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PREFACE 

As a result of growing concern about industrial waste pollution most 
companies either have installed or plan to build secondary waste treatment 
facilities to bio-oxidize and lower the oxygen demand of their waste prior to 
discharge into receiving waters. In the textile industry, these facilities will 
probably be effective. However, with the very high demand for polyester
cotton blends and polyester (i.e., Dacron, Kodel) products, the use of 
disperse dye systems for dyeing has increased to meet this demand. But, these 
disperse dyes are difficult to oxidize and often cause a persistent color 
problem. This report deals with foam fractionation-a technique which looks 
encouraging for removing these persistant color bodies from segregated wastes 
prior to dilution with other streams and subsequent biological oxidation. 
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I. ABSTRACT 

The purpose of this study was to investigate the use of foam fractionation as 
a waste treatment technique for removing chemical oxygen demand (COD) 
and especially color and turbidity from textile disperse dye bath wastes prior 
to biological oxidation. 

Initial screening tests were conducted with no additives with polyelectrolytes4 

flocculants, and various types of surfactants as foaming agents. Only cationic 
surfactants proved satisfactory for foam fractionation of a simulated disperse 
dye wastes containing only dye and dispersing agent. With 50 ppm of lauryl 
trimethyl ammonium bromide surfactant, 89% removal of total color and 
75.3% removal of turbidity from the bath was observed along with a 52.1% 
removal of COD. An overhead product rate of 7.1% was observed and an air 
to feed volume ratio of 14.7 was required. Results indicated that reductions 
in color and COD were mainly a function of cationic surfactant concentra
tion. The cost of chemicals to treat one million gallons per day of this 
simulated disperse waste containing 400 mg per liter of COD, 1.10 
absorbance color, and 380 ppm of Si02 turbidity was about $210 per day. 
While these costs are high, the possibility of reusing the foamed overhead 
product as a recovered dye product should be explored. 

Foam fractionation tests were also conducted on an actual composite textile 
dyehouse waste of roughly one-tenth the concentration of the simulated 
waste. The resu Its were comparable, but the level of surfactant needed made 
such a pretreatment of the total stream economically unattractive. 





II. INTRODUCTION 

The growth of the textile industry has brought with it problems of pollution 

and pollution abatement. Stringent regulations regarding industrial waste 
quality have magnified these problems. Textile industry dyeing operations 

have been the major contributors in terms of color degradation and chemical 
oxygen demand in waste streams. 

Prior to the introduction of synthetic fibers, the aeration lagoon or other 

bio-aeration processes could be used efficiently and economically for 
secondary treatment of textile dyehouse wastes. With the tremendous 

increase in the use of non-cellulosic synthetic fibers, the waste treatment 

problems for dyehouses have been complicated. Although the wastes from 

dyeing these materials have decreased in quantity, the additives required by 

the process have lowered the quality of the resulting waste streams. 

Most companies which dye cotton-polyester blends are using a disperse dye 

system for the polyester. These systems contain dispersing agents, leveling 

agents, and dye materials, along with carriers at times to accomplish the 
dyeing process. Many of the materials used for these purposes are difficult to 

oxidize, tend to complicate color removal, and require large amounts of 

dissolved oxygen when deposited into receiving waters. The resulting waste 

streams often cannot be purified using conventional waste treatment 

techniques to achieve satisfactory color removal. 

The object of this study was to investigate the use of foam fractionation and 

foaming aids, including surfactants and polyelectrolytes, to effect color and 

chemical oxygen demand removal from a simulated disperse dye bath waste 
containing only a synthetic dye and a dispersing agent. 
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Ill. BACKGROUND AND LITERATURE REVIEW 

A review of the literature pertaining to this study is divided into the following 
parts: Background , Dyeing of Synthetic Wastes, Properties of Surfactants 
and Foaming Aids, and Foam Fractionation. 

A. Background 

Water Quality Standards. The pollution controversy began in the early fifties 
when, under public pressure, Congress began appropriating funds for research 
in the pollution area. Since that time, many states have begun adopting tough 
policies toward offenders by levying large fines. 

Industry has become more pollution oriented since the passage of the Water 
Ouality Act in 1965.1 With this measure the Federal government has set up 
water quality standards and given the states the responsibility of implement
ing them as well as specifying a deadline for implementation. Industry will be 
required to install secondary treatment facilities to control pollutants 
entering streams. This will be required to be the same level of treatment 
already required for sanitary wastes.. 

The nondegradation requirement of the Water Quality Act has stirred a great 
deal of controversy.2 It states that waters whose existing quality is better 
than the established standards will maintain their existing high quality. Waters 
will not be lowered in quality until it is demonstrated to State and Federal 
agencies that this degradation is justifiable for economic and social 
development and will not be injurious to any future uses of the water. This 
requires new or expanding industry which might be a pollution source to 
provide the best possible treatment facilities under existing technology in the 
initial project design. 

Wastes from Textile Operations. Textile manufacturing operations are among 
the major users of water in this country .3 The total liquid volume required to 
process 1000 pounds of fabric ranges from 3000 to 20,000 gallons for 
synthetics and 20,000 to 100,000 gallons for cotton. Typical textile 
operations consist of fiber preparation, weaving, dyeing, printing and 
finishing. Each of these operations involve several steps which contribute a 
particular kind of waste. Textile wastes are generally colored, alkaline, and 
high temperature. They normally contain large amounts of suspended solids, 
turbidity, biological oxygen demand (BOD), and chemical oxygen demand 
(COD). These wastes generally require some type of treatment before being 
returned to the receiving waters. Since the wastes from each dyehouse differ 
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widely, treatment techniques will be quite different depending on the type of 

waste involved. 

Many chemicals used in textile operations are wholly or partially washed off 
as pollutional material.4 This enables the textile waste to resemble chemical 
manufacturing wastes with both organic and inorganic pollutants. Inorganic 
materials such as sodium hydroxide and calcium carbonate cause high 
concentrations in receiving streams of metallic salts.3 These salts partially 
dissolve in the water and the remainder deposits on the stream bottom. 
Several of these materials, such as chromium and zinc, are fatal to aquatic life 
at very low concentrations. 

Organic compounds may undergo gradual chemical or biological change 
which removes dissolved oxygen from the water. Dyes, starches, and 
detergents are examples of organic materials which consume oxygen, thus 
destroying aquatic life. Traces of certain organics, such as phenol, will give 
bad odor and taste to receiving waters. 

Numerous physical and chemical treatment techniques are presently available 
for use on textile waste.5,6 Physical treatments include activated sludge, 
trickling filters, spray irrigation, and aeration and oxidation using aerated 
lagoons. Chemical treatment methods include reduction, precipitation, 
coagulation, and ion exchange. These techniques if applied properly will 
handle most pollution variables with the possible exception of color.7 Color 
of wastes vary from one plant to another. Although color may not represent 
toxic material, it is seen by the public and is therefore esthetically 
objectionable. 

Textile fibers can be placed in two broad categories, natural and manufac
tured fibers. Natural fibers can be classified as animal fibers such as wool, or 
vegetable fibers, such as cotton. Manufactured fibers can be classified as 
regenerated fibers such as rayon, or manufactured fibers such as the 
polyamides, acrylics, and polyesters.3 

Since 1960 the per capita consumption of manufactured fibers has increased 
11.4% per year8 and now exceed that of cotton. In the category of 
non-cellulosic fibers, which make up 60% of manufactured fibers, the growth 
is projected to average 20% per year for the next five years. The consumption 
of cotton is expected to remain constant, with less wool and considerably 
more synthetics to supply the population growth. 

With the increased demand for finished dye products containing non
cellulosic fibers, the waste treatment problem has been complicated. The 
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quantity of wastes from these materials has decreased but the quality of the 
wastes has also decreased.9, 10 Disperse dye systems are often required to dye 
the synthetics and these are difficult to treat using conventional waste 
treatment techniques. Complex organic chemicals are required to effect this 
dyeing process. Dispersing agents such as sodium salts of lignosulfonates and 
carriers such as o-phenyl phenol are necessary. The metallic ions which are 
liberated prevent or retard biological waste treatment and the complex 
organic materials are very difficult to oxidize. The wastes from disperse dye 
baths therefore are difficult to treat using conventional techniques. Treat
ment problems with these systems have been experienced in Europe 11, 12 as 
well as in the u.s.13 

B. Dyeing of Synthetic Textiles 

Dyeing Properties of Synthetic Textile Fibers. Synthetic fibers are character
ized by a very compact structure, pronounced lengthwise orientation of the 
chain of molecules, and a high degree of crystallinity.14, 15 The densely 
packed molecules are partially held together by hydrogen bonds. Since few 
sites are available and the materials are hydrophobic, dyeing these polymeric 
materials is a very slow process under normal conditions. 

Fibers of synthetic polymer have little affinity to dyes that are applied to 
natural fibers.16 Diffusion rates are lower for synthetics than for natural 
fibers and to improve dyeing times, the diffusion rates have to be increased. 
At elevated temperatures dye penetration occurs more often due to holes that 
are opened in the fiber.15 The fiber structure is also loosened by swelling 
agents and carriers which are often used in disperse dye systems. These 
materials are easy to remove and have no adverse affects on the disperse pye 
properties. 

In general, smaller dye particles tend to penetrate the fiber easier.16 The 
small particles disperse more uniformly in the aqueous medium. Surface 
active agents tend to lower the surface tension of the water which increases 
the solubility of dye in the aqueous dye liquor, and convert any dye which 
has fallen from solution into water dispersible, colloidal compounds. 

Disperse Dyes. Disperse dyes belong to three well defined chemical classes, 
nitroarylamine, azo, and anthraquinone.17 Most of these materials normally 
contain an amino or substituted amino group and are devoid of any 
solubilizing groups. The azo type materials were first developed for use with 
cellulose acetate 18 but each of these materials can now be used to dye 
acetate, polyester, acrylic, and polyamide fibers.17 These materials are 
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prepared for dyeing by colloidal solubilization of the insoluble dye 
compounds with a surface active .agent and are applied in an aqueous 
medium. 

Disperse dyes should be low molecular weight for high diffusion and 
solubility in the fiber. They should have practically no solubility in water 
unless they are quite soluble in the fiber. The size and shape of the dye 
particle affects its functioning ability. These factors put limitations on the 
structural modifications that can be made to the dye and still achieve the 
same durability to light, gas fumes, sublimation, and washing. In general, 
disperse dyes exhibit good durability to washing and produce well penetrated, 
level dyeings.19,20 Light durability is affected greatly if carriers are 
permitted to remain in the fiber after dyeing. Several disperse dyes are greatly 
affected by gas fumes, especially in metropolitan areas.17 Some disperse dyes 
can sublime from the fiber to other fibers at high temperature, which leads to 
staining. This is caused by the simple structure and the relatively few polar 
groups which give the particle a relatively high vapor pressure. 

To carry out successful dispersion of solids requires suitable conditions at the 
liquid-solid interface.21 If the right solid and liquid are chosen, the results 
can be beneficial but, as in the case with disperse dyes, a surface active agent 
is needed to reduce surface tension. For adequate dispersion, the dye particles 
should be 2 to 10 microns in size. Two general principles are used for 
dispersing solids in aqueous media, ( 1) the solid particle can be crushed or 
sheared between two external surfaces or (2) they can be reduced by mutual 
attrition between the dye particles themselves. Surface active agents reduce 
breaking strain and prevent reaggregation of the dye particles. Five techniques 
for dispersing solids are used and these include ball milling, colloid .mixing, 
plastic milling, dry pulverization, and intensive mixing. 

C. Properties of Surfactants and Foaming Aids 

An understanding of the physical chemistry of dyeing and foaming is a 
necessity in order to appreciate the foam fractionation problem. Dispersing 
agents used in creating stable dye dispersions and foaming aids or surfactants 
used in foam fractionation are essentially the same type of materials, and in 
both cases surface activity and tendency to coagulate are important 
properties. 

Surface Activity. I nterfacial tension is always present at the interface of two 
incompletely miscible phases.22 This tension is caused by a dissymmetry 
among the forces acting on the molecules near this interface. The effect of 
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interfacial tension is to reduce the area of the interface to a minimum. It is 
equal to the amount of reversible work that must be done to increase the 
interface by unit area. Lowering the interfacial tension or surface tensioo 
between two phases may permit dispersion of one phase into another. 
Thermodynamically, the effect of a surface active agent or a dispersing agent 
is to change the total free energy residing in the interfaces of a system. 
Surface active agents alter the equilibrium state of a system allowing the 
desired technical effect to occur. 

