facilitate this process, a small portion of the backwash water is
diverted through a surface wash pipe (23) to help in the cleansing of the sand surface. The
backwashed material is then collected (19) and discharged back to the influent storage tank by
means of a wastewater recycle pump (20).

4.4. Treatment of Well Water by Electroflotation—Filtration

The performance of the electroflotation—filtration package plant in treating well water from
a residential house in Richmond, MA is shown in Table 5.9 (27).

In the first 2-h continuous operation (0—120 min) at 0.36 gpm of influent flow rate, only 10
mg/L of alum (as A1,03) was fed. The effluent turbidity was always lower than 1.0 NTU,
which meets the Massachusetts Drinking Water Standards on turbidity.

In the second 2-h continuous operation (120-240 min) at the same flow rate of 0.36 gpm,
10 mg/L of alum (as A1,03) and 0.5 mg/L of Magnafloc 1849A were fed to enhance the
chemical coagulation and flocculation. In accordance with the New York State Water Quality
Goals on effluent turbidity, the effluent turbidity shall be equal to or less than 0.5 NTU in over
50% of the operational time. The test results indicate that these standards are met when both
alum and Magnafloc 1849 are used.

Other water quality parameters, effluent total coliform, color, pH, iron, manganese, etc.
met both the Massachusetts and New York drinking water standards. There were no coliforms
detected in the treated effluent.

Ammonia nitrogen, nitrate nitrogen, nitrite nitrogen, and sodium concentrations in raw
well water almost remained unchanged after treatment.

It is important to note that the influent total alkalinity was high at 284 mg/L as CaCOs;
therefore, there was no need to use any sodium aluminate as alkalinity supplement.

The total hardness of influent well water was 276 mg/L as CaCOj3, which is considered to
be moderately high. The hardness, however, is not high enough to necessitate softening.

4.5. Treatment of Lake water by Electroflotation—Filtration

The performance of the electroflotation—filtration package plant in treating lake water from
Stockbridge Bowl, MA is shown in Table 5.10 (27).

Stockbridge Bowl is a deep lake located in Stockbridge, MA. The lake has various aquatic
vegetation fast-growing along the lake bottom, and is classified as a recreation area for
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Table 5.9
Performance of electroflotation—filtration system type IV — treatment of well water,
Richmond, MA

Time  Filter Filter effluent quality

(min)  back- -
wash Turb Color pH Fe Mn NH3;-N  NO3;-N NO,-N  Coliform

NTU unit  unit (mgL) (mgL) (mgl) (mgL) (mgL) (#100 mL)

0 NA 4.5 80 7.0 0.21 0.02 0.08 0.01 0.05 780

15 0.6

30 BW 0.4 2 65 0 0 0.07 0.01 0.04 0

45 0.5

60 BW 0.4 1 6.6 0 0 0.07 0.01 0.06 0

75 0.3

90 BW 0.5 2 6.6 0.01 0 0.07 0.01 0.05 0

105 0.5

120 BW 0.5 2 6.6 0.02 0 0.07 0.01 0.04 0

135 0.3

150 BW 0.3 2 6.6 0 0 0.08 0.03 0.06 0

165 0.2

180 BW 0.5 2 6.7 0 0 0.09 0.03 0.06 0

195 0.2

210 BW 0.1 2 66 0 0 0.07 0.03 0.06 0

225 0.3

240 BW 0.1 0 6.7 0 0 0.07 0.03 0.06 0

Flow rate, Q = 0.36 gpm; chemical dosage from 0 to 120 min: 10 mg/L alum as Al,O3; chemical dosage from
120 to 240 min: 10 mg/L alum as Al,O5 and 0.5 mg/L polymer 1849A.
BW Backwash.

fishing, boating, and swimming. There are many cabins, cottages, and camping facilities
which discharge septic tank effluent along the lake shore. Under emergency situations, the
State of Massachusetts allows the Town of Lenox to pump the Stockbridge Bowl water for
treatment and subsequent domestic consumption.

The lake water testing (influent in Table 5.10) indicate that the lake water has high color,
turbidity, total suspended solids, chemical oxygen demand, and particles count, making it
unsuitable for human consumption without treatment.

The lake water was treated at a flow rate of 0.36 gpm for 4 h. Only 10 mg/L of alum (as
A1,03) was used as a coagulant. Table 5.10 indicates that after electroflotation—filtration
treatment, the effluent pH was near neutral, and all other water quality parameters (such as
turbidity, color, total suspended solids, chemical oxygen demand, and particle count) were
reduced to drinking water level.

4.6. Treatment of Highly Contaminated Water by Electroflotation—Filtration

In the previous two sections, it has been demonstrated that the electroflotation—filtration
process system has the ability to produce potable water from both groundwater (well water)
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Table 5.10
Performance of electroflotation—filtration system type IV — treatment of lake water,
Stockbridge, MA

Time  Filter Filter effluent quality

(min)  back-wash :
Turb  Color pH TSS COD PO,P Al Particle count
NTU  unit unit (mg/L) (mg/L) (mg/L) (mg/L)  (#/100 mL)

0 NA 2.5 20 85 104 35 0.19 0.12 4,000

15 0.30

30 BW 030 2 6.7 0

45 0.28

60 BW 030 2 6.7 0 10 0 0.05 10

75 0.24

90 BW 0.24 1 6.7 0

105 0.28

120 BW 029 2 6.7 0 10 0 0.05 0

135 0.24

150 BW 024 2 6.7 0

165 0.24

180 BW 0.27 2 6.7 0 18 0 0.05 20

195 0.28

210 BW 0.24 1 6.7 0

225 0.14

240 BW 0.14 1 6.7 0 10 0 0.05 10

Flow rate, Q = 0.36 gpm; chemical dosage: 10 mg/L alum as Al,Os.
BW Backwash.

and surface fresh water (lake water). It would be useful to know whether or not the system can
treat highly contaminated water.
Synthetic raw water was prepared according to the following concentrations (27):

Ammonium acetate 30 mg/L
Ammonium chloride 57 mg/L.
Potassium nitrate 3 mg/L

Bentonite clay 50 mg/L
Potassium dihydrogen phosphate 13 mg/L
Dissolved protein (gelatin) 40 mg/L
Vegetable oil (Mazola) 25 mg/L
Anionic surfactant (LAS) 2 mg/L

Soluble starch (corn starch) 40 mg/L

Pure soap (Ivory bar) 3 mg/L
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Lenox tap water was used in the synthetic raw water preparation. The anionic surfactant used
was the Lonear Alkalyte Sulfonate (LAS, average molecular weight = 318) supplied in 5.97%
concentrated solution. The water quality of the prepared synthetic raw water is shown in
Table 5.11. The concentrations of impurities in the prepared raw water were high enough to
almost represent a septic tank effluent.

The electroflotation—filtration package plant was operated for the treatment of the synthetic
raw water for a period of 4 h using 10 mg/L alum and 10 mg/L sodium aluminate (both as
A1,03). The filtered effluent was collected at 15 min intervals for analyses of the water
quality parameters. The treated water characteristics are presented in Table 5.12.

The results show that the electroflotation—filtration process system is able to treat the
highly contaminated synthetic raw water successfully. The effluent turbidity and color met
the drinking water standards. The percent removals of total suspended solids, chemical
oxygen demand, and nitrate nitrogen were all over 90%. Phosphates were practically
completely removed.

The excellent performance of the plant in treating the previous three types of water
suggests that the newly developed electroflotation—filtration process system can treat both
ground water and surface water, even if they are heavily contaminated.

The package plant (500 gpd capacity) costs $4,200 in terms of 2005 dollar value. Each unit
can be easily connected to the existing potable water intake system of a house and would
require maintenance just once a year. The fully automatic package plant can also be leased at
a rate of $2.25/d, including the cost of required chemicals.

Table 5.11

Quality of highly contaminated water

Parameter Data
pH, unit 7.1
True color, CU 15.0
Turbidity, NTU 49.0
Total alkalinity, mg/L CaCOj; 72.0
PO4P, mg/L 6.5
Aluminum, mg/L 0.1
Specific conductivity, pmho/cm 150
TSS, mg/L 115.0
COD, mg/L 220.0
NO3;—N, mg/L 3.6

NH;-N, mg/L 18.8
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Table 5.12
Performance of electroflotation—filtration system type IV - treatment of highly
contaminated water

Time Filter Filter effluent quality
(min) back-

wash Turb Color pH TSS COD NH;-N  NO3;-N  PO4,-P

NTU  unit unit  (mg/L) (mg/L) (mg/lL) (mglL) (mg/L)

0 NA 49 15 7 115 220 18.8 3.6 6.5
15 0.53
30 BW 050 2 5 12 0.17
45 0.48
60 BW 046 O 5 11 24 18.7 0.4 0
75 0.37
90 BW 0.31 0 5 0 0.01
105 0.43
120 BW 049 0 5 6 20 12.3 0.3 0.03
135 0.47
150 BW 043 0 5 9 0.03
165 0.40
180 BW 036 0 5 8 18 12.7 04 0.02
195 0.33 5
210 BW 044 O 5 9 0.01
225 0.38 5
240 BW 037 0 5 7 20 12.5 0.3 0.01

Flow rate, Q = 0.36 gpm; chemical dosage: 10 mg/L alum as Al,O3 and 10 mg/L sodium aluminate as Al,O3.
BW Backwash.

5. WASTEWATER TREATMENT BY ELECTROFLOTATION
AND FILTRATION

5.1. Conventional Individual Wastewater Treatment System

The conventional septic tank-soil absorption system consists of a buried tank, where
wastewater is collected and scum, greases, and settleable solids are removed by gravity
separation and a sub-surface drainage system where the clarified effluent percolates into the
soil (see Fig. 5.7). Precast concrete tanks with a capacity of 1,000 gal, giving approximately
24 h of detention time, are commonly used for household systems. Waste solids are collected
and stored in the septic tank, forming sludge and scum layers. Anaerobic digestion occurs in
these layers, reducing the overall sludge volume. Septic tank effluent is discharged from the
tank to subsurface adsorption fields or seepage pits (6). Sizes are usually determined by
percolation rates, soil characteristics, and site size and location. Distribution pipes are laid in
a field of adsorption trenches to leach tank effluent over a large area. Required adsorption
areas are dictated by state and local codes. Trench depth is commonly about 24 in. to provide
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Fig. 5.7. Conventional layout of septic tank-subsurface drainage field treatment system.

minimum gravel depth and earth cover. Clean, graded gravel varying in size from 1/2 to
2V in. should surround the distribution pipe and extend at least 2 in. above and 6 in. below the
pipe. The provision of at least a 2 ft separation between the bottom of the trench and the high
water table level is required to minimize groundwater contamination. Piping typically con-
sists of agricultural drain tile, vitrified clay sewer pipe, or perforated nonmetallic pipe
(37-39).