Dispersing agents tend to adsorb on surfaces which have little affinity for 
water.23 These materials are amphipathic meaning one portion of the 
molecule has an affinity for one phase while the other portion has an affinity 
for another phase. Surface active agents display both hydrophilic and 
hydrophobic tendencies. The hydrophilic end which normally contains a 
polyglycol chain renders the material soluble in water.24 At the same time, 
the water tries to repel the hydrocarbon portion of the molecule which is 
water insoluble and therefore hydrophobic. As a result of these opposing 
tendencies surface active agents tend to concentrate at the interface between 
aqueous solutions and the external phase. In the case of an air-water system, 
the hydrophilic end is directed toward the aqueous phase while the 
hydrophobic end is toward the nonaqueous medium. The molecule orien
tation causes a reduction in surface tension at the interface. Surface active 
molecules can be thought of as bridges between two phases which makes the 
transition less abrupt. If these molecules are sufficiently compact at the 
interface, the interface or dispersion is more difficult to destroy. An extensive 
review of interfacial films is given in Adamsen.25 

It is the property of adsorption that gives surface agents their ability to assist 
as wetting and foaming agents for emulsification and detergency .23 Surface 
active agents are used as dyeing assistants as well as leveling and restraining 
agents. 

The different classes of surface active agents or surfactants include anionic, 
cationic, and nonionic materials.26 The molecules are formed by one or more 
hydrophilic groups. Their surface activity is determined by the nature and 
arrangement of these groups. The hydrophilic grnups can include ionic groups 
or uncharged groups with polar structures. Cationic surfactants have a 
hydrophobic anion, such as a quarternary ammonium, which is surface active 
and a cation, such as a chlorine, which is hydrophilic. With an anionic 
surfactant such as sodium salt of lignin sulfonate, the anion is surface active. 
Nonionic surfactants do not form ions in aqueous solution. 
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Coagulation with Polyelectrolytes. Polyelectrolytes are polymeric materials 

which possess electrolytic properties.27 Although synthetic polyelectrolytes 
have been developed recently, silica sol or activated silica has been used as a 
coagulant aid for many years. Synthetic polyelectrolytes are high molecular 
weight materials with long linear chains of carbon atoms which are colloidal 
in nature and action. These materials do an effective job of flocculation and 
coagulation in very dilute solutions. When dispersed in water, the long linear 
ionized chains are spread out by repulsion of like charges distributed along 
the chain. These chains form bridges for particles to adsorb on, causing large 
floes. Polyelectrolyte action can be described as bridging, adsorption, binding, 
entrapping, and electrolytic. 

The three basic classes of polyelectrolytes include nonionic, anionic, and 
cationic. Nonionic types are polyampholytes with both positive and negative 
charges. Anionic types dissociate into negatively charged ions in water while 
cationic types dissociate into positively charged ions in water. Poly
electrolytes are noncorrosive, acidic, and nontoxic. They tend to lose some of 
their effectiveness when stored for long periods of time. They have been used 
to treat municipal water and industrial wastes to improve clarification, 
biological oxygen demand, and settling rate. 

D. Foam Fractionation 

Theory. Foam separation is best utilized for a high degree of separation of 
material found at low concentrations.28 It is based on the phenomena that 
surface active solutes collect at gas-liquid interfaces. Materials which are 
naturally surface active such as proteins and dispersing agents, or materials 
which are rendered surface active by combining with metal ions, may be 
separated. Foaming provides an efficient method of generating gas-liquid 
interfaces. Gas is dispersed into the liquid through a bubble producer or 
fritted glass sparger. One or more solutes adsorb on the bubble surface and 
are carried up through the solution. The resulting foam is collected at the top 
of the column and condensed. · The concentration of this material will 
normally differ from the original solution. 

Batch, continuous, or multistage foam fractionation operations can be used. 
Specially designed systems for these modes of operation have been 
discussed.29,30 In a batch operation foam is continuously removed and the 
solute concentration in the original solution is depleted. The solutions are 
normally foamed until the foam stability deteriorates and no overhead 
product is removed. Variables in the batch process can be adjusted to 
compensate forfoam instability.28 
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Foam fractionation in some respects is similar to distillation.3 l The bulk 
liquid in foam fractionation is comparable to that in distillation. The vapor 
phase is analogous in each process. The heat in distillation is comparable to 
the gas-liquid interfacial area generated in foam fractionation. Both processes 
can strip, enrich, or do a combination of both to a feed material. One basic 
difference does exist in the processes. Foam fractionation involves the 
adsorption of a nonvolatile material on the bubble surfaces while distillation 
involves the simultaneous countercurrent mass transfer of material across the 
bubble surface. 

The Gibbs equation is generally used to describe adsorption at gas-liquid 
interfaces.32 The equation relates the degree of adsorption at the boundary 
between two phases to the change in interfacial tension at that boundary and 
the composition of the two phases. 

where 

n =surface excess, the concentration of adsorbed 
component i in moles per unit area 

· ai = activity of the ith component 
'Y = interfacial surface tension 
T =absolute temperature 
R = gas constant 

( 1) 

Surface tension can be defined as the reversible work required to increase the 
interface by a unit area at constant temperature, pressure, and composition. 
The surface excess can be measured independently in a standard recirculating 
separator or from surface tension measurements using a modified form of the 
Gibbs equation. Many experimenters have not utilized the Gibbs equation 
because of the difficulties in determining the surface excess accurately in a 
bubble sublayer of molecular thickness. The equation only applies when 
equilibrium is reached at the interface. The surface excess is relatively small 
above the critical micelle concentration and foam separation will not be 
effective at these concentration levels. A very complete treatment of surface 
phenomena appears in Adamsen.25 

Although many experimenters have used simple material balances to 
determine results, one model has been derived to give a more complete 
picture of the performance for foam fractionation units.33,34 The model 
takes into account the material that is adsorbed on the bubble surface and the 
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interstitial fluid that is entrapped between the bubbles. For a continuous 
mode of operation where there is no appreciable bubble coalescense within 
the column, the following equations apply. 

For a single surfactant 

FXF = DXo + WXw (2) 

The surfactant passing overhead can be considered as made up of two parts. 
Thesurfactant adsorbed at the bubble surfaces amounts to 6Gr/d32 and the 
interstitial liquid amounts to XLD.29 This substitution yields 

where 

FXF = DXL + 6Gr/d32 + WXW 

XF ,Xs,Xo,XL = feed, bottom, overhead, and interstitial liquid 
concentration, respectively 

F ,B,D =feed, bottom and overhead flow rates 

G = volumetric gas flow rate 

r =surface excess of the residual material 

d32 = average bubble diameter 

(3) 

Successful foam separation is dependent on the nature of foam produced and 
its adsorption characteristics.35,36 High foam stability in detergent solutions 
is the result of special solute pairs. One constituent has high concentration, 
high solubility, and low surface film viscosity. The second constituent will 
have low concentration, less solubility, possess high surface activity and high 
surface viscosity. Foam can be classified as wet or dry. 34 Wet foams are 
spherical .. bubbles that normally do not exist more than one bubble diameter 
above the liquid pool. Dry foams contain polyhedral bubbles which are 
normally characteristic of foam structures. Foam structure can be 
approximated in shape by regular dodechedra. 

The variables that affect foam development and structure include the nature 
and concentration of the components, temperature, pressure, and pH.35 
These variables in turn affect surface viscosity, surface tension, and bubble 
size. The foam drains continuously causing the interface to become thinner 
and therefore unstable. Since the composition of the surface layer is different 
than the bulk solution, the surface tension tends to be smaller at the bubble 
surface. The bubble layer exhibits elasticity and responds to extensions or 
contractions of the surface layer by a rise or fall in surface tension. Pure 
liquids or saturated solutions do not foam because there is no chemical dif
ference between the bubble surfaces and the bulk solution. 
12 



When a bubble ruptures, the adsorbed material floyvs down through the rising 
foam and internal reflux is achieved.31 This internal coalescence is caused by 
pressure differences between the varying size bubbles resulting in diffusion of 
small bubbles into larger ones. Internal coalescence usually is not a problem 
in batch, simple mode operations.32 Coalescence can be reduced by in
creasing the gas rate or lowering the foam height, but these measures increas~ 
the volume of overhead product. Forced coalescence of the overhead product 
can be accomplished by using a slowly rotating perforated centrifuge, sonic or 
ultrasonic vibration, or running liquid into the foam. 

Lemlich22 has worked with nonfoaming adsorptive bubble fractionation and 
found that vertical concentration gradients exist after foaming with pre
humidified nitrogen through a spinneret orifice. The surfactant concentration 
at the column top was four times the bottom concentration. Resu Its indicate 
that separation increases with column height, decreases with column di
ameter, and is independent of bubble frequency. 

An exc~llent bibliography on the subject of foam fractionation can be found 
in Lemlich.31 

Process Variables. Numerous studies have been made to determine the effect 
of various changes on the foam fractionation system. Several of the important 
findings concerning temperature, pH, concentration, and type of materials 
will be reviewed in this section. 

A study has been conducted to determine the effect of temperature on foam 
fractionation of a cationic surfactant-water system.37 In general, an increase 
in temperature improved foam concentration and the enrichment ratio. Foam 
stability was found to be a decreasing function of higher temperature and 
foam drainage an increasing function of higher temperature. Since both of 
these properties are strong functions of surface viscosity, this finding was not 
surprising. The net result is that increasing temperature will lower entrain
ment with greatest influence being at large foam heights. 

Most e~perimentation concerning water clarification has operated with a rela
tively neutral pH system.38,39,40,41 One study has been made to determine 
the influence of inorganic acids and bases on a cationic surfactant-water 
system.42 The effect of strong bases on the results was not pronounced. The 
addition of strong acid indicated that maximum removal for this system 
would occur in a pH range from 3 to 4. 

Best results are normally achieved in dilute solute solutions.43 The effect of 
feed concentration upon the solute concentration reduction in the residual 
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material is not predictable. A study by Grieves indicates that concentration 
reduction decreases with decreasing feed concentration, but at concentrations 
below 50 ppm, concentration reduction increases sharply. A comparison be
tween different types of surfactants indicated only negligible differences in 
the performance of each surfactant in dilute feed concentrations. 

The effect of several operating variables on foam fractionation has been dis
cussed in recent studies. The volume of material removed during foaming is a 
strong function of gas rate for batch or continuous operations.44 Since foam 
density increases at higher gas rates, more entrainment of the bulk interstitial 
liquid results. In general, concentration reduction of the bottoms material is 
independent of foam height45 and liquid height.46 Decreasing the bubble 
size while keeping the gas rate constant witl increase the foam surface area 
and therefore the amount of material that is transferred.29 Increasing the 
apparatus dimensions while keeping the gas flow rate constant will result in a 
higher overhead product. Enlarging the height or diameter of the column 
increases the foam residence times allowing more foam drainage to occur. For 
increased residence times the concentration of adsorbed liquid will be higher 
and approach equilibrium at the gas-liquid interface. 

Fractionation of Colloid-Surfactant Systems. A review of foam fractionation 
would not be complete without mentioning froth flotation and its implica
tions. Basically, foam fractionation employs the tendency of surface active, 
unsymmetrical organic molecules to accumulate at air-aqueous solution inter
faces associated with generated bubbles.47 Froth flotation involves a three
phase system, one of which is a solid phase. This process has been applied to 
ore purification and waste treatment. The process relies on flotation of 
particles by aeration and bubble attachment after these particles have been 
made sel~ctively oleophilic by the addition of a surface active collector or 
surfactant. Most froth flotation processes involve coarse suspensions of high 
crystallinity commonly found in mineral processing. 

Sebba has demonstrated that organic and inorganic ions can be floated to the 
surface of an aqueous medium using a surfactant of opposite charge 
density .48,49,50 The surfactants have to be introduced In such a way that a 
micelle is not formed. By bubbling air through the solution, the surfactant 
tends to concentrate at the bubble with the polar head carrying the charge 
oriented toward the liquid phase. An attraction between the polar head and 
the charged ion causes the ion to be carried to the surface. On the surface a 
froth or scum is produced which tends to be very stable. Provided the sur
factant is the opposite charge of the ion that is to be floated, the nature of 
the surfactant is not critical. The best cationic surfactant collectors that have 
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been found are the alkyl quaternary ammonium salts. Excellent recoveries 
have been achieved from very dilute solutions with a remarkable degree of 
selectivity. Concentrations can be easily reduced as low as parts per tefl 
million. It has been demonstrated that dyes can be selectively floated to the 
surface using this technique. 

Grieves has made several studies to determine what effect colloidal particles 
have on foam fractionation results.47,51,52,53 Aqueous dispersions of 
stannic acid, ferric oxide, and various clays have been tested in addition to 
soluble materials such as phenolate and phosphate. The tests were carr-ied out 
using the same procedures and similar equipment to that used in previous 
studies with only surfactants. Grieves discovered that when the particles were 
added with the oppositely charged surfactant, , the foam stability was en
hanced. The presence of these particles decreased foam drainage producing 
more overhead product. Increasing the feed concentration of particulates 
raised the collapsed foam volume. Grieves proposed that the surfactant ions 
were adsorbed on the colloid making it oleophilic and causing particle coagu
lation and aggregation at the bubble surface. Then upon foaming, the separa
tion was made predominately by a froth flotation mechanism. 

Colloids seem to have promise as additives to promote the removal of weakly 
surface-active organics from aqueous solutions. Adsorbing colloid flotations 
has been termed "piggyback removal" of surface inactive materials. Grieves 
has decided to call this type process a foam fractionation-flotation system 
since both mechanisms operate. 

When a surfactant of the same charge density was used, no particles were 
removed in the foam from the residual solution.51 The like charges repelled 
each other and no particle aggregation at the bubble surface was noted. Better 
foam drainage was observed since the foam was less stable. A foam separation 
mechanism operated in this case. 

Foam fractionation tests were also conducted with phenolate and phosphate 
anions which remain soluble when contacted with cationic surfactant in solu
tion. The results indicated that foam fractionation using unsoluble complexes 
was a more efficient process than using soluble c~mplexes. 

Precipitate flotation where an agent is added to form a precipitate which is 
removed by foaming with or without surfactants has been discussed by 
Sebba.49 
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Waste Treatment by Foam Fractionation . Although foam fractionation has 
been studied thoroughly for separation of materials from specially prepared 
solutions, few studies have been made using actual wastes or materials which 
simulate actual waste. Most studies have been directed toward the removal of 
surf ace active contaminents which produce foam with aeration or 
agitation.54 In numerous studies made to remove alkyl benzene sulfonate 
(ABS) from water using foam fractionation, 80 to 90% removals have been 
achieved. Since industry has generally converted from nondegradable to de
gradable detergents, interest in removing this material has declined . 

A British patent55 has been granted for a process to remove soluble organic 
compounds from sewage effluents or trade water wastes which are free of 
suspended matter. The compounds removed are high molecular weight, low 
concentration, water soluble, non biodegradable compounds such as synthetic 
detergents. These materials were removed from solution using foam fraction
ation and adsorbed from the overhead product on activated carbon. A design 
is claimed for a treatment plant including an activated sludge unit, a foam 
fractionation column, and an apparatus to collapse the overhead foam. The 
process removed 87% of the alkyl benzene sulfonate and 32% of the chemical 
oxygen demand. It was pointed out that the process has been used to remove 
organic water-soluble dyes from textile industry waste waters. 

Grieves has experimented with removing turbidity from low quality, syn
thetic water solutions using foam fractionation with a cationic surfactant. 
31,38,41,56 In these experiments the foam separation-flotation mechanism 
has been applied. The cationic surfactants adsorb on the negative colloidal 
particles such as clays, natural dirt, or sand which give raw waters apparent 
color and turbidity. The process showed no preference for the type of solids 
used. The particles become oleophilic and are removed as bubbles pass up 
through the solution. Experience has shown that synthetic waters provide a 
very stringent test for a process because natural waters usually give better 
performance. 

For most of the tests, a 10 by 75 centimeter Lucite column was used. A 35 to 
50 micron porosity sintered glass diffuser was used to disperse the gas. 
Charges of 2000 grams were tested in the column, and the foam was all9wed 
to reach a 50 centimeter height. Foaming was continued until all foam forma
tion ceased. The residual solution was then weighed and tested. A stepwise
batch foaming technique was used to simulate a continuous operation. Sur
factant was added several times to reach the desired dosage. These tests 
indicated that foam fractionation is attractive where small amounts of water 
are involved, but probably would not be applicable to large amounts of 
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municipal water. Ninety percent turbidity removals were achieved with about 
2.5% overhead product taken. Phosphate, trivalent iron, and aluminum cause 
problems in achieving satisfactory clarification when present in significan"t 
concentrations. Bentonite clay was used as a flotation additive when signifi
cant amounts of iron or aluminum were present. Grieves estimated that water 
containing 25, 8, and 2 milligrams per liter of turbidity, iron and aluminum, 
respectively, would cost 20 cents per thousand gallons to treat i'n a batchwise 
operation to obtain potable water. 

One significant foam fractionation study has been conducted for removal of 
turbidity and apparent color from natural waters using a cationic surfactant. 
40 Samples were taken and tested from ten streams over an eight-month 
period. The results indicate that more than 95% of the turbidity was removed 
using 40 ppm cationic surfactant and an air to liquid ratio of 100. Chemical 
costs for treating these waters were estimated at 15 cents per thousand 
gallons. It was found that the process required a minimum amount of control 
and was insensitive to pH, temperature, and water quality fluctuations. 

Some concern has been expressed in several articles over the use of chemicals 
which have not been approved for public consumption to treat human water 
supplies.40 A toxicity study should be performed before a foam fractionation 
process using a cationic surfactant is considered. Quaternary ammonium com
pounds are approved for antiseptic lozenges and mouthwashes for human 
consumption up to 40 milligrams per day. A recent review by Swisher57 has 
discussed the toxicity of surfactants. 

In summary, aside from some of the initial work of this study reported by 
Michelsen65 no references were found in which foam fractionation principles 
were applied to the purification of textile wastes. However, the success of 
Grieves38,39,40,41,56 in removing turbidity using cationic surfactants sug

gested that similar additives should be tested for removing disperse dye ma
terials from textile wastes. 
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IV. PROCEDURE 

A. Dye Bath Wastes Tested 

Simulated Dye Waste. Initial studies were made on the removal of color 
bodies and chemical oxygen demand from a simulated dye waste consisting of 
400 ppm of Foron Black "K" Powder and 200 ppm Dispersing Agent no. 8 in 
distilled water (a 33% solution of Tamol SN, sodium salt of a sulfonated 
naphthalene-formaldehyde condensate). Foron Black "K" Powder is a mix
ture of several colored dyes: Foron Navy 2GL, Foron Yellow Brown 2-RFL, 
and Foron Rubine GFL. These materials were supplied by Dan River Mills, 
Danville, Virginia. The solution approximated the concentration of dye and 
dispersing agent leaving a commercial dye bath assuming a 90% utilization of 
the material. After several tests were conducted with the Foron Black "K" 
Powder, a color separation was observed. Red material was noted in the 
overhead product while a green material settled out in the bottoms. It was 
then discovered that Foron Black "K" Powder was a mixture of several dyes, 
Foron Navy 2GL, Foron Yellow Brown 2-RFL, and Foron Rubine GFL. A 
purer disperse dye system was thought to be more desirable. 

Three pure color disperse dyes were obtained from Dan River Mills. These 
included Color Index Disperse Blue 60 (du Pont), Color Index Disperse 
Brown 2 (Eastman Kodak), and Color Index Disperse Yellow 42 (du Pont). 
Each of these dye mixtures contained approximately 25% lignosulfonate dis
persing agent by weight and were in the form of 50% solutions. Eight hun
dred ppm of the 50% dye solutions were added to the distilled water giving a 
dye concentration of 300 ppm and a lignosulfonate dispersing agent con
centration of 100 ppm. 

The concentrations of the pure disperse dyes and the Foron Black "K" Pow
der differed because the pure dye materials were more concentrated and 
required less dispersing agent. Carriers, leveling agents, and other ingredients 
which normally appear in commercial disperse dye baths Were excluded from 
the simulated waste. It was felt that these materials might interfere with the 
analytical tests as well as the foam fractionation testing. Typical analytical 
results for each simulated waste used in this investigation are shown in Table 
I. 
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Table I. Typical Analytical Results from Simulated Disperse Dye Wastes 
Used in this Investigation. 

Color at Standard 
Chemical Oxygen Wavelength, . Turbidity, 

Demand, mg/I Absorbance ppm of Si02 

Foron Black "K" 530 1.377 

Powder 

Color Index Disperse 400 1.100 380 

Brown Dye 2 

Color Index Disperse 695 2.589 1550 

YelJow Dye 42 

Color Index Disperse 505 0.824 140 

Blue Dye 60 

The simulated wastes were made in a 2.5-gallon bottle using distilled water. 
The water was heated to 1200 to 1400 Fahrenheit before the dye material 
was added to insure complete dissolution of all dye material. A heater-stirrer 
and a glass stirring rod were used to insure adequate mixing. After the 
solution was cooled to room temperature, known weight amounts of these 
solutions were prepared for testing in the foam fractionation apparatus. When 
surfactant or polyelectrolyte additives were used, they were thoroughly 
mixed in-to solution using a glass stirring rod immediately before charging the 
foam fractionation column. 

Composite Textile Mill Waste. An analysis of the textile mill waste is shown 
in Table II. Two 30-gallon drums of waste were secured from the No. 5 Mill 
of Dan River Mills, Danville, Virginia. Each drum was filled over a 24-hour 
period by periodic withdrawals from their constant head tank. One drum was 
collected from April 17 through April 18, 1969. A second drum was collected 
from April 18 through April 19, 1969. The waste was refrigerated at 360F 
during the period of experimentation to reduce decomposition. After mixing 
thoroughly, samples were taken from each drum to use in testing. The waste 
was allowed to reach room temperature (720F) before testing was conducted. 
The material was neutralized from a pH of 11.7 using dilute sulfuric acid. The 
procedure for addition of surfactant and polyelectrolyte additives was similar 
to techniques described for the simulated wastes. 
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Table 11. Analysis of Textile Mill Waste. 

Analysis ResultW 

Biological Oxygen Demand, mg/llY 
pHb/ 
Suspended Solids, mg/lb! 
Organic Nitrogen, mg/lb/ 
Chemical Oxygen Demand, mg/I 
Turbidity, ppm Si02 
Transmittance at 750 mµ, percent 
Absorbance at 750 mµ 

162.0 
11.7 
49.0 
13.6 

305.0 
29.0 
81.0 

0.09 

.2/These results represent average concentrations in all the material. 

t!IReceived by written communication from James C. Pangle of Dan River 
Mills, Danville, Virginia, on May 2, 1969. 

B. Analytical Techniques 

The analytical procedures used in the determination of chemical oxygen 

demand, color removal, pH, and turbidity are outlined under the following 
headings. Corrections made for additive contributions to the analytical test 
results are also presented. 

Chemical Oxygen Demand Determination. The chemical oxygen demand 
analysis was conducted on all samples using the Technicon Auto-Analyzer. 
The analysis was performed automatically using the same reagents and similar 
principles that are described in Standard Methods for the Examination of 
Water and Waste Water.58 This method of analysis has been found to give 
reproducible results when compared with the conventional me.thod of 
chemical oxygen demand analysis.59 Because each sample and standard are 
treated identically during the determination, many possible sources of error 
are eliminated. Since relative differences instead of absolute values were 
suitable for this study, the method was not checked against the standard 
manual method of analysis. 

Each sample was digested with known amounts of potassium dichromate and 
sulfuric acid. The depletion of color due to the oxidation of materials in the 
sample was measured colorimetrically and recorded on a chart-recorder. The 
chemical oxygen demand of the unknown samples was found by comparing 
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recorder responses to a standard calibration curve that was obtained from 
known glucose samples. Figure 1 is a standard calibration curve. 

Color Removal Determination. The amount of color removal was obtained by 
comparing the transmittance of the feed material to all other samples taken 
during the test. The apparatus used was a Beckman Model B 
Spectrophotometer. 

A spectral analysis was performed on the simulated dye wastes in the visible 
region of the electromagnetic spectrum from 390 to 770 millimicrons.60 The 
entire analysis covered the 325 to 1000 millimicron range which entered the 
infrared and ultraviolet regions. The variation of transmittance with 
wavelength was found for each dye material. The variations of 33 and 50% 
solutions were also determined. Figures 2 through 5 show transmittance 
versus wavelength for brown, yellow, and blue simulated wastes, and the 
composite industrial waste. Since Laing 13 had previously performed a 
spectral analysis on Foron Black "K" Powder, this work was not duplicated. 