Pollutants in wastewater are removed by natural adsorption and biological processes in the
soil zone adjacent to the field. Under proper conditions, BOD, TSS, bacteria, and viruses,
along with heavy metals and complex organic compounds are adsorbed by the soil. However,
chlorides and nitrates may readily penetrate aerated soils to reach groundwater or eventually
to a lake or river. The sludge and scum layers accumulated in a septic tank must be removed
every 1-3 years.

Design of absorption fields is dependent on soil and site conditions, the ability of the soil to
absorb liquid, depth to groundwater, nature of and depth to bedrock, seasonal flooding and
distance to well or surface water. A percolation rate of 60 min/in. is often used as the lower
limit of permeability.
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As mentioned earlier, when a soil system looses its capacity to absorb septic tank effluents,
there is a potential for effluent surfacing, which often results in odors and, possibly, health
hazards. Alternatively, the septic tank effluent containing nutrients may reach a lake causing
problems due to eutrophication. Eutrophication of a lake induced by septic tank effluents can
be retarded by removing the source of plant nutrients, phosphorus or/and nitrogen (40, 41).
This is accomplished by the diversion of the septic tank treated effluent around the lake or by
treatment of the septic tank effluent employing advanced treatment processes. An electro-
flotation—filtration package plant Type V has been developed for the treatment of septic
effluents such that the effective life of a leaching field is significantly extended and the
receiving water (groundwater, lake water, etc.) is properly protected.

5.2. Description of Electroflotation System Type V

Technically speaking, Type V is a small wastewater treatment plant specifically developed
for single families, campers and institutions. It consists of chemical coagulation, electroflota-
tion, and sand filtration. The influent of the plant is the septic tank effluent. The effluent of the
plant is discharged into a leaching field for ultimate disposal. The floated sludge is periodi-
cally recycled back to the septic tank for storage. It is expected that periodically (1-7 years),
the sludge accumulated at the bottom of the septic tank must be removed by a tanker for
sludge disposal at a municipal wastewater treatment plant (37-39).

Figure 5.8 shows the flow diagram of a typical septic system used in Berkshire County,
MA. The raw wastewater from a single family home discharges into two existing septic tanks.
The capacities of the primary and secondary septic tanks, which are connected in series, are
2,000 and 1,000 gal, respectively. The two tanks function as pretreatment system. The septic
tank system interrupts the domestic wastewater flow so that the denser settleable solids sink to
the bottom of the tanks and the lighter floatable solids rise to the top of the tanks. Most of the
settleable solids and floatable solids are liquefied by anaerobic digestion reactions. A small
amount of insoluble solids remain in the septic tanks which should be removed periodically.

Ordinarily, the clarified septic tanks effluent goes out into a distribution box for uniform
distribution, then into a drainfield (leaching field) for ultimate disposal. The wastewater
seeps out of the drainage tiles into the permeable soil as shown in Fig. 5.7. Unfortunately,
for the homeowner, a normally functioning septic system is only an ideal situation. The use
of detergents, deodorant soaps, household bleaches, etc. act to kill the anaerobic bacteria in
the septic tank that are needed to liquefy the settleable and floatable solids. A failed septic
tank system will rapidly lead to the plugging of the leaching field and the contamination of
groundwater by bacteria, phosphates and oxygen consuming organics present in the par-
tially treated wastewater. Odor, inside or outside the home, is another environmental
problem.

For the improved domestic wastewater treatment system, an equalization tank is inserted
between the septic tank system and the distribution box as shown in Fig. 5.8. A submersible
pump sends the septic tank effluent at a constant rate through a 2-in PVC line to an
electroflotation—filtration Type V unit for physicochemical treatment using alum and potas-
sium permanganate. When the unit is not in operation or being operated at low flow, the
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Fig. 5.8. Flow diagram-treatment of septic tank effluent by electroflotation—filtration package plant,
type V.

excess volume of wastewater in the equalization tank is bypassed to the distribution box and
the leaching field.

Under normal operating conditions, the electroflotation—filtration clarifier (diameter = 0.7
ft, depth = 4 ft) treats the septic tank effluent and discharges the clarified effluent into the
distribution box for subsequent disposal by the leaching field. The floated sludge is dis-
charged back into the primary septic tank and the periodically produced filter backwash water
is discharged into the secondary septic tank (Fig. 5.8).

Figure 5.9 shows the typical elements of Type V package plant. The gas bubbles in
electroflotation consist mainly of the hydrogen and oxygen bubbles produced by wastewater
electrolysis as was explained in an earlier section on water treatment.
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The general operational procedure of a Type V package plant is similar to Type IV. The
unit is normally operated under the following average conditions (37— 39):
The electroflotation—filtration packaged system has an optional built-in UV disinfection unit
to control pathogenic contents in the effluent if required. Similar wastewater treatment
package plants are now available in the market (36, 42— 44).

Total detention time 16.4 min
Voltage 218V
Amperage 1.8 A
Conductivity 545 pmho/cm
Flotation rate 1.81 gpm/ft*
Filtration rate 1.81 gpm/ft®

5.3. Operation and Performance of Type V Package Plant

This section discusses the performance of the electroflotation package plant Type V, which
was installed to treat the septic tank effluent at a private residence in Berkshire County, MA.

In normal operation the septic tank effluent is pumped from the holding tank into the
package plant at a uniform rate controlled at 0.7 gpm. The influent flow rate into the elec-
troflotation unit is slightly higher than 0.7 gpm because a portion of the incoming wastewater
is floated to the surface forming the sludge. Part of the clarified filtered wastewater is stored
for filter backwash when necessary and the remaining filtered wastewater is disinfected and
discharged as the unit effluent.

Every 15 min, the floated sludge is discharged to the septic tank at a rate equal to 0.4 gpm
for a period of 15 s. The average floated sludge flow rate is estimated at:

0.4 gpm x (15/60) min/15 min = 0.00667 gpm

The built-in sand filter consisting of 11 in. of coarse sand, 0.85 mm size and 1.65 uniformity
coefficient, is backwashed every 30 min. During filter backwash, both the influent and the
effluent of the unit are stopped. The previously stored clarified-filtered washwater is then used
for filter backwashing at a rate of 3.45 gpm, lasting for 47 s. The average washwater rate is
estimated to be:

3.45 gpm x (47/60 min/30 min) = 0.09 gpm

Based on a material balance of flows, the average influent flow rate shall be the summation of
the average clarified-filtered washwater rate, floated sludge flow rate, and discharged effluent
flow rate:

0.09 4 0.00667 + 0.7 = 0.8 gpm

The performance of the electroflotation plant obtained from an optimized 4-week operational
period is shown in Table 5.13. It is seen that the efficiency of the electroflotation—filtration
system for the removal of turbidity, suspended solids, phosphate, and odor from the septic
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Fig. 5.9. Electroflotation—filtration package plant, type V.
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Table 5.13
Performance of the electroflotation—filtration package plant in
treating septic tank effluent

Parameters Influent Effluent Percent removal
Turbidity, NTU 41.6 1.9 954
pH, unit 6.7 6.5 -
TSS, mg/L 19 0 100
COD, mg/L 143 62 56.6
BOD, mg/L, 5-day 111 72 35.1
NOj3, mg/L N 1.5 1.2 20.0
POy, mg/L P 5.0 0.02 96.0
NH;, mg/L N 214 20.2 5.6
Odor, TON 450 20.0 95.6

Chemical treatment 18 mg/L KMnO, and 7.7 mg/L alum as Al,Os;.

tank effluent is over 96%, which is an excellent performance. The plant’s removal efficiencies
for COD and BOD removal (56.6 and 35.1%, respectively) are moderate and considered to be
satisfactory.

The chemical treatment cost is estimated to be $0.27/1,000 gal based on the following data:

Chemical Treatment = 28 mg/L KMnO, and 7.7 mg/L alum as A1,03
KMnO, Cost = USD 1.50/dryIb
Alum Cost (8.3% solution) = USD 0.06/liquid Ib

Using the additional disinfection option shows that 100% of the total coliforms in the
wastewater were killed by UV action. Potassium permanganate is mainly used for odor
control and can be eliminated for cost saving.

Electroflotation has also been recently applied successfully for the treatment of industrial
wastewater like effluents from degreasing units, electroplating, and metalworking (45); food
processing and the decontamination of poultry chiller water (46, 47); restaurant wastewater
(48); industrial coconut wastewater (49); oil products waste streams (50); and the removal of
surfactants from polluted wastes (51, 52).

6. EMERGENCY WATER SUPPLY MEASURES
6.1. Disinfection

In emergency situations, bottled water or distilled water can be purchased from super-
markets or drug stores. For cost-saving, the contaminated raw water should be disinfected by
an appropriate method before human consumption.

The most inexpensive disinfection unit is a solution dispensing system. The unit can
continuously feed chlorine solution (i.e., a disinfectant) to the raw water (or untreated tap
water) for killing pathogenic bacteria. Its power-operated valves give fast positive in-line
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operation. The entire dispensing system includes a pump, 15-gallon polyethylene reservoir,
installation tubing and pH and chlorine residual test apparatus. The system weighs just 29 1b
and operates at 0.5 gpm of flow. The current cost is $500 per unit. The recommended chlorine
dosage is 3—6 mg/L of chlorine, depending on the daily variance of water quality.

Water disinfection can also be accomplished by a continuous UV water purification unit.
The UV units, which have been successful in the swimming pool industry, are now moving
into the potable water treatment field. Latest research shows that the necessary dosage of
chlorine often exceeds the recommended safety levels. Chlorine disinfectant loses its effec-
tiveness at 80-90°F, but germicidal UV continues to purify water at over 110°F.