From these curves an attempt was made to find a wavelength of maximum 
transmittance in the particular color range of each dye material. The 
wavelength where this appeared was selected as a standard to measure color 
removal of each dye material. A wavelength of 500 millimicrons was chosen 
as a standard for blue dye. The peak of high transmittance at this wavelength 
conformed to blue color on the standard color spectrum. Brown and yellow 
dye exhibited no points of high transmittance in their particular range of the 
color spectrum. Thus the standards chosen for these materials represent 
wavelengths in their portion of the color spectrum, i.e. 750 millimicrons and 
600 millimicrons, respectively. The curves for the composite industrial waste 
bear little resemblance to those of the simulated dye wastes. Since the 
material was similar in color to the brown dispersed dye, a standard of 750 
millimicrons was selected for the color analysis. 

Transmittance readings were made on the spectrophotometer because of 
inaccuracies in reading the absorbance scale at high absorbance values. Since 
absorbance values vary linearly with concentration, the values of 
transmittance were converted to absorbance for analyzing the results. The 
following equation was used to make the conversion61 

A= K log10 (1/T) (4) 

where 
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A = absorbance 
T = percent transmittance 
K = dilution factor 

When transmittance readings could not be made because of high opacity, the 
samples were diluted and the dilution factor applied. 

Laing 13 has shown that pH change has no effect on color curves. He also 
found the method of selecting a characteristic peak was comparable in 
accuracy to plotting a spectrum curve for each sample. 

pH Determination. A Beckman pH meter with a glass calomel electrode 
system was used to measure the pH value of all samples. The pH meter was 
standardized with buffer solutions of pH 6.88 and 10.40. 

Turbidity Determination. A Hellige Turbidimeter was used to obtain 
turbidity measurements for this investigation. Turbidity in water is caused by 
the presence of suspended matter in the solution. It is an expression of the 
optical property of a sample which causes I ight to be scattered or absorbed 
rat her than transmitted in straight lines through the sample. For details see 
Standard Methods for the Exami~ation of Water and Waste Water. 71 

Additive Contributions. Generally, each additive used in this study 
contributes in some degree to chemical oxygen demand, color, and turbidity. 
The contribution to color and turbidity was assumed to be almost negligible, 
but chemical oxygen demand is substantially affected by most of the 
additives. Figure 6 shows the effect of concentration of a cationic surfactant, 
lauryl trimethyl ammonium bromide, on chemical oxygen demand in distilled 
water. Spot tests at 50 and 100 ppm concentration of lauryl trimethyl 
ammonium chloride indicate that this material would behave similarily. 
Turbidity and color were unaffected by these two additives. 

The chemical oxygen demand of feed samples on tests using cationic 
surfactants was adjusted based on Figure o. The amount of chemical oxygen 
demand added to the feed by the cationic surfactant was deducted before the 
results were evaluated with the assumption tha! all surfactant was foamed 
overhead. Similar data were not generated for other additives used in this 
study and corrections were not made for these materials. When a correction is 
applied, the results give a more accurate picture of what occurred in terms of 
chemical oxygen demand. If no correction is applied, the results may look 
better than they actually were. 
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Figure 1. Calibration Curve Used for Determination of COD 
with a Technicon Auto-Analyzer. 
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Figure 6. Effect of Lauryl Trimethyl Ammonium Bromide Concentration 
on Chemical Oxygen Demand in Distilled Water. 
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C. Experimental Equipment 

A schematic flow diagram of the apparatus used in this investigation appears 
in Figure 7. The gas supplied to the system was compressed air and the flow 
was controlled by regulator value V-1. Rotameter R-1 was used for air flows 
from 0.2 to 6.0 standard cubic feet per hour and rotameter R-2 was used for 
air flows from 6.0 to 25.0 standard cubic feet per hour. The position of valves 
V-2 and V-3 determined which rotameter was being used. 

The rotameters were calibrated using a standard wet test meter at different 
flow rates corrected to standard conditions of oo Centigrade and 1 
atmosphere. Liquid heights in the column and the saturaters approximated 
those during actual operation when calibration was completed. 

Two saturaters were used in the system to minimize evaporation losses from 
the column. Stone fritted gas spargers mounted in stainless steel tubing were 
submerged in 4 inches of distilled water. To insure minimum contamination 
from metal ions or any other foreign matter, all connecting lines between the 
operating vessels were either Poly-flo plastic tubing, stainless steel, or glass. 

A detailed diagram of the foam fractionation column is shown in Figure 8. In 
an effort to keep the system as free from metallic contaminants as possible, 
the retaining plate was covered with a Teflon gasket. A stainless steel swaglok 
fitting with a Teflon ferrule was used to seal in the glass sparger. The gas 
dispersion portion of the sparger was made of fritted glass with a pore size of 
25 to 50 millimicrons. A stopper was fitted into the top of the column during 
operation to seal the system and force incoming air out one of the overhead 
ports. Either port was used depending on the foam height desired. Liquid 
heights above the sparger varied from 5 to 9 inches and foam heights varied 
from 4 to 19 inches during the tests. The port immediately above the sparger 
was used to collect bottoms samples at the end of each run. 

All tests conducted during this investigation were batch, stripping type 
operations. The temperature of the laboratory and testing materials was 
maintained at 22 ± 2oc. The pH of each test was monitored but not 
controlled. In general, most test batches contained from 1500 to 1700 grams 
of material. 

Prior to adding any material to the column, an air rate was chosen for the test 
and valve V-2 and V-3 were set depending on the desired operating range. 
Regulator valve V-1 was slowly opened until the rotameter reading was 
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Figure 8. Detailed Diagram of the Foam Fractionation Column. 
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slightly above the desired range. All samples ports except the port where the 
overhead sample was to be taken were sealed. 

The system was allowed to run for several minutes until steady state 
operation was reached. The material to be tested was slowly added from the 
top of the column until the desired liquid height was reached. The top of the 
column was then sealed with the stopper and the air rate was readjusted to 
the desired range with valve V-1. The timer was started to record the length 
of the run. 

Initial Studies. Before a study of this type can begin, the methods of analysis 
have to be determined. Initial efforts on this project were directed toward 
finding suitable analytical techniques for measuring variables in the system. 
Standard analytical techniques were adopted to measure chemical oxygen 
demand, pH, color, and turbidity, but no satisfactory method was found for 
determining dispersing agent or surface active agent content. 

Spectrographic methods are available to analyze for surface active agents in 
water26, but this analysis is difficult in a disperse dye system. Attempts were 
made to remove the disperse dye and analyze the remaining material for the 
surface active agents. Ultracentrifugation of 100,000G for one hour was tried 
with no satisfactory concentration of the dye. Millipore filters from 0.45 to 
0.05 millimicrons porosity were tested but plugging probfems occurred. If 
these analyses had succeeded, they would have, at best, been crude since a 
large portion of the surface active agent would remain adsorbed on the dye 
particle. ' 

The problem of surface active agent analysis was further complicated When 
the material used in the study was changed from Foron Black "K" Powder to 
pure disperse dyes. Foron powder contained a synthetic dispersing agent 
which could be analyzed spectrographically in its pure form.26 On the other 
hand, the pure disperse dyes contained a wood-pulp derivative, 
lignosulfonate. Few accurate analytical techniques were found in the 
literature to measure lignosulfonate content in water. A majority of the 
techniques required drying the sample which might involve complications in a 
disperse dye system. In addition, large amounts of sample would be required 
to obtain sufficient material for analysis. 

The polarographic determination of lignosulfonate content in water described 
by Hayashi63 was tried without success. The presence of other charged 
particles in the system can affect the accuracy of this determination. After 
consulting with Dr. I. A. Pearl of the Institute of Paper Chemistry, Appleton, 
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Wisconsin, the co_nclusion was reached that the development of an analytical 
technique for lignosulfonate determination was beyond the scope of this 
project. In addition, the concentrations involved were below the level of 
current analytical measurements. A detailed discussion of lignosulfonate and 
methods of analysis may be found in the appendix. 

Figure 9 shows the effect of a typical commercial lignosulfonate on chemical 
oxygen demand in distilled water. Although a separate analysis for 
lignosulfonate content was not made, the data from this figure indicates that 
a 100 ppm lignosulfonate concentration would contribute 150 ppm of 
chemical oxygen demand. 

Because of proprietary complications with Dan River Mills, the exact content 
of the pure disperse dyes used in this study was unknown. The information 
obtained stated that these materials were typical disperse dyes used in 
polyester dyeing operations. The lignosulfonate content was stated to be 
approximately 25% and the dye and additive content was approximately 
75%. No additional information was received concerning the other ingredients 
used. Any future study in this area will require a more detailec:J analysis of the 
material used. 

D. Test Program 

Initial efforts on this project were directed toward removal of the dye 
particles by foam fractionation without the use of additives. After the 
analytical testing procedures were established, foam fractionation tests were 
conducted on Foron Black "K" Powder dye mixture with Dispersing Agent 
No. "8". Initial tests were encouraging since a concentration of chemical 
oxygen demand and color was noted in the overhead. During these tests a 
concentration of red colored material was observed in the overhead product 
while a greenish material settled out in the bottoms product. After 
qiscovering that the Foron "K" Powder was a mixture of several dyes, it was 
felt that a pure dye material with a single surfactant would be more desirable. 
Three pure disperse dyes were obtained from Dan River Mills with 
lignosulfonate as a dispersing agent. 

Foam fractionation tests were performed on each of these materials and the 
results were evaluated with the analytical tests. No significant differences 
were observed between the results of foam fractionation tests using these 
three materials, but problems were experienced with the analytical tests of 
these materials. Yellow dye required dilution of each sample to obtain 
chemical oxygen demand, color, and turbidity. The blue dye gave problems 
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during the turbidity analysis. Since the brown dye material behaved well to 
all the analyses, it was chosen for the majority of future tests. The results of 
these foam fractionation tests indicated that an additive was needed to 
produce beneficial results. 

A program was adopted to test two genera·! types of additives, surfactants and 
polyelectrolytes. A number of anionic, cationic, and nonionic surfactants 
were tested as follows: 

Anionics 
Sodium Lauryl Sulfate-Fisher Scientific Company 

(Silver Spring, Maryland) 

Cationics 
Lauryl Trimethyl Ammonium Bromide 

Kand K Laboratories (Plainview, N.J.) 
Lauryl Trimethyl Ammonium Chloride-Kand K Laboratories 

·Nonionics 
Lauryl Diethanol Amide-Kand K Laboratories 

A number of anionic, cationic, and nonionic polyelectrolytes were tested as 
follows: 

Anionic 
lonac NA-710-lonac Chemical Co. (Birmingham, N.J.) 

Cationic 
lonac NC-720-lonac Chemical Co. 
Natron 86-National Starch and Chemical Company 

(New York City) 
Purfloc C-31-Dow Chemical Company (Midland, Mich.) 
Purfloc C-32-Dow Chemical Company 

Nonionic 
lonac Nl-700-lonac Chemical Co. 

After tests were conducted with each of these additives, the two most 
promising were selected for further study. Several types of each additive were 
tested at various concentrations. 

Extensive tests were conducted using a cationic surfactant, lauryl trimethyl 
ammonium bromide, with the simulated disperse dye bath system. The effect 
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of cationic surfactant concentration on the concentration reduction of 
chemical oxygen demand, color, and turbidity was studied. The effects of 
foam height and air rate were also investigated. Several tests were conducted 
using combinations of cationic surfactants with various polyelectrolyte 
additives. 

Since all the research on the project had dealt with simulated waste streams, 
it was felt that a limited amount of testing with an actual, more dilute textile 
mill waste would be very beneficial. Several tests were conducted with a 
waste from Dan River Mills, Danville, Virginia, at various cationic surfactant 
concentrations. Combinations of cationic surfactants and cationic 
polyelectrolytes were also tested. 

E. Nomenclature and Calculations 

A summary of the nomenclature and the calculations made on the results of 
this investigation is presented in Figure 10. Further information on 
calculations and a detailed printout of the computer program used to 
calculate the performance factors have been included in the original thesis.64 

Percent concentration reduction, enrichment ratio, percent component loss, 
percent overhead, and air rate are the only performance factors that appear in 
the Results section. These will be used for a majority of the selected detailed 
runs. Summaries are included in the appendix. Complete details can be found 
in Fansler's thesis available on library loan.64 

Percent concentration reduction indicates the extent which the concentration 
of the variables have been reduced in the column after processing. This is the 
most important performance factor. The enrichment ratio indicates the 
degree which each component has been concentrated in the overhead 
product. Percent component loss is a psuedo-component material balance 
that indirectly indicates weight loss and component loss due to hangup in the 
column or evaporation. Air rate shows the amount of air that was required to 
achieve the particular separation. Percent overhead is simply the amount of 
feed carried overhead. 

During the study the best results will be achieved when percent concentration 
reduction and enrichment ratio are maximized while percent component loss, 
air rate and percent overhead are minimized. 

Calculations. Brief examples of the performance factors used in the Results 
section are shown below. The calculations are all color results and are based 
on data shown on Table XXVI, Appendix A for Run 10. 
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FIGURE 10. EXPLANATION OF NOMENCLATURE 

Feed F =Feed. gms. ) 
XF =Concentration of 

COD, ppm 
Color, %T 
Turbidity, 

ppm Si02 

Material Balance = F = D + B 

Overhead 
Product 

Bottoms 
Product 

Percent Weight Loss = ( F - D - B) 100 
F 

Component Balance = FXF DXD + BXB 

Batch-Type 
Operation 

Percent Component Loss = ( FXF - DXp - BXB ) 100 
FXF 

Percent Concentration Reduction = (1 - X8/XF) 100 

Percent Component Removal = (1 - BXB/FXF) 100 

Percent Concentration Increase (XD/XF - 1) 100 

Percent Component Increase= (DXD/FXF - 1) 100 

Enrichment Ratio XD/Xs 

Percent Overhead (D/F) 100 

Volume of Air/Unit Wt. Feed= Rate x Run Time =...!!!.l: 
F gm. 
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D = O.H. Prod., gms. 
XD = Concentration of 

COD, ppm 
Color, %T 
Turbidity, 

ppm Si02 

B =Bottoms Prod., gms. 
XB = Concentration of 

COD, ppm 
Color, %T 
Turbidity, 

ppm Si02 



Percent Concentration Reduction= ( 1 - Xs/XF) 100 
Percent Concentration Reduction= ( 1 - 0.171 /1.087) 100 
Percent Concentration Reduction (color) = 84.3 

Enrichment Ratio= Xo/Xs 
Enrichment Ratio = 5. 728/0.171 
Enrichment Ratio (color) = 33.5 

(5) 

(6) 

Percent Component Loss= ((FXF - DXo - BXs)/FXF) 100 (7) 
Percent Component Loss = 

(1664 (1.987) - 157 (5.728) - 1486 (0.171)/1664 (1.087)) 100 
Percent Component Loss (color) = 36.1 

Volume of air/Unit Wt. Feed = Rate X Run Time/F 
Volume of air/Unit Wt. Feed= 141.5 X 120.0/1664 
Volume of air/Unit Wt. Feed = 10.2 ml/gm 

Percent Overhead= (D/F) 100 
Percent Overhead = ( 157 /1664) 100 
Percent Overhead= 9.4 

(8) 

(9) 
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V. RESULTS AND DISCUSSION OF RESULTS 

Initial Tests. Initial tests were conducted using Foron Black "K" Powder with 
Dispersing Agent No. 8; a summary of the results appears in Table II I. 
Turbidity analyses were not made during these tests, but were used as a check 
of the color analysis on subsequent tests. A concentration of chemical oxygen 
demand and color was noted in the overhead product. This was evidenced by 
the enrichment ratio and concentration reduction factors. The high air 
volume per unit weight of feed indicated difficulty in foaming the material. 

During the tests a concentration of red colored material was observed in the 
overhead product. After settling for a short time, a concentration of green 
colored material was noted in the bottoms product sample. Since Foron 

Black "K" Powder was a mixture of several dye materials which could be 

fractionated and since the use of a second dispersing agent was suspected, 

work with the Foron "K" dye system was abandoned and the decision to test 
a pure (single) dye system and one dispersing agent was made. 

Table 111. Results of Foam Fractionation Tests Using Foron Black "K" 
Powder with Dispersing Agent No. 8. 

Initial Conditions 

Dye Concentration, ppm - 400 
Dispersing Agent 

Concentration, ppm - 200 
Additive - none 

Performance Factors 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain) % 

COD 

6.8 
2.4 
4.5 

Volume of Air/Unit Weight of Feed, ml/gm - 164.0 
Overhead/Feed,% - 3.9 

Temperature, oc - 220 

pH Range - 7 .0 

Color 

8.2 
3.6 
2.0 

Turbidity 
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Evaluation of Pu.re Disperse Dye Systems. Three pure disperse dyes, Color 
Index Disperse Blue 60, Brown 2, and Yellow 42, were obtained from Dan 
River Mills with lignosulfonate as a dispersing agent. Tests were conducted on 
each of these materials as is without addit•ves, and a summary of the results 
appears in Table IV. Concentration reduction and enrichment ratio 
performance factors were not as good as previous runs with Foron Black "K" 
Powder material. The air rate was lower than previous tests, but the carryover 
was slightly higher because the material would not produce a stable foam. 

In addition, problems developed during analytical tests on several of the dye 
materials. The pure disperse yellovy dye exhibited very high chemical oxygen 
demand, color, and turbidity. This necessitated dilution of each sample 
before the analytical tests could be conducted and created a' potential source 
of experimental error. The blue disperse dye material was difficult to analyze 
for turbidity because of its color and turbidity range. In addition, a yellow 
colored liquid drained from the overhead foam during testing that indicated 
the material might not be pure. The brown dye material behaved well in the 
analytical tests. Since this material probably reflected more accurately the 
mixture of various colors leaving commercial dye baths, it was chosen for the 
majority of future tests. 

Brief tests were made with all the dye materials at a basic pH. Calcium oxide 
was used to increase the pH. Table V summarizes one of these tests. The 
disperse dye systems normally collapsed after being made basic and many dye 
particles settled out in the bottom of the column or in the beaker before the 
material was put into the column. The improved concentration reduction in 
color was offset by a high component loss of color which reflected the 
material that settled. 
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Table IV. Results of Foam Fractionation Tests Using Brown, Yellow and 
Blue Disperse Dyes with Lignosulfonate Dispersing Agent. 

Initial Condition.s 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - none 

Temperature, oc - 220 
pH Range - 7 .0 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain) % 

Performance Factors 

COD 

4.3 
1.6 
2.9 

Volume of Air/Unit Weight of Feed, ml/gm - 109.7 
Overhead/Feed,% - 5.5 

Color 

1.3 
0.7 
3.6 

Turbidity 

18.6 
1.1 

18.7 

Table V. Results of a Foam Fractionation Test Using Brown Disperse Dye 
with Lignosulfonate Dispersing Agent in a Basic Solution. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - Calcium Oxide 

Performance Factors 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain) % 

COD 

1.2 
1.3 
1.7 

Volume of Air/Unit Weight of Feed, ml/gm - 34.6 
Overhead/Feed,% - 6.5 

T em peratu re, oc - 220 
pH Range - 12.2 

Color 

22.6 
0.3 

27.7 

Turbidity 

18.2 
0.9 

20.3 
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The initial results were not encouraging with the basic system. The collapsing 
disperse dye system was not attractive for foam fractionation work although 
it was of some interest with regard to coagulation. To eliminate the pH 

variable, it was decided to use neutral systems for the remainder of the study. 
From these tests it was concluded that few beneficial results would be obtain
ed from foam fractionation of a disperse dye system without the use of a 
foaming or coagulant aid. 

Tests Using Surfactants. The experimental results obtained from foam frac

tionation tests of a brown simulated disperse dye bath waste using cationic, 
anionic, and nonionic surfactants are presented in Tables VI, VII, and VIII. 
The results using nonionic and anionic surfactant additives showed no im
provement over previous runs when no additives were used. The anionic 
surfactant produced a large amount of white, stable foam. High carryover 
rates were observed from both materials. A negative percent concentration 
reduction factor for color was observed using the anionic surfactant additive. 
This was attributed to cloudiness in the bottoms product sample. 

Results using the cationic surfactant were very encouraging. All the perform

ance factors were much better than any previous run with the exception of 

percent overhead. The poor closure in the component material balance for 

color and turbidity was attributed to the large amount of dye material that 
remained on the column walls. 

The results indicate that concentration reduction is partially a wall-effect, 
that is, the material that stays on the walls is reflected in an improved con

centration reduction. This is equivalent to assuming that all the material stuck 
to the walls should go overhead in the foam if the equipment is properly 
designed. The performance factors indicate that the cationic surfactant was 
far superior to the other surfactant additives. This additive was selected for 
further study. 
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Table VI. Results of a Foam Fractionation Test Using Brown Disperse Dye 

with Lignosulfonate Dispersing Agent and a Cationic Surfactant Additive.* 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - (Concentration, ppm) 

Lauryl Trimethyl Ammonium Bromide, (50) 

Concentration Reduction,% 

Enrichment Ratio 

Component Loss (gain),% 

Performance Factors 

COD 

43.2 
9.7 

(2.7) 

Volume of Air/Unit Weight of Feed, ml/gm - 10.2 

Overhead/Feed,% - 9.4 

Temperature, oc - 220 
pH Range - 6.7 

Color 

84.3 
33.5 
36.2 

Turbidity 

76.0 

23.6 
25.3 

*These results represent a summary of Run 10, Table XXVI in Appendix A. 
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Table VI I. Results of a Foam Fractionation Test Using Brown Disperse Dye 
with Lignosulfonate Dispersing Agent and a Nonionic Surfactant Additive. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - (Concentration, ppm) 

Lauryl Diethanolamide, (50) 

Performance Factors 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain) % 

COD 

5.6 
1.3 
2.3 

Volume of Air/Unit Weight of Feed, ml/gm - 26.6 
Overhead/Fee,% - 16.3 
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Temperature, oc - 220 
pH Range - 7.7 

Color 

0.6 
1.3 

(2.4) 

Turbidity 

7.3 
1.1 
6.4 



Table VI 11. Results of a Foam Fractionation Test Using Brown Disperse 
Dye with Lignosulfonate Dispersing Agent and an Anionic Surfactant 
Additive. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - (Concentration, ppm) 

Sodium Lauryl Sulfate, (50) 

Performance Factors 

COD 

Concentration Reduction,% 3.4 
Enrichment Ratio 1.3 
Component Loss (gain) % (6.6) 

Volume of Air/Unit Weight of Feed, ml/gm - 20.5 
Overhead/Feed,% - 41.8 

Temperature, oc - 220 
pH Range - 7 .0 

Color Turbidity 

-22.0 0.0 
0.6 1.1 
1.3 (2.4) 

Tests Using Polyelectrolytes. The experimental results obtained from foam 
fractionation tests of a brown simulated disperse dye bath waste using cat
ionic, anionic, and nonionic polyelectrolytes are presented in Tables IX, X, 
and XI. The results using nonionic and anionic polyelectrolyte additives 
showed no improvement and behaved similarily to the surfactants having the 
same charge character. The anionic polyelectrolyte produced a large amount 
of white, stable foam, and a high carryover rate resulted. The chemical oxy
gen demand and color concentrations actually increased in the bottoms pro
duct during the run causing a negative percent concentration reduction fact
or. Some cloudiness was noted in the bottoms product sample. This was 
attributed to some complex which might have formed between the dye, 
dispersing agent, and anionic polyelectrolyte causing an increase in color 
readings and possibly chemical oxygen demand. No correction was made for. 
the chemical oxygen demand contributed to the feed by polyelectrolytes. 
The negative concentration reduction factor for chemical oxygen demand 
might indicate that the polyelectrolytes concentrated in the bottoms and 
were not foamed overhead. 
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The cationic polyelectrolyte additive did show some improvement over 
previous tests, although not as good as with the cationic surfactant. Stable, 
white foam was produced at the beginning of the run and colored foam was 
observed near the end. The enrichment ratio factor improved slightly over 
previous tests. Because of the more favorable results, several cationic poly
.electrolytes were selected for further testing. 