Because of the documentation concerning over dosage of chlorine in small water supply
systems, all agencies and organizations concerned with the health and welfare of single
families and small institutions are now recommending the use of a germicidal UV water
purification unit. The current cost of a small trouble-free UV 30 gpm water purification unit is
approximately $2,000. Its installation is very simple and straightforward.

6.2. Organic Removal and Disinfection

When the water source (groundwater or surface water) is contaminated by toxic organics
or undesirable color-causing substances, an activated carbon canister which is available up to
25 gpm capacity, should be used in conjunction with disinfection (chlorination or ultraviolet).
The adsorption canisters are pre-engineered treatment modules designed for the removal of
contaminants from water. Typical contaminants removed include: hydrocarbons, solvents,
hydrogen sulfide, mercaptans, amines, aldehydes, PCB, pesticides, various volatile organic
carbons, and other priority and toxic pollutants, including endocrine disruptors (53). It is easy
to install and operate and is available at a price of $800/canister. However, it is important to
know that the activated carbon canister does not kill pathogenic bacteria. A disinfection unit
(chlorination or UV) following the activated carbon canister is required.

6.3. Recommendations

If the water supply is known to be contaminated by bacteria or other microorganisms, only
disinfection is required. The trouble-free germicidal UV water purification unit is recom-
mended for use by single families or small organizations. The cost-effective chlorination unit
is safe for disinfection only if the user has basic knowledge in chlorination and will not allow
overdosing with chlorine.

If the water supply is known to be contaminated by only toxic organics, an activated
carbon canister is recommended.

If the raw water supply is contaminated by both toxic organics and pathogenic micro-
organisms, the combination of an activated carbon canister and a disinfection unit (either
chlorination or UV) is required.

All the aforementioned water purification methods are temporary solutions to be used in
emergency situations. For a permanent solution to single families and small communities, the
cost-effective electroflotation—filtration system has the highest potential (54-56). The newly
invented electroflotation—filtration process system is fully automatic and can treat highly
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contaminated water. Its capital and O&M costs are comparatively cheaper than the carbon
canister and UV purifier combination.
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Abstract The electrocoagulation technology induces coagulation and precipitation of con-
taminants by a direct current electrolytic process followed by separation of flocculent without
the addition of coagulation-inducing chemicals. The water is pumped through a unit in which
electrodes made of iron or aluminum are installed. A direct current electric field is applied to the
electrodes to induce the electrochemical reactions needed to achieve the coagulation. Com-
pared with traditional flocculation—coagulation, electrocoagulation has also the advantage of
removing the smallest colloidal particles; such charged particles have a greater probability of
being coagulated and destabilized because of the electric field that sets them in motion.
Electrocoagulation also has the advantage of producing a relatively low amount of residue.

This chapter discusses the electrocoagulation technology and the application of coupling
electrocoagulation and dissolved air flotation (DAF) in wastewater treatment. Before dis-
cussing the beneficial synergic effect of coupling electrocoagulation and flotation, each
process is first presented separately followed by a discussion of the combination of the two
processes. Finally, the performance of the two combined processes is compared with the
performance of the classical treatment by flocculation—coagulation—sedimentation. Seven
case studies involving hazardous waste site remediation, municipal wastewater treatment
and industrial effluent treatment are presented.
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1. INTRODUCTION

In wastewater treatment, the use of flotation, a physicochemical treatment process, would
present some advantages over settling for solids separation (1):

1. Higher hydraulic loadings, i.e., shorter retention times
2. Better removal of smaller particles
3. Smaller area requirement

However, separation by flotation (2) needs a prior chemical destabilization process. Classical
flocculation—coagulation (3) needs chemicals addition to be followed by a flocculation
chamber where the energy introduced by mixing creates shearing forces that may not allow
an optimal coagulation process to occur. According to the work of several authors (4—7), the
process of electrocoagulation is a good alternative because it can avoid the disadvantages of
the classical chemical destabilization process.

The electrocoagulation technology induces coagulation and precipitation of contaminants
by a direct current electrolytic process followed by the separation of flocculent (settling or
flotation) with or without the addition of coagulation-inducing chemicals. The water is
pumped through a unit in which electrodes made of iron or aluminum are installed. A direct
current electric field is applied to the electrodes to induce the electrochemical reactions
needed to achieve the coagulation. Treated water is discharged from the system for reuse or
disposal. Concentrated contaminants in the form of biosolids are collected for disposal or
reclamation.

Compared with traditional flocculation—coagulation, electrocoagulation has also, in theory,
the advantage of removing the smallest colloidal particles; such charged particles have a greater
probability of being coagulated and destabilized because of the electric field that sets them in
motion (8). Electrocoagulation has the advantage of producing a relatively low amount of
residue also (4, 9, 10).

This chapter discusses the electrocoagulation technology and the application of coupling
electrocoagulation and dissolved air flotation (DAF) in wastewater treatment. Before dis-
cussing the beneficial synergic effect of coupling electrocoagulation and flotation, each
process is first presented separately followed by a discussion of the combination of the two
processes. Finally, the performance of the two combined processes is compared with the
performance of the classical treatment by flocculation—coagulation—sedimentation.

2. TECHNOLOGY DESCRIPTION

The following sections overview coagulation theory, the electrocoagulation technology,
and the electrocoagulation system.
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2.1. Theory of Coagulation

It has long been known that contaminants are stabilized in aqueous solutions due to small,
electrostatic charges at the surface of the molecules or particles. If the surface charges are
similar, the molecules or particles will repel one another. Competing with this repulsion is
van der Waals’ force, a weak intermolecular force that results in the attraction of molecules to
one another. However, van der Waals’ force is very small and decreases rapidly with
increasing distance between particles. If the repulsion caused by the stronger, like charges
can be overcome, the van der Waals’ force will cause the particles to coagulate. The addition
of electrolytes that have bivalent or, more effectively, trivalent cations is the conventional
means for overcoming the repulsive force of the charges and causing coagulation into
particles large enough to precipitate out of solution (3).

In conventional coagulation and precipitation, a chemical amendment is added to the
contaminated solution. The amendment is generally alum (aluminum sulfate), lime (calcium
oxide), ferric iron sulfate, or charged synthetic or natural organic polymers (polyelectrolytes).
In each case, the charged portion of the chemical additive destabilizes and binds with the
oppositely charged contaminants in solution, causing them to coagulate and, when of
sufficient mass, to precipitate (3, 11). This method of contaminant removal has the disad-
vantages of requiring frequent and expensive chemical additions to the solution; leaving high
concentrations of the anionic components of the additive in solution; and increasing the
volume of the residue formed by subsequent precipitation of the coagulated contaminant (12).

Some chemical amendments may form stable hydroxide compounds. Others may be less
resistant to degradation and may not pass the requirements of the EPA’s toxicity characteris-
tic leaching procedure [(TCLP) SW-846 Method 13 11] (13). Failure to pass the TCLP will
result in the residue being characterized as hazardous waste, increasing residue disposal costs,
and reducing disposal options.

2.2. Theory of Electrocoagulation

In electrocoagulation, alternating or direct current electricity is applied to a cathode—anode
system in order to destabilize any dissolved ionic or electrostatically suspended contami-
nants. During the electrolytic process, cationic species from the anode metal dissolve into the
water, Eq. (1). These cations react with the destabilized contaminants creating metal oxides
and hydroxides which precipitate. If aluminum anodes are used, aluminum oxides and
hydroxides form; if iron anodes are used, iron oxides and hydroxides form. The formation
of the oxides and hydroxides, and their subsequent precipitation, are similar to the processes
that occur during coagulation (or flocculation) and precipitation using alum or other chemical
coagulants (12).

The differences are the source of the coagulant (in electrocoagulation it is the cations
produced by electrolytic dissolution of the anode metal (11)), and the activation energy
applied promotes the formation of oxides (14). The oxides are more stable than the hydro-
xides, and thus, more resistant to breakdown by acids (14). Oxygen gas is also produced at the
anode by the electrolysis of water molecules, Eq. (2), and chlorine gas can be produced from
chloride ions if they are present in the solution to be treated, Eq. (3). During the electrolytic
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production of cations, simultaneous reactions take place at the cathode producing hydrogen
gas from water molecules, Eq. (4). Other important cathodic reactions include reduction of
dissolved metal cations to the elemental state, Eq. (5). These metals plate on to the cathode.
The chemical reactions taking place during electrocoagulation using iron anodes are shown
below (11, 14-17).

At the anode:

Fe(s) — Fe’'(aq) + 3e~ (1)
2H,0 — 4H' + Oy(g) + 4e” (2)
2C1™ (aq) — Cla(g) +2¢~ 3)
At the cathode:
2H,0 +2e~ — Hy(g) +20H" (4)
MY+ Ne™ — M(s) 5)

where:

(aq) = aqueous solution

(2) = gas

(s) = solid

MN+(aq) = metal ion in aqueous solution
M(s) = metal solid

e~ = electron

N* = charge of metal ion

N = numerical number

In solution, the ferric ions supplied by dissolution of the anode participate in further spontane-
ous reactions to form oxides and hydroxides (11, 14, 17, 18). Renk (14) found that oxides
preferentially formed in electrocoagulation experiments because the energy supplied by the
system exceeded the activation energy for their formation. These reactions incorporated
dissolved contaminants into the molecular structure forming acid resistant precipitates.
These precipitates are typically capable of passing the TCLP. This can significantly reduce
solid waste disposal costs. Similar reactions occur when aluminum anodes are used.

2.3. System Components and Function

The electrocoagulation technology is designed to remove contaminants including dis-
solved ionic species such as metals (19-22), suspended colloidal materials such as bacteria
(5,9, 10, 23), phosphorus (24), emulsified oily materials (25, 26), and complex organics
(5, 27, 28) from groundwater or wastewater. The system induces coagulation of contaminants
by means of a direct current electrolytic process (29). Floccules formed by this process are
allowed to be separated in a clarifier. Treated water is discharged from the clarifier for reuse
or disposal; contaminants are concentrated in flocs that are dewatered and discharged for
ultimate disposal or reclamation.