Table IX. Results of a Foam Fractionation Test Using Brown Dispersed Dye 
with Lignosulfonate Dispersing Agent and a Cationic Polyelectrolyte Addi
tive.* 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - (Concentration, ppm) 

lonac NC-720, (100) 

Performance Factors 

COD 

Concentration Reduction,% 9.3 
Enrichment Ratio 1.7 
Component Loss (gain) % 8.1 

Volume of Air/Unit Weight of Feed, ml/gm - 89.9 
Overheat/Feed, % - 3.4 

Temperature, oc - 220 
pH Range - 7.7 

Color Turbidity 

0.9 29.4 
2.0 4.8 

( 1.3) 21.0 

*These results represent a summary of Run 7, Table XXIV in Appendix A. 
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Table X. Results of a Foam Fractionation Test Using Brown Disperse Dye 
with Lignosulfonate Dispersing Agent and a Nonionic Polyelectrolyte 
Additive. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - (Concentration, ppm) 

lonac Nl-700, (100) 

Performance Factors 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain) % 

COD 

1.8 
2.4 
0.3 

Volume of Air/Unit Weight of Feed, ml/gm - 83.9 

Overhead/Feed,% - 1.6 

Temperature, oc - 220 
pH Range - 6. 7 

Color 

1.0 
0.8 
2.0 

Turbidity 

13.3 
1.0 

13.9 
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Table XI. Results of a Foam Fractionation Test Using Brown Disperse Dye 
with Lignosulfonate Dispersing Agent and an Anionic Polyelectrolyte 
Additive. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - (Concentration, ppm) 

lonac NA-700, (100) 

Performance Factors 

Concentration Reduction, % 
Enrichment Ratio 
Component Loss (gain) % 

COD 

-17.5 
0.9 

(15.2) 

Volume of Air/Unit Weight of Feed, ml/gm - 27 .7 
Overhead/Feed,% - 16.2 

Temperature, oc - 220 
pH Range - 6.8 

Color 

-15.8 
0.8 

( 11. 1) 

Turbidity 

11.6 
2.0 

(2.3) 

Tests Using Various Cationic Surfactants. Two cationic surfactants, lauryl 
trimethyl ammonium bromide and lauryl trimethyl ammonium chloride were 
tested at 50 and 100 ppm concentration. The results appear in Tables XII, 
XIII, and XIV. In each of these tests, the concentration of chemical oxygen 
demand contributed to the feed, and to the overhead foam by the cationic 
surfactant was deducted before the results were evaluated. The assumption 
was made that all the surfactant was removed in the foam product. The 
performance factors were very good in comparison to previous results using 
other additives. The component loss was high on tests using 100 ppm of 
surfactant because of the large amounts of dye particles which collected along 
the column walls. Color and turbidity concentration reductions were in about 
the same range, but chemical oxygen demand results were unclear. Since the 
color and turbidity removals indicate that the disperse dye has been elimi
nated, the chemical oxygen demand remaining represents either dispersing 
agent, unused surfactant, or some noncolored material in the disperse dye 
mixture From these encouraging results, it was decided to conduct a detailed 
study using a cationic surfactant at various operating conditions. 
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Although the two cationic surfactants behaved similarily during testing, sever
al differing observations were made concerning the results. The test using 50 
ppm of lauryl trimethyl ammonium chloride gave the best results, but 
achieving these results required a large overhead product rate. The air rates 
necessary to achieve the separations for the chloride material were also higher 
than the bromide requirements. Based on these undesirable features of the 
lauryl trimethyl ammonium chloride surfactant, the bromide material was 
selected for future tests using cationic surfactant additives. 

Table XI I. Results of a Foam Fractionation Test Using Brown Disperse Dye 
with Lignosulfonate Dispersing Agent and a Cationic Surfactant Concen
tration of 50 ppm.* 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - (Concentration, ppm) 

Laury! Trimethyl Ammonium Chloride, (50) 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain) % 

Performance Factors 

COD 

51.9 
5.8 
8.8 

Volume of Air/Unit Weight of Feed, ml/gm - 12.5 
Overhead/Feed,% - 19.3 

Temperature, oc - 220 
pH - 7.6 

Color 

87.3 
25.0 
28.9 

Turbidity 

92.0 
32:3 
45.5 

*These results represent a summary of Run 17, Table XXVll in Appendix A. 
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Table XI 11. Results of a Foam Fractionation Test Using Brown Disperse 

Dye with Lignosulfonate Dispersing Agent and a Cationic Surfactant Concen
tration of 100 ppm. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - (Concentration, ppm) 

Lauryl Trimethyl Ammonium Bromide, (100) 

Concentration Reduction, % 
Enrichment Ratio 
Component Loss (gain) % 

Performance Factors 

COD 

46.3 
16.5 
28.1 

Volume of Air/Unit Weight of Feed, ml/gm - 11.0 
Overhead/Feed,% - 2.4 
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Temperature, oc - 220 
pH Range - 7.1 

Color 

83.6 
30.8 
72.4 

Turbidity 

77.3 
11.3 
67.6 



Table XIV. Results of a Foam Fractionation Test Using Brown Disperse 
Dye with Lignosulfonate Dispersing Agent and a Cationic Surfactant Concen
tration of 100 ppm. 

Initial Condit ions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 

Additive - (Concentration, ppm) 

Laury I Trimethyl Ammonium Chloride, ( 100) 

Concentration Reduction,% 

Enrichment Ratio 

Component Loss (gain),% 

Performance Factors 

COD 

24.7 

6.0 

2.6 

Volume of Air/Unit Weight of Feed, ml/gm - 16.5 
Overhead/Feed,% - 6.0 

Temperature, oc - 220 

pH Range - 7 .6 

Color 

84.1 

11.3 

74.3 

Turbidity 

88.3 

12.8 

80.0 

Tests Using Various Cationic Polyelectrolytes. Foam fractionation tests were 

conducted on four different cationic polyelectrolytes, Natron 86, Purfloc 

C-31, Purfloc C-32, and lonac NC-720. Results have previously been present

ed using lonac NC-720 (see Table IX). The results of tests using the other 

cationic polyelectrolytes were similar. The average performance of these four 
materials is presented in Table XV. 

With the exception of the run using the cationic surfactant, performance 
factors were improved over previous runs. Colored foam was observed near 

the end of each run. One material tested, Purfloc C-32, behaved similarily to 
the anionic polyelectrolyte and surfactant in that it left the bottoms product 
cloudy. This caused an increase in the bottoms product concentration of 

color and chemical oxygen demand. The air rates remained high because of 

difficulty in producing foam. The gains made in performance factors were not 
significant enough to warrant further study. 

In several tests, coagulation of the dye particles was observed to occur im

mediately after the cationic polyelectrolyte was added. Dye particles were 
observed collecting at the bottom of the foam fractionation column after the 
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Table XV. Results of Foam Fractionation Tests Using Brown and Blue 
Disperse Dyes with Lignosulfonate Dispersing Agent and Various Cationic 
Polyelectrolyte Additives* 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additive - (Concentration, ppm) 

lonac NC-720, (100) 
Natron 86, (200) 

Purfloc C-31, (200) 
Purfloc C-32, (200) 

Performance Factors 

Temperature, oc - 220 
pH Range - 7 ,0-8.0 

COD Color Turbidity 

Concentration Reduction,% 8.8 
Enrichment Ratio 1.9 
Component Loss (gain),% 7.3 

Volume of Air/Unit Weight of Feed, ml/gm - 101.1 
Overhead/Feed,% - 3.7 

1.1 16.3 
2.3 3.2 

(2.2) 10.9 

*These results are an average of four runs. Typical run details are shown on 
Table XXIV, Appendix A, for Run 7 using 100 ppm lonac NC-720. 
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tests started. The large unstable dye particles that were formed bounced off 
the air bubbles rather than being adsorbed at the air-water interface. In most 
cases the sample had to be well stirred before analytical tests could be con
ducted. In addition, after allowing the samples from these tests to settle 24 
hours, many of the bottoms samples cleared up with the dye particles settling 
to the bottom of the container. Samples of the supernate from the bottoms 
and overhead product were analyzed for chemical oxygen demand, color, and 
turbidity. Performance factors were calculated using the analytical results 
from the original feed sample and a summary of the results appear in Table 
XVI. The very high component loss factors indicate that much material set
tled out in the column and was not accounted for ·in the product analyses. 
The detailed summary for each run can be found in Appendix A. 

The results from flocculation are good; in fact so good a program of testing to 
explore the possibility of using cationic polyelectrolytes as a flocculant may 
be justified. The concentrations used here were high and could be costly, but 
perhaps lower concentrations would be just as effective. 
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Table XVI. Results of Foam Fractionation Tests Using Various Cationic 
Polyelectrolytes-After Samples Settled for 24 Hours.* 

Initial Conditions 

Dye Concentration, ppm -300 
Dispersing Agent 

Concentration, ppm - 100 
Additives - (Concentration, ppm) 

lonac NC-720, ( 100) Purfloc C-31, (200) 
Natron 86, (200) Purfloc C-32, (200) 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain),% 

Performance Factors 

COD 

58.7 
2.2 

75.4 

Volume of Air/Unit Weight of Feed, ml/gm - 101.1 
Overhead/Feed,% - 3.7 

Temperature, oc - 22° 
pH Range - 7 to 8 

Color 

86.8 
7.7 

85.6 

Turbidity 

65.8 
9.3 

62 .6 

*These results are an average of four runs. Typical run details are shown on 
Table XXV, Appendix A for Run 7A using 100 ppm lonac NC-720. 

Tests with Cationic Surfactant. A total of 18 tests were conducted at concen
tration levels of 25, 50, and 100 ppm of lauryl trimethyl ammonium 
bromide. These tests were designed to determine the effect of surfactant 
concentration, foam height, liquid height, and air rate on the performance 
factors for the brown simulated waste. Several tests were conducted on the 
blue and yellow materials and they behaved similarily to the brown waste. 
Correlations were made with respect to the concentration reduction perform
ance factor, since this information would be the most interesting to industry. 

The first correlation shows the effect of cationic surfactant concentration on 
the concentration reduction of chemical oxygen demand, color, and tur
bidity. Figures 11, 12, and 13 present these data. An average value of concen
tration reduction for each surfactant concentration was determined and a 
curve was drawn through the points. This curve does not represent what 
occurs at other concentrations but it connects the points in a smooth curve. 
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Figure 11. Effect of Cationic Surfactant Concentration on the Percent 
Concentration Reduction of COD. 
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Figure 12. Effect of Cationic Surfactant Concentration on the Percent 
Concentration Reduction of Color. 
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Figure 13. Effect of Cationic Surfactant Concentration on the Percent 
Concentration Reduction of Turbidity. 
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Results from earlier tests with no additives were used for the zero surfactant 
concentration level. 

The correlations, as expected, show an increase in concentration reduction 
with an increase in surfactant concentration. Excellent concentration reduc
tions were achieved at 50 and 100 ppm of cationic surfactant. A sharp in
crease in concentration reduction was noted between 25 and 50 ppm sur
factant concentration. This increase may be more or less abrupt than the 
curve indicates but this determination was left for detailed study. Higher 
concentration reductions were noted in color and turbidity than chemical 
oxygen demand. As mentioned previously, chemical oxygen demand is added 
to the feed with an increased surfactant concentration. It is expected that a 
surfactant concentration much beyond 100 ppm would cause a decrease in 
the level of concentration reduction for chemical oxygen demand. Corre
spondingly, an increase in surfactant concentration would drive the color and 
turbidity concentration reduction factors toward 100%. 

Table XVII shows the effect of foam height on the concentration reduction 
of chemical oxygen demand, color, and turbidity. Seven of nine comparisons 
show that improved performance was achieved at the lower foam height. 
Although some of the differences are quite small and probably could be 
explained as experimental error in the analytical tests, this result is contrary 
to the literature.45 More enrichment should occur at higher foam heights, but 
a foam height of approximately 17 inches versus a 9-inch liquid height may 
have been too large. The foam probably becomes too unstable at this height 
to carry the dye particles overhead. The particles either collect on the column 
walls or fall into the liquid bath and are not removed at all. 
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Table XVII. Effect of Foam Height and Concentration of Cationic Sur
factant* on the Concentration Reduction of COD, Color, and Turbidity. 

Surfactant Concentration, ppm 

25 50 100 

Number of Runs 
Low Foam Heightt 3 5 3 
High Foam Heightt 2 3 2 

COD Reduction 
Low Foam Height 9.5 47.3 48.1 
High Foam Height 6.0 43.1 57.2 

Color Reduction 
Low Foam Height 17.4 86.2 90.7 
High Foam Height 20.2 77.1 84.0 

Turbidity Reduction 
Low Foam Height 31.8 71 .6 82.0 
High Foam Height 17 .1 59.6 78.9 

Percent Overhead 
Low Foam Height 7.6 9.7 4.1 
High Foam Height 3.2 13.1 9.5 

*Lauryl Trimethyl Ammonium Bromide 
tTypical liquid heights for these tests were 9.0 in. A typical low foam height 
was 5.0 in. and a high foam height was 17 .0 in . 

Data for the amount of overhead product taken showed no distinguishable 
pattern which could be correlated with these results. The higher carryover 
rates in certain tests indicated insufficient foam drainage. These results do not 
definitely indicate how or if concentration reduction is a function of the 
amount of overhead product. 

A comparison was made between concentration reduction and the volume of 
air per unit weight of feed charged to the column. The results appear in 
Figures 14, 15, and 16. Since the range of air rates explored at 50 ppm was 
limited, the 100 ppm data were also included. A least squares curve fit was 
used. 
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Figure 15. Effect of the Volume of Air Used on the Percent Concentration 
Reduction of Color. 
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Figure 16. Effect of the Volume of Air Used on the Percent Concentration 
Reduction of Turbidity. 
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This analysis showed that reduction of chemical oxygen demand was in
sensitive to changing air rates while reduction of color and turbidity were 
only slightly sensitive. The magnitude of the slopes for the color and tur
bidity were practically the same. Several tests at the 100 ppm surfactant 
concentration yielded high color and turbidity removals with high air rates. 
Discounting the high reductions realized at this concentration, it would 
appear that all concentration reductions are relatively independent of the air 
rate. 

Some scatter was observed in the data on Figures 14, 15, and 16 but this can 
be attributed to variations in the operation of the apparatus and equipment 
limitations. For example, concentration reductions varied with the foam 
height and this could be blamed for some of the variation. In addition, 
foaming rates started low on some runs and higher on others, and limitations 
in the equipment prevented the immediate efficient removal of the foam 
produced. Finally, dye particles became attached to the sides of the column 
or fell back into the bath. These particles probably remained in the bath 
unless sufficient excess surfactant was available to foam them out again. 

Tests Using Combinations of Polyelectrolytes and a Cationic Surfactant. Two 
tests were conducted using cationic polyelectrolyte and cationic surfactant 
additives together. A summary of the average performance from these tests is 
presented in Table XVI 11. Some flocculation was observed in the feed and 
product samples from these tests but analysis of the decanted liquid was not 
made. Two tests were also conducted with anionic and nonionic poly
electrolytes in solution with a cationic surfactant. These results are presented 
in Tables XIX and XX. 
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Table XVI 11. Results of Foam Fractionation Tests Using Brown Dye with 
Lignosulfonate Dispersing Agent and a Combination Cationic Surfactant and 
Cationic Polyelectrolyte Additives. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additives - (Concentration, ppm) 

Temperature, oc - 220 
pH Range - 8.1 

Lauryl Trimethyl Ammonium Bromide, (50) and lonac NC-720, (100) 
Lauryl Trimethyl Ammonium Bromide, (50) and Purfloc C-32, (100) 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain),% 

Performance Factors 

COD 

36.0 
8.7 

19.3 

Volume of Air/Unit Weight of Feed, ml/gm - 6.5 
Overhead/Feed,% - 3.6 
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Color 

73.1 
74.7 
66.4 

Turbidity 

69.9 
11.6 
54.1 



Table XIX. Results of a Foam Fractionation Test Using Brown Dye with 
Lignosulfonate Dispersing Agent and a Combination of Cationic Surfactant 
and Nonionic Polyelectrolyte Additives. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additives - (Concentration, ppm) 

Lauryl Trimethyl Ammonium Bromide, (50) 
lonac Nl-700, (100) 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain),% 

Performance Factors 

COD 

36.5 
4.5 

(3.2) 

Volume of Air/Unit Weight of Feed, ml/gm - 9.0 
Overhead/Feed,% - 18.4 

Temperature, oc - 220 
pH Range - 6.8 

Color 

81.8 
19.7 
19.6 

Turbidity 

64.3 
9.3 

10.3 
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Table XX. Results of a Foam Fractionation Test Using Brown Dye with 
Lignosulfonate Dispersing Agent and a Combination of Cationic Surfactant 

and Anionic Polyelectrolyte Additives. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Additives - (Concentration, ppm) 

Lauryl Trimethyl Ammonium Bromide, (50) 
lonac NA-710, (100) 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain),% 

Performance Factors 

COD 

28.4 
2.4 

(12.3) 

Volume of Air/Unit Weight of Feed, ml/gm - 12.3 
Overhead/Feed,% - 41.4 

Temperature, oc - 220 
pH Range - 6.4 

Color Turbidity 

61.0 35.6 
3.3 2.1 

24.5 8.3 

In all cases the results are no better than those achieved using a cationic 
surfactant alone. The tests using nonionic and anionic polyelectrolytes yield
ed poorer results than previous tests with the surfactant additive alone. The 
tests using the cationic polyelectrolytes show an improvement in air rates. 
This improvement can be attributed to the fact that most of the dye particles 

fell out of solution soon after the test started. High performance factors were 
observed on one test because the dye particles would not stay in solution 
even after vigorous stirring. The high component loss for this run indicated 
that much of the dye material remained in the bottom of the column. This 
loss was favorably reflected in the analytical tests and therefore in the per
formance factors. 

Tests Using an Actual Industrial Textile Mill Waste. In an effort to make the 
results of this study more realistic, several tests were conducted on a more 
dilute textile mill waste (see Table 11). The waste was obtained from the No. 
5 Mill of Dan River Mills, Danville, Virginia. The material had a light green 
color which substantiated that it had a low dye concentration. Transmittance 
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values were much higher for this material than the simulated wastes and the 
COD was about 25% lower. After the · material was neutralized from a pH of 
approximately 12.0 to 7 .6 using dilute sulfuric acid, a test was conducted 
using 50 ppm of cationic surfactant. The summary of this run is presented in 
Table XXI. 

Comparison of the concentration reduction performance factors with previ
ous tests using simulated wastes indicated that concentration reductions were 
not as good as the previous results. The concentration reductions of chemical 
oxygen demand and color were approximately 30 and 10% lower, re
spectively. The turbidity concentration reductions were about the same as 
previous tests. Since one of the main problems with industrial waste treat
ment is color, the 75% color concentration reduction may be very significant. 
The chemical oxygen demand concentration reduction was disappointing; 
however, the likely application of foam fractionation would seem to be as a 
chemical pretreatment followed by bioxidation (secondary treatment) to re
duce the oxygen demand to acceptable levels. 

Higher enrichment ratios were achieved during this test due to the small 
amount of overhead product. Component losses improved over tests with 
simulated material because the dye concentration in the waste was much 
lower. With the lower dye concentration, the bubble structure was more 
stable and a higher percentage of the dye material was carried overhead rather 
than deposited along the column walls. A very small amount of dark residue 
remained along the walls and the bottoms product was almost clear at the end 
of the run. The air rates were about the same in this run as previous tests. 

Additional tests were conducted at 10, 25, and 100 ppm of cationic sur
factant additive concentration. These results along with the results from the 
previous run are presented in Figure 17. Because of the limited number of 
data points, straight I ines were fitted to the data using least squares curve fit. 
The concentration reductions of color and turbidity were shown to increase 
with surfactant concentration while the concentration reduction of chemical 
oxygen demand decreased. Based on the limited data available, this material 
does not project the sharp increase in concentration reduction between 25 
and 50 ppm surfactant concentration. These data indicate that a concen
tration reduction of 25% is the highest that can be attained in this system. In 
addition, an increase in surfactant concentration above 100 ppm would result 
in an increase in chemical oxygen demand of the bottoms product compared 
to the feed. The data alsb indicate that a 30 to 50% concentration reduction 
in color and turbidity could be achieved by foaming with 10 ppm of cationic 
surfactant or less. Attempts to improve the concentration reduction of color 
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Figure 17. Effect of Cationic Surfactant Concentration on the Percent Con -
centration Reduction of COD, Color, and Turbidity in the Actual lndustriql 
Textile Wastes. 
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and turbidity will adversely affect the reduction of chemical oxygen demand. 

Table XXI. Results of a Foam Fractionation Test Using an Actual Industrial 
Textile Mill Waste with Cationic Surfactant Additive.* 

Initial Conditions 

Material Tested - A composite 
sample of untreated waste from 
Mill Number 5, Dan River Mills 

Additive - (Concentration, ppm) 
Lauryl Trimethyl Ammonium Bromide (50) 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain),% 

Performance Factors 

COD 

17.3 
8.2 

(1.5) 

Volume of Air/Unit Weight of Feed, ml/gm - 14.0 
Overhead/Feed,% - 3.3 

Temperature, oc - 220 

pH Range - 7 .7 

Color 

73.7 
65.5 
18.4 

Turbidity 

63.3 
43.6 
12.5 

*These results represent a summary of Run 40, Table XXIX in Appendix A. 

Several tests were conducted using a combination of cationic polyelectrolyte 
and cationic surfactant. The results of these tests appear in Tables XXI I and 
XXI 11. The results are similar to those obtained using the same additives on 
the simulated waste. The material that settled out in the column and sample 
containers was not detected by the analytical tests. This yielded good per
formance factors which were discredited by the high component loss factors. 

To briefly summarize the results, initial tests on the simulated dye bath waste 
indicated that the cationic surfactant was the superior additive. Detailed test
ing indicated that performance was mainly a function of cationic surfactant 
concentration. Tests with actual industrial waste indicated that this material 
would behave similarily to the simulated wastes which were previously tested. 
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Table XXll. Results of a Foam Fractionation Test Using an Actual In
dustrial Textile Mill Waste with a Combination of Cationic Surfactant and 
Cationic polyelectrolyte additives. 

Initial Conditions 

Material Tested · A composite 
sample of untreated waste from 
Mill Number 5, Dan River Mills 

Additives· (Concentration, ppm) 
Laury I Tri methyl Ammonium Bromide, (25) 
Purfloc C-32, (25) 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain),% 

Performance Factors 

COD 

21.5 
15.9 
9.6 

Volume of Air/Unit Weight of Feed, ml/gm - 8.7 
Overhead/Feed,% · 1.1 
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Temperature, oc - 220 
pH Range · 7 .2 

Color 

55.4 
34.1 
40.2 

Turbidity 

30.0 
19.6 
16.6 



Table XXI 11. Results of a Foam Fractionation Test Using an Actual In
dustrial Textile Mill Waste with a Combination of Cationic Surfactant and 
Polyelectrolyte Additives. 

lnital Conditions 
Material Tested - A composite 

sample of untreated waste from 
Mill Number 5 of Dan River Mills 

Additives - (Concentration, ppm) 
Lauryl Trimethyl Ammonium Bromide, (100) 
Purfloc C-32, ( 100) 

Concentration Reduction,% 
Enrichment Ratio 
Component Loss (gain),% 

Performance Factors 

COD 

29.7 
3.0 

23.5 

Volume of Air/Unit Weight of Feed, ml/gm - 4.5 
Overhead/Feed,% - 4.4 

Temperature, oc - 220 
pH Range - 8.0 

Color 

97.5 
27.8 
94.5 

Turbidity 

93.8 
31.7 
85.4 

Practical Implications. The analytical tests for color indicated that the 
simulated waste was approximately 10 times more concentrated than the 
actual waste in terms of color. Assuming that other processing streams do 
not contribute color bodies, the total color contamination would come 
from the disperse dye bath wastes. The simulated waste would therefore 
represent one-tenth of the total flow of perhaps 10million gallons per day 
or one million gallons per day of segregated disperse dye bath waste. 

To pretreat 1.0 million gallons per day (MGD) of the concentrated waste 
by foam fractionation, a cationic concentration of at least 50 ppm should 
be used. With this concentration a 52.1% removal of COD, 89.2% removal 
of color, and 75.3% removal of turbidity would be possible (see Run No. 
25, Table XXVll I in Appendix A). The overhead would be 7.1% of the feed 
and 1.96 cu. ft. per gallon of feed processed would be necessary. With a 
cost of roughly $0.50 per lb. for a commercial cationic surfactant, the daily 
chemical cost would be about $210. This cost is high, but the color and 
turbidity removal of these materials is probably more complete than is 
possible by biological oxidation. COD removal is also not easy. In other 
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words it may be easier and more economical to treat these segregated 
wastes separately than to mix into a composite for treatment. 

The reuse of the foamed product is also a possibility. The composition of the 
foamed product would be approximately 3400 ppm dye (assuming 80% 
overhead recovery), 730 ppm dispersant (52% overhead recovery), and 350 
ppm cationic surfactant. Reusing such a product, still disperse and not 
coagulated, for polyester dyeing or for cheap product dyeing may be an idea 
worthy of technical and economic consideration. Operation of a pilot plant 
to recover sufficient dye materials for testing would also provide an 
opportunity to evaluate the scale-up problems which are anticipated. To treat 
10 MGD of the dilute industrial composite waste studied by foam 
fractionation would be very expensive since the minimum amount of cationic 
surfactant which seemed effective was about 25 ppm. 
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VI. CONCLUSIONS 

I. Simulated disperse dye bath wastes without additives do not respond 
well to foam fractionation as a waste treatment technique. 