Wastewater Treatment by Electrocoagulation—Flotation 203

Several operating parameters can be varied in the treatment system. These are (9, 12,
30, 31):

Length of electrodes

Spacing between the electrodes

Number of electrodes

Electrode material, either iron or aluminum

Treatment sequence

Flow rate and associated residence time for water in the electrocoagulation unit and clarifier
Amperage and accompanying voltage

Nk L=

2.4. Key Features of the Electrocoagulation Technology

The technology is unique in that it can remove radionuclides and metals from water without
the addition of chemicals (5, 9, 10). Operation of the technology utilizes electricity to liberate
ferric iron ions from the electrocoagulation electrodes as the contaminated water passes
through the treatment unit. The ferric ions combine with dissolved or colloidal contaminants
in the water forming flocs, which are removed in a clarifier. Use of the system can substantially
reduce the volume of contaminated media from the volume of contaminated water to the
volume of the dewatered flocs (5, 7, 9, 10, 32). In addition, the mobility of the waste is reduced.

2.5. Influent Water Chemistry

The electrocoagulation technology can treat a wide variety of wastewaters to remove
dissolved and suspended contaminants (5, 9, 10). The chemistry of the wastewater, including
the pH, the oxidation/reduction potential (Eh), dissolved oxygen, TDS, TSS, and the chemi-
cal form of the contaminants can affect formation of floccules, thereby affecting the ability of
the technology to remove the contaminants of interest. Therefore, pretreatment such as
aeration or pH adjustment may be necessary. In addition, the system should be optimized
to the influent characteristics and the contaminants to be removed.

2.6. Applicable Wastes

The technology can be applied to many contaminants dissolved and suspended in water
including metals, uranium, radium, selenium, phosphates, bacteria, oils, clays, dyes, organics,
silica, as well as hardness (calcium carbonate). Waste streams that can be effectively treated
by the technology are:

Plating plant effluent (10, 12, 19, 33)
Landfill leachates (12, 28, 34)

Petrochemical waste (12, 34)

Bilge water (12, 35, 36)

Mine process and wastewater (10, 28, 33, 34)
Food industry wastes (10, 27, 3234, 37-39)
Surface or ground water (10, 12, 36)
Municipal wastewater (10, 19, 36)
Emergency potable water (10)

XNk W=
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10. Commercial laundries and wash waters (10, 36, 40)
11. Radioactive isotope removal (10, 12, 34)

12. Textile wastewater (10, 12, 41)

13.  Pulp and paper wastewater (19, 33, 34)

14. Slaughter house and tanneries wastes (19, 33)

15. Pretreatment for industrial wastes (42)

16. Pharmaceutical wastes (34)

2.7. Advantages and Limitations of the Technology

Electrocoagulation does not tend to remove inorganic contaminants that do not form
precipitates, such as sodium and potassium. If a contaminant does not tend to form a
precipitate or sorbs to solids, electrocoagulation will not be a reliable treatment method.
Although certain large organic compounds can be removed such as tannins and dyes,
electrocoagulation is not effective in removing lightweight organic materials, such as ethanol,
methylene chloride, benzene, toluene, or gasoline (12). The sacrificial electrodes are dis-
solved into wastewater streams as a result of oxidation, and need to be regularly replaced. An
impermeable oxide film may be formed on the cathode leading to loss of efficiency of the
unit. However, this can be prevented by having the process water to be forced into turbulence
and thus the oxide is never allowed to form (9).

The electrocoagulation process possesses the following advantages (7, 9, 10, 36, 43):

No chemicals required (other than pH control) and no increase in salinity.

Ability to handle a wide range of pollutants, i.e., it can process multiple contaminants: suspended

& colloidal solids, heavy metals, free and emulsified oils, bacteria and organics.

3. Tolerates fluctuations in influent water quality.

4. The gas bubbles produced during electrolysis can float the pollutant to the top of the solution
where it can be more easily concentrated, collected, and removed.

5. Ability to recycle water for reuse.

6. Reduced residue: the system produces half to one-third of the residue in chemical coagulation
(7). The amount of dried residue is 0.20-0.37 kg/kg COD removed (32). The residue tends to be
readily settable and easy to de-water, because it is composed of mainly metallic oxides/hydro-
xides (9).

7. Integrates benefits of chemical precipitation, floatation, and settling in much smaller footprint.

Fully automated, minimal operator attention.

9. Low power consumption: The power requirement is only 0.5 kWh/m® under a set of typical
operating conditions (32).
10. Low operating costs: 15 g Al/m’ of water and 0.6 kWh of electricity (50% for pumping water in
and out) to remove 1 kg of suspended solids (43).

11. Electrocoagulation is more efficient than chemical coagulation in turbidity removal (44).

12.  The technique can be conveniently used in rural areas where electricity is not available, since a

solar panel attached to the unit may be sufficient to carry out the process.

o =

®©

3. PROCESS DESCRIPTION

As illustrated in Fig. 6.1, raw wastewater after passing through the grit chamber is pumped
[1] to the electrocoagulation cell located on top of the diffusion chamber [2]. Raw wastewater
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Fig. 6.1. Flow diagram of pilot plant.

undergoes electrochemical destabilization; thanks to an electrocoagulation device [3] placed
at the entrance of the cell. Direct electric current, 40 A from a stabilized 80 V power supply
(40 A — 80 V) is applied to a series of two-pole terminal electrodes [4]. The separation of
treated wastewater and biosolids takes place in the separation chamber (flotation cell) [5].
Biosolids [6] are scraped from the top of the separation chamber, while the treated wastewater
effluent [7] is discharged from near the bottom of the chamber. A portion of the treated
wastewater is recirculated [8] back to the diffusion chamber after having been pressurized
and saturated with air [9]. The decompression it undergoes there releases fine gas bubbles that
adhere to the particles and cause them to float. The DAF process is augmented by electro-
flotation due to the release of oxygen and hydrogen bubbles caused by the electrolysis of
water and the generation of flocs of aluminum hydroxides that trap the colloidal and
supracolloidal particulates present in the wastewater (45).

The pilot treatment plant has a capacity that is capable of treating a flow of 1,000 L/h
(6,250 gpd). The characteristics of the plant are given in Table 6.1.

The average characteristics of the municipal wastewater are shown in Table 6.2. The
characteristics are comparable to those given in the literature (46).
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Table 6.1
Characteristics of the electrocoagulation—flotation pilot plant
Parameter Characteristic
Flotation unit
Height 145m
Horizontal section 0.25 m*
Volume 0.32 m®
Recirculation rate 10-30%
Pressurization 4 bar
Retention time 19 min
Electrocoagulation
Electrode type Aluminum
Number 21
Anode surface 0.15 m?
Voltage 0-80 V
Amperage 040 A
Table 6.2
Characteristics of wastewater
Characteristic COD Solids
Raw wastewater (mg/L) 900 340
Settleable fraction (%) 28.0 70.0
Nonsettleable (%) 72.0 30.0
Fraction >1 pum (supracolloidal fraction) (%) 28.2 -
Fraction <1 um (colloidal + soluble) (%) 438 -

4. TREATMENT BY DAF

Figure 6.2 presents the role of DAF alone in the removal of supracolloidal and colloidal
particles. It is observed that the fraction removed by flotation is increased by the transfer of
the soluble and colloidal fractions, which are removed with the settleable fraction during
flotation.

The removal of colloids by DAF is not negligible: indeed about 40% of the fine colloids
and more than 20% of the supracolloidal fractions are removed. Flotation has thus an impact
on the very fine particles. In practice, these colloids are not destabilized but would be floated
or trapped with the removed particles.

It has been observed that flotation in water treatment plants is not effective in the removal
of the finest colloids (47). One could explain the observed efficiency by the presence of
surfactants in wastewater. Surfactants have a structure, which can change the surface charge
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Fig. 6.2. Wastewater treatment by DAF without electrocoagulation.

of colloids and bubbles and thus improve the attachment of bubbles particles. The detergents
are molecules composed of a hydrophilic or polar part and a hydrophobic or apolar part. They
can get adsorbed on the liquid—gas, liquid—liquid, or liquid—solid interfaces and decrease
the interface energy (48). Hydrophobicity of particles is an important issue in flotation (47).
The presence of detergents whose concentrations can reach up to 10 mg/L in wastewater (49)
could increase the hydrophobicity of colloids and thus could explain the observed results.

5. TREATMENT BY ELECTROCOAGULATION

As observed in Fig. 6.3, electrocoagulation causes destabilization of suspensions and a shift
in granulometric distribution toward larger diameters. There is a reduction in the nonsettleable
fraction, which produces a corresponding increase in the settleable fraction. The separation,
without DAF, of solids from liquid is obtained preferentially by settling; however, part of the
biosolids could be floated by the bubbles produced by the electrolysis of water (45).

By comparison of Figs. 6.2 and 6.3, it can be seen that electrocoagulation increases the
removal of the supracolloidal fraction. A total of 65% of colloidal, supracolloidal, and soluble
matter is removed by electrocoagulation.

6. COUPLING OF ELECTROCOAGULATION WITH DAF
6.1. Effect of the AlS Ratio

The A/S ratio (defined by the volume of air or gas introduced divided by the weight of
floated solids) is one of the most important factors that affect the flotation process; the
efficiency of the flotation pilot plant increases with increasing A/S ratio.

It is very difficult to measure the value of S, so this parameter was replaced by the SS
(suspended solids) present in wastewater. The value of A is calculated according to Henry’s
law and considering that only 60% is actually dissolved (46). Table 6.3 shows the percentage
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Fig. 6.3. Granulometric size distribution of COD particles before and after electrocoagulation.

Table 6.3

Recycle rate, suspended solids and A/S ratio (p = 4 bar)

Recycle rate pressurized Suspended A/S ratio
flow as % of wastewater flow solids (mg/L) (mL/g)
0 214 0

15 255 26.4

20 278 31.5

30 240 51.6

of pressurized flow, average values of SS in raw wastewater and the corresponding A/S ratio.
The evaluation of the A/S ratio was conducted at a current intensity of 6 A and a wastewater
flow of 1 m*/h.

Granulometric distribution of COD have been measured by determining the settleable and
nonsettleable fractions. The nonsettleable fraction is thus composed of the colloidal, supra-
colloidal, and soluble fractions (45). Figure 6.4 shows the percentage of the nonsettleable
fraction in raw wastewater and in treated water as a function of the A/S ratio. At low A/S
ratio, electrocoagulation does not produce a good separation of the organic fractions by
flotation. It is observed that starting at an A/S ratio of 31.5 mL/g, a recycle rate of 20%
(see Table 6.3) a better separation of flocs from the liquid takes place. At this point, the
nonsettleable fraction decreased and the settleable fraction increased. Increasing the A/S ratio
to 51.6 mL/g does not significantly improve the separation.

Hence, it can be concluded that:

1. For A/S < 31.5 mL/g: the solid/liquid separation is preferentially obtained by settling
2. For A/S > 31.5 mL/g: the solid/liquid separation is preferentially obtained by flotation
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Fig. 6.5. Nonsettleable organic fraction in treated water as a function of current intensity.

Under the operating conditions, for an initial SS concentration of 278 mg/L, the optimal air
flow corresponds to an A/S ratio of 31.5 mL/g and a recycle rate of 20% (see Table 6.3).

6.2. Effect of Current Intensity

To demonstrate the influence of the applied current intensity, the transfer of the nonsettle-
able fraction into a settleable fraction was measured for current intensity values varying from
0to 10 A. According to Faraday’s Law (50), the formation of microscopic bubbles of gas on
electrodes and the formation of aluminum hydroxides are directly proportional to the strength
of the applied current. Figure 6.5 shows that the transformation of colloidal and supracolloidal
particles into settleable fractions increases as a function of the applied current intensity up to
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Fig. 6.6. Granulometric size distribution before and after treatment by electrocoagulation—-DAF.

an optimal value of 8 A (51). Hence, it can be concluded that there is an optimum current
strength, about 8 A, at which maximum destabilization of the colloidal particulates occurs.

6.3. Effect of Coupling

Figure 6.6 presents the evaluation of the granulometric size distributions during the
coupling of electrocoagulation with flotation at optimal conditions. Based on this illustration,
it is possible to note that (45):

1. 30% of the soluble fraction smaller than 1 um is removed. This removal corresponds to that
observed with DAF alone.

2. 80% of the supracolloidal fraction is removed. This value is comparable to the 20% removed by
flotation alone and to the 65% by electrocoagulation alone. Hence the coupling of the two
processes produces a significant increase in solids removal efficiency.

7. COMPARISON OF ELECTROCOAGULATION-DAF WITH
COAGULATION-SEDIMENTATION

This section discusses a comparison between the performance of coupled electrocoagula-
tion—flotation and the performance of an intensive treatment by classical flocculation—coa-
gulation—sedimentation using a lamellar settler. The data for the latter were generated from
the treatment of wastewater that has been precoagulated with FeCl; (10-30 mg/L). The
wastewater was then treated by flocculation with aluminum sulfate coupled with sedimenta-
tion in a lamellar settler. The comparative results are obtained in relation to:

1. Removal efficiency, and
2. Treatment rate applied in relation to biosolids production.
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7.1. Remowval Efficiency

The characteristics of wastewater, treated wastewater effluent, and removal efficiencies for
the two types of treatment trains are presented in Tables 6.4 and 6.5.

Considering the main pollution parameters turbidity, suspended solids and COD, the
removal efficiencies of the two types of treatment can be considered to be the same. In
addition, orthophosphates which represent about 80% of total phosphorus were completely
removed while soluble nitrogen was not affected. It is observed that there is an increase in the
pH of the wastewater treated by electrocoagulation, which can be explained by the production
of the hydroxide ion (OH™) at the cathode during the electrolysis. On the other hand, during
the classical flocculation—coagulation by aluminum sulfate an acidification of the treated
wastewater occurred as is reflected by the drop in pH value from 8.1 to 6.3.

7.2. Coagulant Dosage

In the coagulation—flocculation treatment, the optimal dosage of the coagulant, aluminum
sulfate, was obtained at concentrations of 500-700 mg/L, i.e., about 45-63 mg/L of alumi-
num. In electrocoagulation treatment, the optimal intensity was 8 A, which corresponds to a
theoretical aluminum concentration of 54 mg/L. However, It has been shown (51) that the
faradic yield does not exceed 50%. So, in effect, the aluminum dosage during electrolysis

Table 6.4
Treatment by electrocoagulation—flotation
Parameter Wastewater  Treated effluent  Removal (%)
pH 7.7 8.0 -
Turbidity (NTU) 254 20 92
Suspended solids (mg/L) 364 37 90
COD (mg/L)

>1 pm 152 23 85

<1 pm 325 160 51
Table 6.5
Treatment by classical flocculation—coagulation-sedimentation
Parameter Wastewater  Treated effluent  Removal (%)
pH 8.1 6.3 -
Turbidity (NTU) 321 22 92
Suspended solids (mg/L) 385 25 90
COD (mg/L)

>1 um 357 53 85

<1 pm 120 109 51
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would be 50% of 54 mg/L, i.e., 27 mg/L, which is half the dosage required in chemical
coagulation (45).

7.3. Characteristics of Sludge
The production of sludge is directly proportional to:

1. The characteristics of raw wastewater: settleable solids and other solids destabilized by coagulation
2. The concentration of coagulants

Chemical coagulant consumption in electrocoagulation is half the amount required by
chemical coagulation, which results in less sludge production. It has been shown that sludge
produced by DAF are two times more concentrated (52—55) compared to those obtained by
gravity settling. The net result is that the electrocoagulation—flotation process produces less
sludge on both accounts, less dry matter and lower sludge volume.

8. CASE STUDIES

The following are case studies that represent a wide spectrum of metals and radionuclide
treatment conditions for industrial wastewater and U.S. Department of Energy (DOE) facility
wastes (12).

8.1. Remediation of Hazardous Wastes (Water Contaminated
with Radionuclides or Metals)

The electrocoagulation technology was evaluated by U.S. EPA (United States Environ-
mental Protection Agency) under the Superfund Innovative Technology Evaluation (SITE)
program. Potential sites for applying this technology include Superfund, U.S. DOE, U.S.
Department of Defense, and other hazardous waste sites where water is contaminated with
radionuclides or metals. Economic analysis indicated that remediation cost for a 100 gpm
system could range from about $0.003 to $0.009/gal, depending on the duration of the
remedial action.

A schematic diagram of the electrocoagulation system is shown in Fig. 6.7. The major
components of the system included the following:

Influent Storage Tank: This tank collects influent to be processed by the electrocoagulation system in
batch mode or to provide surge capacity during continuous operation.

Influent pH Adjustment Tank: The influent pH can be adjusted in these tanks if required to bring the
influent pH into the range for optimum operation of the electrocoagulation tubes.

Electrocoagulation Tubes: The electrocoagulation tubes consist of a tube-shaped anode material that
concentrically surrounds a tube-shaped cathode material leaving an annular space between the
anode and cathode. Contaminated water passes through the center of the cathode tube, then through
the annular space between the cathode and anode tubes. Several electrocoagulation tubes may be
used in series.
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Fig. 6.7. Electrocoagulation treatment system.

Clarifier: The clarifier is designed to allow floccules (flocs) to continue to form in the treated water and
to settle. Treated water exits the clarifier as the overflow. The settled flocs form a residue that is
removed in the underflow.

Bag Filter: Heavy duty polypropylene bag filters are used to remove residue from the underflow. Spent
bag filters and residue are periodically removed for disposal. Filtrate from the bag filters is recycled
through the electrocoagulation tubes.

Transfer Pumps: Transfer pumps are used to pump water from the system influent storage tank through
the electrocoagulation tubes to the clarifier. Overflow from the clarifier is pumped from a lift station
to discharge. Residue is pumped from the bottom of the clarifier through the bag filter.

In summary, the electrocoagulation system involves the following basic steps:

Contaminated water is pumped through the electrocoagulation tubes.
Treated water is pumped to a clarifier to allow solids to settle out.
Clarified water is discharged from the system for reuse or disposal.
Solid waste is collected for disposal or reclamation.

bl N

Based on the SITE demonstration, the following conclusions were drawn by U.S. EPA about
the effectiveness of the electrocoagulation technology:

1. Results indicated that removal efficiencies ranged from 32 to 52% for uranium, 63 to 99% for
plutonium, and 69 to 99% for americium. Arsenic and calcium concentrations were also decreased
by an average of 74 and 50%, respectively.
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2. Evaluation of the electrocoagulation technology against the nine criteria used by the EPA in
evaluating potential remediation alternatives indicates that the system provides both long- and
short-term protection of the environment, reduces contaminant mobility and volume, and presents
few risks to the community or the environment.

3. Solid waste generated by the treatment system during this demonstration is resistant to leaching of
the radionuclides uranium, plutonium, and americium.

4. The volume of waste generated is substantially less than the volume of water treated.

8.2. Municipal Wastewater Treatment

An Iron Ore Treatment Plant near Denison, Texas, employs approximately 13,000 people.
The plant uses orbital aeration basins for primary treatment of municipal wastewater,
followed by clarification and aerobic digestion. The resulting biosolids are dried in open air
beds, then removed for disposal.

The plant had difficulty operating within the scope of its permit due to an increase in
influent volume due to growth. The facilities inability to treat additional influent also affected
the economic growth of Denison.

The electrocoagulation process was tested at the Iron Ore Treatment Plant. It treated
effluent at approximately 200 gpm. The treated waste stream was allowed to settle in a
27,000-gal vertical clarifier for approximately 2 h. Clear water was then drawn off and
discharged to the second ring of the plant’s orbital system. The very high quality and low
water generated biosolids were passed directly to the drying beds, by passing polymer
application and treatment in anaerobic digesters. The electrocoagulation process reduced
the suspended solid levels by 98%.

Treatment goals were achieved by running the electrocoagulation process for approxi-
mately 12 h/day, 5 days a week. In a 24-h period, the system processed an average of 144,000
gal of effluent. At this level of processing, the plant operated at the required level of
efficiency.

The electrocoagulation process increased the capacity of the plant while bringing plant
effluent into compliance with discharge standards. The system reduced capital expense,
enhanced treatment capability, and improved throughput. The system was used until a new,
larger capacity wastewater treatment plant was built.

8.3. Treatment of Manufacturer Wastewater

A tractor manufacturer generated approximately 30,000 gal/day of wastewater from the
production of approximately 30-50 units annually. The waste stream consisted of water-
borne contamination including zinc, chrome, oil and grease, paint residue, and a material
similar to cosmoline, which is used for temporary protection of unfinished metals. Because of
this wide range of contaminants, a multiple pass electrocoagulation system treatment was
designed using anodes of different materials.

Following treatment by the electrocoagulation process, the effluent flowed to a dual
clarifier. Approximately 2—3 mg/L. of polymer was added to enhance the settling character-
istics of the residue.
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The clear water effluent was discharged to the publicly owned treatment works. The
residue was passed through a filter press, then transported to a permitted disposal facility.
The system performed as designed, with all levels of contaminants reduced to or below target
values. Zinc, the primary constituent in the effluent stream, was consistently measured at
0.15-0.2 mg/L, well below discharge limits.

The electrocoagulation system replaced the manufacturer’s chemical precipitation system,
which was extremely labor intensive and costly at approximately $0.125/gal. The electro-
coagulation system, including labor, capital amortization, maintenance, and consumable
materials, was treating the waste stream for approximately $0.055/gal.

8.4. Oil and Water Separation of Steam Cleaner Wastewater

Several electrocoagulation systems have been installed in facilities that use steam equip-
ment to remove oil, dirt, grease, and other materials from oil field equipment. The system is
particularly valuable where there is a problem with the separation of oil and water containing
concentrations of metals.

At these facilities, the electrocoagulation process is the central treatment element, with pH
adjustment preceding and clarification following electrocoagulation. The following results
presented in Table 6.6 show the effectiveness of the electrocoagulation process on this type of
waste. Cost reductions of up to $3,000/month were achieved.

Table 6.6

Treatment of steam cleaner wastewater

Element Influent (mg/L) Effluent (mg/L) Removal (%)
Antimony 0.01 0.014 99
Arsenic 0.30 0.01 97
Barium 8.0 0.10 99
Beryllium <0.01 <0.01 -
Cadmium 0.141 0.031 78
Chromium 7.98 0.05 99
Cobalt 0.13 <0.05 62
Copper 6.96 0.05 99
Lead 7.4 1.74 76
Mercury 0.003 <0.001 67
Molybdenum 0.18 0.035 81
Nickel 0.4 <0.05 87
Selenium <0.005 <0.005 -
Silver 0.01 0.01 -
Thallium 0.10 <0.10 -
Vanadium 0.23 <0.01 96

Zinc 19.4 1.20 94
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8.5. Treatment of Ship Bilge Water

In August 1992, the U.S. Coast Guard (USCG) approved the use of the electrocoagulation
process for the treatment of 176,200 gal of ship bilge water at Kodiak Island near Anchorage,
Alaska. The ship bilge water was contaminated with high concentrations of oil and metals.
A summary of contaminant removal efficiencies for bilge water is shown in Table 6.7. The
electrocoagulation process was effective in removing oil and metals with removal efficiencies
ranging between 71 and 99%.

Effluent samples were taken following treatment by the electrocoagulation system and
prior to entering the 300-gal clarifier. Because of the small clarifier and limited retention time,
an anionic polymer was added to the sedimentation as a coagulant aid. Following retention in
the clarifier, the effluent passed through activated carbon filters for final polishing and
removal of any trace hydrocarbons. The volume of the waste was reduced by 98%, from
46,500 gal of bilge water to less than 600 gal of residue.

The mobility of the electrocoagulation system eliminated the need to transport the bilge
water for treatment off the island resulting in an estimated cost savings of $185,000. The
average cost of treating the bilge water on-site, estimated at $0.45/gal was approximately
10% of the cost for treatment on the island.

8.6. Los Alamos National Laboratory Treatability Study

In November 1994, electrocoagulation system was tested on wastewater at the Los Alamos
National Laboratory (LANL) in Los Alamos, New Mexico. The primary objective of the tests
was to compare the electrocoagulation process with the conventional methods of chemical
treatment.

Table 6.7
Treatment of ship bilge water
Contaminant Influent (mg/L) Effluent (mg/L) Removal (%)
Petroleum hydrocarbons  72.5 ND (0.2) 99.0
Heavy metals
Aluminum 4.16 0.74 82.0
Boron 4.86 1.41 71.0
Iron 95.4 ND (1.0) 99.0
zinc 341 ND (0.5) 99.0
Dissolved cations
Calcium 293 137 53.2
Magnesium 943 300 68.2
Manganese 0.93 ND 99.0
Sodium 8,690 5,770 33.6
Potassium 287 222 23.0

Dissolved anions
Phosphorus 5.38 1.43 73.4
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The wastewater treated was a grab sample from the influent to LANL hazardous wastewater
treatment plant and contained plutonium, americium, and various other metals. The focus of
the treatability study was on the radionuclides.

The electrocoagulation process was more efficient than the chemical treatment process in
one of three test runs. However, LANL was pleased with the results and requested additional
testing of the electrocoagulation system.

8.7. Rocky Flats Environmental Technology Site Treatability Study

In April 1995, a bench-scale study was conducted by testing the ability of the electro-
coagulation process to remove uranium, plutonium, and americium from water derived from
the U.S. DOE’s Rocky Flats Environmental Technology site solar evaporation ponds (SEPs).

As part of the manufacturing processes at near Golden, Colorado, wastes were produced
that contained uranium, plutonium-239/240, americium-241, and other contaminants. Some
of this waste was collected in SEPs. The SEPs stored and treated liquid process waste having
less than 100,000 pCi/L (picocurie/liter) of total long-lived alpha activity. Water decanted
from the residue and liquid from the A and B SEPs was treated for this bench-scale study.

Testing of the electrocoagulation process using decant water from the SEPs indicated that
the technology is capable of consistently removing more than 95% of the uranium, pluto-
nium, and americium.

NOMENCLATURE

(aq) = Aqueous solution

e~ = Electron

(8) = gas

M™*(aq) = Metal ion in aqueous solution
M(s) = Metal solid

N* = Charge of metal ion

(s) = Solid

N = Numerical number
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1. THE PAPER INDUSTRY

It is estimated that 2-75 m® of water (see Table 7.1) are needed for each ton of paper
product produced by paper mills, depending on the type of paper and the extent of water
recycling (1, 2). According to Hynninen et al. (3), 10-300 m® of water are needed per ton of
paper produced by combined pulp and paper mills, making the paper industry one of the
largest industrial users of water and also one of the largest generators of wastewater. This
wastewater contains valuable raw materials. Due to increasing raw material costs and
stringent pollution controls on paper mill wastewater discharges, it has become economically
favorable for the industry to recover the raw materials in its wastewater and to reuse the
clarified water.

1.1. History

Paper is essentially a sheet of fibers with a number of added chemicals that affect the
properties and quality of the sheet (4). It was the Chinese who developed the first paper nearly
1900 years ago in 105 AD. They filtered a slurry of beaten mulberry tree bark through a
screen of bamboo strips. From China, the technology spread westward, first to the Middle
East, then along the southern Mediterranean coast, and finally into Europe. It is estimated that
the first paper production in Europe occurred in Moorish Spain in the eleventh century. As
papermaking technology spread westward, different fibrous raw materials were tried. The
Arabs substituted cotton for the mulberry tree bark that the Chinese had used and the Moors
replaced the cotton with flax that grew in abundance in southern Spain (5). One thing that
mulberry bark, cotton, and flax had in common was their high content of cellulose. Cellulose
fibers have the capacity to hydrogen-bond to each other, forming a coherent sheet.

In the thirteenth century, the Italians improved upon the papermaking process by macerat-
ing the fibers with the help of metal beaters (5). This maceration had two purposes: primarily,
it broke internal bonds within the fiber, rendering it more conformable, increasing interfiber
contact, and thus facilitating bonding. Second, it shortened the fibers, producing paper with
greater uniformity because of better distribution of the cellulose fibers in the paper sheet. The
Italians also added gelatin sizings to the paper. These gelatin sizings helped control the

Table 7.1
Estimation of water consumption for paper production

Type of paper Water consumption Degree of closure (%)
(m*/metric ton)

Printing and writing 40-75 40-70
Tissue 57 40-70
Newsprint 24-35 65-85

Packaging and board 2-20 >05
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absorbency of the paper so it would not absorb a great quantity of ink that could result in
fuzzy, blurred script on the page (5).

The production of paper up until this time had been done by hand — a very slow and tedious
process. A mold consisting of tightly strung wires attached to a rectangular frame was dipped
into a vat containing the fiber suspension. The mold was then removed from the vat and the
water drained through the wires, trapping a fiber mat. The fiber mat was then removed from
the mold and excess water was pressed out of the mat and it was allowed to air dry. Once
dried, a sheet of paper had been produced (5).

1.2. Modern Day Papermaking

The advent of the Fourdrinier (6) and cylinder papermaking machines in the early
nineteenth century revolutionized the papermaking industry. Because of these machines,
paper now became much cheaper to produce, resulting in a dramatic drop in paper price and
subsequent skyrocketing of paper demand. With this increased demand, new raw materials
were needed to provide the cellulose fiber, the paper’s main component.

Cellulose is a high molecular weight, complex polymeric carbohydrate that is the chief
fibrous constituent of the cell walls in plants. Besides cellulose, these plant fibers contain
hemicelluloses (plant polysaccharides less complex than cellulose) and lignin, which cements
together the fibrils in the cells and the cells in the plant. The proportions at which these
components are present in various plant fibers are shown in Table 7.2 (7).

In 1867, wood grinding and subsequent processing made wood yet another source of
cellulose fiber (5). Unfortunately, as shown in Table 7.2, lignin is plentiful in wood. Lignin is
hydrophobic and inhibits the plasticization by the maceration, thus inhibiting with bonding.
Furthermore, lignin imparts a brown color to the paper (7). Therefore, for high quality pulp,
chemical extraction is necessary to remove the lignin.

Pulping processes free and recover the fiber from the wood. This can be accomplished
mechanically, chemically, or by a combination of both (8). In an integrated paper mill, the
pulping process and papermaking facility are located in the same plant. Therefore, the pulp is
sent directly to the papermaking process. Nonintegrated paper mills must buy their pulp from
a market source because they do not produce their own wood pulp. This chapter concentrates

Table 7.2
Fiber composition

Composition, %

Cellulose Hemicellulose Lignins
Cotton 96 3 1
Flax 85 10 5
Softwood 50 20 30

Hardwood 50 30 20
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on wastes produced during paper production from nonintegrated mills and does not discuss
pulping and the wastewater problems associated with it.

A nonintegrated paper mill begins the papermaking process with the production of paper
stock from the “furnish,” the mixture of raw materials from which the paper is produced. Its
makeup will vary with the desired finished paper product characteristics. Often, two or more
pulp types are blended during stock production. Softwood fibers, which are relatively long,
create a good fiber network and provide wet web strength during sheet formation. Softwood
fibers are used in the production of high strength, tear-resistant paper products. Hardwood
fibers are shorter and contribute to paper smoothness, opacity, printability, and porosity (9).

As seen in Fig. 7.1, to make stock, dry pulp sheets purchased by a nonintegrated paper
mills are resuspended in water and blended with other components (10). The stock is then
mechanically processed in beaters or continuous refiners. The refiners can be of disk nature —
the paper stock is passed between two ribbed surfaces or Jordan (11) — a barred conical plug
rotating in another with bars that fibrillate and cut the pulp. The fibers are macerated until
they are shortened enough to produce good distribution of fiber in the sheet and produce a
paper of the desired strength.
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Fig. 7.1. Flow diagram — Fourdrinier principle.
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From the refiner, the stock passes through a series of holding tanks, referred to as “chests.”
The purpose of these chests is to regulate flow and fiber concentration of the slurry, called the
“consistency.” As seen in Fig. 7.1, the flow of stock generally proceeds from the refiner to the
refiner chest, machine chest, and stuff box. The stock is then pumped through the fan pump up
to the head box. Along the way, water or whitewater, the filtrate from the forming of the sheet,
is added to the stock to regulate the consistency (approximate solids consistencies are given in
the parentheses in Fig. 7.1).

Additives can also be introduced in the chests to improve machine performance and give
the final paper product desired qualities. The most important of these additives are fine
particles of insoluble inorganic solids, referred to as “fillers.” Filler pigments are introduced
to provide paper characteristics, such as opacity, brightness, softness, smoothness, and ink
receptivity. Examples of fillers are clays, such as kaolin, calcium carbonate, talc, and titanium
dioxide. Examples of other additives are: dyes, sizes, starches, natural gums, and retention
aids. Dyes can be added for color, and sizes such as alum and rosin introduced to increase ink
resistively that prevents ink feathering. Polymers are added to provide the wet-strength
required in certain papers. By improving fiber-to-fiber bonding, starches, natural gums, and
modified cellulose additives improve paper strength, erasability, and abrasion resistance
(10, 11). Retention aids, usually long-chained polymers of either positive or negative charge,
are added to reduce loss of fillers and other additives through the wire mesh “wire” or
“forming fabric” on which the paper sheet is formed. Fillers, in particular, are very difficult
to retain because they have no affinity for the cellulose fiber. Fillers tend to pass through the
wire and become a component of the “whitewater,” as the filtrate from the forming called,
because of its milky appearance it when fillers are being used (12, 13).

The forming of paper can occur on two very different machines — the Fourdrinier machine
or the cylinder machine. With the Fourdrinier equipment, as seen in Fig. 7.1 and in greater
detail in Fig. 7.2, the stock enters the headbox, a flow distributor that regulates stock flow. It
then flows onto the wire through a narrow slot along the bottom of the headbox called the
“slice.” Once on the wire, some of the stock, which has a solids consistency of about 0.5%,

Head
Box Roll

Q Sprayer
Papg{\ \\\.

Slice
> B3] DT L]
Vacuum Boxes

—
Q Sprayer

Endless Wire

. ———

Fig. 7.2. Fourdrinier machine.
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drains through the wire mesh by gravity. The wire then passes over vacuum boxes which pull
more water through the mesh. A suction pickup roll transfers the fiber mat from the wire to a
cloth conveyor belt, called a “felt.” The felt conveys the fiber mat through roll presses that
further dewater the mat. When the paper leaves the “wet end” of the papermaking process at
the suction pickup roll, it has a solids consistency of 35-40% (9). The wire, now minus the
fiber mat, is passed through a series of showers that clean off any residual stock. This cleaning
water is collected and usually is added to the whitewater. The cleaned wire is returned to
the headbox and the whole process repeats as previously described. It should be noted that
this process occurs at wire speeds varying from 200 ft/min, in older, specialty machines to
5,000 ft/min in newer, large machines.

The cylinder machine operates differently from the Fourdrinier. As seen in Fig. 7.3, a
perforated hollow cylinder tightly covered by a fine wire mesh rotates in a vat of water and
fiber. The water drains through the screen and deposits fiber. The mat is couched off the
cylinder onto a felt which conveys the web through roll presses and drying operations.

The drying equipment consists of a series of steam heated hollow metal drums. Felts are
used to hold the paper against the drum to maximize contact between the drying cylinder and
paper, thereby hastening drying. After the paper is dried, it can go through a series of finishing
steps such as calendaring and off-machine coating that smooth the paper and give it unique
surface properties.

2. PAPER MILL DISCHARGES

The paper and pulp industry is the third largest industrial user of water behind the metals and
chemical industries (11). Sixty-five percent of the water used in the paper and pulp industry is

Couching 7 =
Cyl:l.nderl/
\
3

Vat

Fig. 7.3. Cylinder machine.
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used in the processing of wood pulp and the remaining 35% is used in the production of
paper (11).

The stock leaving the headbox of a paper machine is more than 99% water. Most of that
water becomes the filtrate from the forming, the whitewater. Ideally, all of this would be
recycled in the diluting of the incoming stock; however, the introduction of fresh water, in
service applications such as sprays and pump seals, increases the volume, so that the amount
of whitewater exceeds that needed by the process stream and the excess flows to waste. This
excess whitewater that is not recycled can be sent on to additional treatment processes.

2.1. Whitewater Composition

The composition of the whitewater will vary with the type of paper being produced and the
type of machine used to make the paper. Some of the variables that will influence the
whitewater composition include the type of stock and nonfibrous furnish used, the mesh of
the wire or forming fabric, and the amount of suction used in the vacuum boxes. Ordinarily,
the whitewater will consist of fiber debris, small fibers, soluble matter, and a high percentage
of nonfibrous suspended matter — fillers, starches, and dye stuffs (14).

Whitewaters generally have a higher percentage of filler than the original stock. Fillers
have a very low affinity for the fibers in the paper and are therefore very easily passed into the
whitewater. This causes the elevated filler concentrations in the whitewater. The percent of
fillers present in the whitewater can be two to three times that in the stock.

The amount of fiber present in the whitewater will vary with the grade of paper produced.
Very little of the fiber will pass into the whitewaters during heavyweight paper production
while higher amounts of fiber can be expected from lightweight tissue paper production. At
higher machine speeds, greater losses of fiber and filler will occur because the filtering
characteristics of the fiber mat cannot be fully utilized (14).

2.2. Whitewater Treatment Operations

The whitewater that is not directly recycled back into the production process can be passed
through resource recovery operations in a unit called “saveall.” The savealls are used to
recover the fiber and fillers from the whitewater. Savealls usually remove between 30 and
60% of the oxygen demanding organics that can cause water quality problems in a receiving
stream (15). However, the saveall equipment that is, in general, more effective in removing
suspended matter from the whitewater cannot remove dissolved organics. The organics that
remain in the clarified effluent from the saveall may include fiber, starches, gums, and
dyestuffs. Unfortunately, these organics can cause a reduction of the oxygen concentrations
in any stream that receives the effluent from these operations.

The primary purpose of savealls is recovery of materials, but if the wastewater can be
clarified adequately, it can be used in place of fresh water in some of the service applications,
thus reducing the amount of excess whitewater, resulting in further economies.

To lessen the potential pollution impacts, the clarified effluent can be sewered (sent to a
municipal wastewater treatment plant) or further treated on-site before release to a receiving
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stream. This additional treatment is often of a biological nature to oxidize the dissolved
organics and therefore lower the oxygen demand in the receiving stream (16-20).

2.3. Paper Mill Discharge Characteristics

Wastewater discharges from the paper and pulp industry are estimated to be 4,180 MGD.
These discharges are broken down by the waste producing facility as follows (10):

1. 3,600 MGD - integrated facilities
2. 320 MGD - nonintegrated facilities
3. 260 MGD - other facilities

Integrated mills, which are involved in wood processing as well as pulp production, are the
largest source of wastewater.

Paper mill effluents, unlike those from integrated mills, are fairly low in dissolved organic
matter but are high in suspended matter — fiber (organic) and filler (inorganic). For example, a
wastewater resulting from the production of a high quality paper produced an effluent with
the following characteristics (21):

1. COD (Chemical Oxygen Demand) = 350-1,100 mg/L
2. SS (Suspended Solids) = 500-2,400 mg/L
3. Temperature = 22-30°C

As a waste, these parameters are undesirable because suspended organic matter creates
turbidity and discoloration in the receiving stream, as well as sludge deposits on the stream
bed. The organic matter may undergo oxygen demanding microbial decomposition whether
the organics are found in suspension or in the sediments. Fillers will create a milky appear-
ance in the receiving body of water that is aesthetically unacceptable, this being particularly
true of titanium dioxide (TiO,), with its extremely high refractive index (RI).

Oikari et al. (22) discussed the toxicological aspects of paper mill effluents — their
distribution, residues, and effects on caged fish. They found that the effluents apparently
caused increased blood hemoglobin and decreased plasma protein concentrations in caged
fish located up to 11 km away from the paper mill discharge.

Dines (23) conducted a survey of the Swale in southeast England to determine the impact
of nearby paper mill discharges on the region. He collected a wealth of data concerning the
soft sediment fauna, including its sediment redox profile, and its organic carbon and cellulose
content levels. From this information, he determined that the Swale fauna was impoverished
due to the paper mill wastes. However, he predicted that the region would respond quickly to
improvements in paper mill effluent treatment.

Pattern recognition techniques were used by Crowther (24) to determine the extent of
pollution impacts from paper mill discharges on a receiving stream. These techniques enabled
him to place boundaries between areas of chronic and acute pollution created by the paper
mill discharges.

Webb (25, 26) discussed the effects that paper mill effluents have on the growth of
undesirable wastewater fungus in the receiving stream. He determined the nutrients from
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paper mill effluents that were responsible for the increased growth of fungus and discussed
possible ways of removing these nutrients.

Tana and Nikunen (27) investigated the impact of pulp and paper mill effluent on egg
hatchability of pike. More recent studies were conducted by the New York State Department
of Environmental Conservation (28), which formulated a quick and easy checklist of pollu-
tion measures for the pulp and paper industry; by Environment Canada (29) that determined
the chemical releases from Canadian pulp and paper mills; by McKague and Reeve (30) who
analyzed the plant sterols in pulp mill effluents; and by Zhuang et al. (31) who characterized
the extractable organochlorine in fish downstream from bleached Kraft pulp mills.

3. WASTE MINIMIZATION AND WHITEWATER REUSE
3.1. Waste Minimization

Waste minimization techniques that can help paper mills reduce the amount of waste
generation include (32):

Production planning and sequencing
Process/equipment adjustment or modification
Raw material substitution

Loss prevention and housekeeping

Waste segregation and separation

Recycling

A

The paper industry recycles a great deal of the water that it uses in the production of paper. It
is estimated that gross water use is nearly three times the actual water intake (11). Overflow
whitewater from a paper machine is reused for a variety of reasons (33):

1. To conserve water

2. To reduce the amount of wastewater effluent produced by the mill that must meet state and federal
guidelines regarding stream pollution

3. To conserve fiber and other raw materials that are carried away in the wastewaters

4. To conserve heat

The most effective measure for the reduction of wastewater/water consumption and the
improvement of economic performance is the implementation of the best available process
and abatement technologies in combination with the following (4):

Training, education, and motivation of staff and operators

Process control optimization

Sufficient maintenance of the technical units and the associated abatement techniques
Environmental management system that optimizes management, increases awareness, and
includes goals and measures, process and job instructions, etc.

Ll e

3.2. The Whitewater Circuit

The composition of whitewater that varies according to its source from the paper
production equipment determines where it can be reused in the system. Figure 7.4 shows
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the whitewater recycle in a typical paper mill (34). The tray whitewater, collected under the
wire, has a consistency from a tenth to over one half of that in the headbox. Fillers and fines
levels relative to fiber consistencies are two or more times that in the headbox stock. This
whitewater is rich in fibers and fillers and is used to form the slurry of incoming dry pulp,
and to make the subsequent dilutions in the refining chest, stuff box, headbox, or other
points as make-up water to help regulate stock consistency. Flat box whitewater, collected
from the vacuum boxes, has a consistency of one-half to two-thirds that of the tray white-
water and has filler and fines content three times that of the headbox level. Some mills will
segregate this water to the saveall. The couch roll excess water is low in volume and solids
content. Forty to fifty percent of the couch roll excess water is from the lubrication showers
and 50-60% of the water is from the paper sheet. This excess water is generally sent
directly to the saveall. The clarified effluent from the saveall can be reused in the showers,
reused as make-up water in the consistency regulating chests, or discharged to the sewer or
receiving stream. The fibers and fines recovered by the saveall can be sent to the chests as
stock make-up.
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Monadnock paper Mills (35) applied various whitewater reuses and found that even with
an increase in production of 45% over the course of the 1980s and 1990s, through conser-
vation efforts Monadnock has reduced water usage by more than 50%, from 1,400,000 to
650,000 gpd. All treatment plant effluents have met and continue[s] to meet the high quality
standards of U.S. EPA and the State of New Hampshire.

Lusky (36) studied another reuse plan that recovered and reused warmed water from the
cooling system. This water could be reused in showers and as seal water in vacuum pumps. This
along with water conservation steps and an innovative whitewater storage system were able to
produce a saving in 1983 dollars of 2,650,000 $/year, which is equivalent to 4,230,000 $/year
in terms of current 2006 US dollars.

Volkov and Kovaleva (37) described a system that treated and recycled effluents from two
paper mills. One innovative process that was installed was to use the effluent water from one
of the paper mills as the process water for a second mill in the same facility. They foresee a
multistage treatment of the mill effluent that will enhance further recycling.

Scott (38) discussed the recovery, cooling, and recirculation of vacuum pump seal water to
reduce effluent volumes. He discussed the design considerations in this reuse plan and
explained some of the problems that were associated with the start-up of the plan and their
suggested solutions.

In spite of the advantages of reusing a maximum amount of whitewater, many mills find it
necessary to sewer part of their whitewater to prevent the buildup of dissolved substances in
the system, which can impair the quality of the paper as well as the operation of the machine.
These substances can also create problems with foaming, slime growth, excessive corrosion,
poor sizing, and sticking of the paper to the press rolls. To minimize these effects, good
whitewater storage facilities must be maintained that will prevent microbial decomposition or
sedimentation of solids before the whitewater can be reused. However, industry innovations
like antifoaming agents and slimicides have improved the situation and made it possible for a
paper mill to reuse 100% of the whitewater (14). This is called “closing the system”.

3.3. Closed Water Systems

Closed systems discharge no effluent. Therefore, there are no dissolved or filterable solids,
no bacteria or toxic materials that can be sent to a receiving stream. The solids leave the
system in the paper and as sludge. Therefore, the costs associated with the final treatment of
waste effluent are eliminated. Table 7.3 shows the cost savings of a closed system as
compared with one that uses biological treatment to purify its waste effluent (39).

The volume of water contained in a closed system should be kept to a minimum. It is
recommended that the process water volume should be no more than the volume of water
evaporated in the drying processes in 3 days. This prevents the water from staying in the system
too long, which causes problems with bacterial and slime growth. Make-up water can be added
at 240-480 gal/ton of paper produced, introducing it at those places with the most stringent
requirements for purity, namely high pressure showers, cleaning felts, couch roll showers, and
seal water (40).
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Table 7.3
Comparison of closed system and biological treatment capital costs
Biological treatment 2006 US$“
Settling clarifier (125 CBM/h) 84,000
Aeration basin (400 CBM) 134,000
Secondary clarifier 84,000
Sludge recycling 6,000
Sludge thickening equipment for two tons primary, 4 tons biological, 57,000
plus 1 ton lime (approx. 2—4 tons per day)
Land, installation, pumps, valves, foundations, etc. 159,000
Total Capital Investment 524,000
Closed system
Large surge tank (270 CBM) 38,000
Flotation clarifier (90 CBM/h) 62,000
Sludge press if needed (for maximum 1 ton per day) 9,000
Piping, valves, pumps, installation, foundations, etc. 63,000
Total Capital Investment 172,000

“Costs were updated from 1985 using US ACE Civil Works Construction Cost Index for Utilities, US Army
Corps of Engineers, Washington, DC. PDF File is available at http://www.nww.usace.army.mil/cost (2006).

Problems associated with closed water systems include the buildup of materials that
corrode equipment and degrade paper quality. Guss (40) discussed corrosion effects and
the remedies for it. Corrosion can occur because of the buildup of dissolved solids and as a
result of bacterial action encouraged by long retention times, poor housekeeping, and
anaerobic conditions. These problems can be minimized by: smaller additions of corrosive
materials, designing a system with low process water volume and short recirculation loops to
deter microbial growth, and the use of a dissolved air flotation (DAF) saveall to keep water
conditions aerobic.

Panchapakesan (41) discussed the importance of optimizing the whitewater system design
and its benefit in improving runability and lowering paper mills operating cost. In general,
closing the mill whitewater system has the following advantages:

Minimize fresh water consumption
Less chemical consumption

Lower losses of fiber, fines, and fillers
Reduced cost of heating whitewater
Environmental compliance

Nk -

On the other hand, the same researcher (41) advises that closing the whitewater system more
than desired can result in the following detrimental effects:

1. Excessive temperature buildup
2. Higher suspended solids in whitewater
3. Higher dissolved solids in whitewater
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4. Higher deposits and bacterial growth
5. Corrosive effects

Geller and Gottsching (42) studied the closing of paper mill systems and found that closing
the system leads to: considerable loading of process water; dissolved, fixed, and volatile
solids accumulating in the system, increasing abrasion and corrosion problems; and opera-
tional troubles and deterioration of paper quality. Their remedy for this situation was to pass
the whitewater through a trickling filter (43) prior to reuse. This eliminated many of the
impurities and microbial growth in the system.

Niemela and Voatanen (44) discussed the bacterial growth in closed systems and the
conditions that produce the greatest growth. He emphasized the importance of periodic
cleaning of equipment with lye and water to eliminate bacterial growth.

Gassinger (45) discussed the use of calcium sulfate as filler and its effects on a closed
system. He found that by salinity control, corrosion problems were avoided and the paper
yield was optimized without any detrimental effects on paper quality.

4. RAW MATERIAL RECOVERY AND ENERGY CONSERVATION
4.1. Recycling and Recovery

Paper manufacturers have found it economical to recover the water and raw materials and
reintroduce them to the papermaking process (46). This is economical because recovery (47):

1. Reduces amount of equipment necessary for wastewater treatment
2. Reduces plant maintenance
3. Returns useful materials to the papermaking process

According to the EU (European Commission) (4), the best available techniques (BAT) for
reducing emissions to receiving waters are:

1. Minimizing water usage for different paper grades by increased recycling of process waters and
water management

2. Control of potential disadvantages of closing up the water systems

3. Construction of a balanced whitewater, (clear) filtrates and broke storage system and use of

construction, design and machinery with reduced water consumption when practicable. This is

normally when machinery or components are replaced or upgraded

Application of measures to reduce frequency and effects of accidental discharge

Collection and reuse of clean cooling and sealing waters or separate discharge

Separate pretreatment of coating wastewaters

Substitution of potentially harmful substan