2. Of the additives tested, only cationic surfactants significantly improved 
the performance. Substantial reductions of chemical oxygen demand, 
color, and turbidity were observed. 

3. A removal of 52.1% of the COD, 89.2% of the color, and 75.3% of the 
turbidity was effected by using 50 ppm . of a lauryl trimethyl 
ammonium bromide surfactant as a foaming agent. The chemical cost 
for a foam fractionation pretreatment would be about $210 per day for 
the treatment of 1.0 MGD of concentrated waste. 

4. Cationic surfactant concentration is the most important variable in 
achieving good foam fractionation results. 

5. The behavior of an actual industrial waste was found to coincide with 
simulated wastes during foam fractionation. The percentages of color 
and turbidity reduction were similiar for both wastes but the amount of 
each variable removed was far greater for the simulated wastes. 

The pretreatment of dilute wastes by foam fractionation is definitely 
uneconomical. 

6. The cationic polyelectrolytes were ineffective as foaming agents for 
concentrated wastes, but were very effective in performing as 
flocculants for this disperse dye system. 
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VII. RECOMMENDATIONS 

1. Segregated industrial wastes should be obtained from several different 
textile mills and the effectiveness and costs of pretreating with foam 
fractionation as well as flocculation should be evaluated. This should 
include the effect such a pretreatment has on the subsequent biological 
oxidation. 

2. The technical and economical feasibility of reusing the foam 
fractionation product for dyeing should be determined. In particular 
the effect of cationic surfactants on dye bath operation is unknown. 
This probably would require scaling-up foam fractionation to pilot 
plant size in order to supply a sufficient quantity of recovery dye for 
testing. Pilot plant operation would also provide an opportunity to 
evaluate scale-up problems. 

3. A fundamental laboratory study of foam fractionation of actual 
concentrated bath wastes is a necessity if reuse of the dye is to be 
seriously evaluated. Such testing should be evaluated in terms of 
effectiveness, economics, and operability. Continuous foam 
fractionation systems, with and without reflux, should be studied and 
evaluated. 
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APPENDIX A 

Experimental Data and Performance Factors 

Selected data obtained during this investigation and performance factors 
explained in Figure 10 are presented in the following section. For other 
detailed runs see Fansler.64 
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Table XXIV. Run 7 - Experimental Results of a Foam Fractionation Test 
Using Brown Disperse Dye and Lignosulfonate Dispersing Agent with a 
Cationic Polyelectrolyte. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Run Time, min. - 25.0 
Additive - (Concentration, ppm) 

I onac NC-720, ( 100) 

Feed 

Weight, gms. 1602 
COD, mg/I 645 
Color, %T 9.8 

Data 

Color, A 1.009 
Turbidity, 

ppm Si02 170 
pH 7.5 

Results 

COD 

Concentration Reduction,% 9.3 
Component Removal,% 13.4 
Concentration Increase, % 53.5 
Component Increase,% -94.7 
Enrichment Ratio 1.7 
Component Loss (gain),% 8.1 

Liquid Height above 
Sparger, in. - 8.8 

Foam Height, in. - 5.0 
Air Rate, SC FH - 12.2 

Temperature, oc - 220 

O.H. Prod. Btms. Prod. 

55 1530 
990 585 

1. 1 10.0 
1.958 1.000 

575 120 
8.0 7.8 

Color Turbidity 

0.9 29.4 
5.4 32.6 

94.1 238.2 
-93.3 -88.4 

2.0 4.8 
(1.3) 21.0 

Overhead/Feed,% - 3.4 Weight Loss (gain),% - 1.1 
Volume of Air/Unit Weight of Feed, ml/gm - 89.-9 

Notes: Air rate was increased from 1.5 to 22.7 SCFH during the run. Large 
amounts of dense white foam were observed at the beginning of the 
run. The foam turned a brown color with large bubbles near the 
end. 
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Table XXV. Run 7A - Results from Run 7 after 24 hours of settling. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Run Time, min. - 25.0 
Additive - (Concentration, ppm) 

lonac NC-720, (100) 

Feed 

Weight, gms. 1602 
COD, mg/I 645 
Color, %T 9.8 
Color, A 1.009 
Turbidity, 

ppm Si02 170 
pH 7.5 

Concentration Reduction,% 
Component Removal,% 
Concentration Increase, % 
Component Increase,% 
Enrichment Ratio 
Component Loss (gain),% 
-----._..._ ... ·- -·-- ~-·-----

Data 

Results 

COD 

69.0 
70.4 
-5.4 

-96.7 
3.1 

67.2 

Liquid Height above 
Sparger, in. - 8.8 

Foam Height, in. - 5.0 
Air Rate, SCFH - 12.2 

Temperature, oc - 220 

O.H. Prod. Btms. Prod. 

55 1530 
610 200 

11.0 90.5 
0.958 0.044 

515 50 
8.0 7.8 

Color Turbidity 

95.6 70.6 
95.8 71.9 
-5.0 203.0 

-96.7 -89.6 
21.8 10.3 
92.6 61.5 

Overhead/Feed,% - 3.4 Weight Loss (gain), % - 1.1 
Volume of Air/Unit Weight of Feed, ml/gm - 89.9 

Notes: The material was allowed to sit for 24 hours before analytical tests 
were made. Only the supernate was tested and the dye particles that 
settled out were left undisturbed. 
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Table XXVI. Run 10 - Experimental Results of a Foam Fractionation Test 
UsinQ Brown Disperse Dye and Lignosulfonate Dispersing Agent with a 
Cationic Surfactant. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Liquid Height above 

Concentration, ppm - 100 
Run Time, min. - 120.0 
Additive - (Concentration, ppm) 

Sparger, in. - 9.3 
Foam Height, in. - 4.8 
Air Rate, SCFH - 0.30 
Temperature, oc - 220 

Lauryl Trimethyl Ammonium Bromide, (50) 

Weight, gms. 
COD, mg/I 
Color, %T 
Color, A 
Turbidity 

ppm Si02 
pH 

Feed 

1664 
525(405)* 

8.2 
1.087 

460 
7.0 

Data 

Results 

Concentration Reduction,% 
Component Removal,% 
Concentration Increase, % 
Component Increase,% 
Enrichmetlt Ratio 
Component Loss (gain),% 

COD 

43 .2 
49.3 

451.9 
-47.9 

9.7 
(2.8) 

O.H. Prod. 

157 
2237 

3.7@3:1 

5.728 

2600 

11-1 1 II 

Color 

84.3 
86.0 

426.9 
-50.3 
33.5 
36.2 

Overhead/Feed,% - 9.4 Weight Loss (gain),% - 1.3 
Volume of Air/Unit .Weight of Feed, ml/gm - 10.2 

*COD contributed to feed by cationic surfactant deducted. 

Note: Reddish colored foam appeared 75 minutes into the run. 

Btms. Prod. 

1468 
230 

67.5 
0.171 

110 
6.8 

Turbidity 

76.1 
78.6 

465.2 
-46.7 
23.6 
25.3 
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Table XXVI I. Run 17 - Results of a Foam Fractionation Test Using Brown 
Disperse Dye and Lignosulfonate Dispersing Agent with a Cationic 
Surfactant. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Run Time, min . - 60.0 
Additive - (Concentration, ppm) 

Liquid Height above 
Sparger, in. - 9.0 

Foam Height, in. - 4.8 
Air Rate, SCFH - 0.72 
Temperature, oc - 220 

Lauryl Trimethyl Ammonium Chloride, (50) 

Data 

Feed O.H. Prod. Btms. Prod. 

Weight, gms. 1633 315 1287 
COD, mg/I 490(385) * 1065 185 
Color, %T 8.3 7.2@2:1 73.4 
Color, A 1.205 3.429 0.137 
Turbidity, 

ppm Si02 400 1000 32 
pH 7.6 7.5 7.8 

Results 

COD Color Turbidity 

Concentration Reduction, % 51.9 87.3 92.0 
Component Removal, % 62.1 90.0 93.7 
Concentration Increase, % 176.6 216 .9 150.0 
Component Increase, % -46.6 -38.9 -51.8 
Enrichment Ratio 5.8 25.0 32.3 
Component Loss (gain), % 8.8 28.9 45.5 

Overhead/Feed, % - 19.3 Weight Loss (gain) , % - 1.9 
Volume of Air/Unit Weight of Feed, ml/gm - 12.5 

*COD contributed to the feed by the cationic surfactant has been deducted. 

Notes: High amount of overhead product due to carryover caused by stable 
foam. 
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Table XXVI 11. Run 25 - Results of a Foam Fractionation Test Using 
Brown Disperse Dye and Lignosulfonate Dispersing Agent with a Cationic 
Surfactant Concentration of 50 ppm. 

Initial Conditions 

Dye Concentration, ppm - 300 
Dispersing Agent 

Concentration, ppm - 100 
Run Time, min. - 70.0 
Additive - (Concentration, ppm) 

Lauryl Trimethyl Ammonium Bromide, (50) 

Data 

Liquid Height above 
Sparger, in. - 7 .8 

Foam Height, in. - 6.0 
Air Rate, SC FH - 0.65 
Temperature, oc - 220 

Feed O.H. Prod. Btms. Prod. 

Weigh~, gms. 
COD, mg/I 
Color, %T 
Color, A 
Turbidity, 

ppm Si02 
pH 

1461 
515(395)* 

10.8 
0.966 

310 
7 .1 

Results 

COD 

Concentration Reduction,% 46.8 
Component Removal,% 52.1 
Concentration Increase,% 626.6 
Component Increase,% -48.8 
Enrichment Ratio 13.7 
Component Loss (gain),% 0.9 

----·- ·----

103 
2870 

1.2@3: 1 
7,.684 

2290 
6.9 

Color 

88.0 
89.2 

695.5 
-43.9 
66.2 
33.1 

Overhead/Feed,% - 7.1 Weight Loss (gain),% - 2.8 
Volume of Air/Unit Weight of Feed, ml/gm - 14.7 

1317 
210 

76.7 
0.116 

85 
7.4 

Turbidity 

72.6 
75.3 

638.7 
-47.9 
26.9 
23.2 

-----------·---- ~~~~~~~~~~~~~ 

*COD contributed to the feed by the cationic surfactant has been deducted. 

Notes: The foam turned from a white to a reddish color after 40 minutes 
of the run. Dark scum collected on the column walls at the end of 
the run. 93 



Table XXIX. Run 40 - Results of a Foam Fractionation Test Using an 
Actual Industrial Textile Waste with Cationic Surfactant Concentration of 50 

ppm. 

Initial Conditions 

Dye Concentration, ppm - unknown 

Dispersing Agent 
Concentration, ppm - unknown 

Run Time, min. - 75.0 
Additive, - (Concentration, ppm) 

Liquid Height above 
Sparger, in. - 9.2 

Foam Height, in. - 4.5 
Air Rate, SCFH - 0.64 
Temperature, 0 C - 220 

Lauryl Trimethyl Ammonium Bromide, (50) 

Data 

Feed O.H. Prod. Btms. Prod. 

Weight, gms. 1620 53 1553 

COD, mg/I 410(290)* 1960 240 

Color, %T 80.5 2.3 94.5 

Color, A 0.095 2.522 0.074 

Turbidity, 
ppm Si02 30 480 11.0 

pH 6.6 7.7 7.8 

Results 

COD Color Turbidity 

Concentration Reduction,% 17.3 73.7 63.3 
Component Removal, % 20.7 74.8 64.9 

Concentration Increase, % 575.7 1624.2 1500.0 
Component Increase, % -77.9 -43.6 -47.7 
Enrichment Ratio 8.2 65.5 43.6 
Component Loss (gain),% (1.5) 18.4 12.5 

Overhead/Feed,% - 3.3 Weight Loss (gain),% - 0.9 
Volume of Air/Unit Weight of Feed, ml/gm - 14.0 

*COD contributed to the feed by the cationic surfactant has been deducted. 

Note: Overhead product exhibited a yellowish color and some dark scum 
was attached to the column walls at the end of the run. 
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APPENDIX B 

Lignosulfonates and Their Analysis 

Origin and composition of Lignosulfonates. Lignin, which is the parent of 
lignosulfonate, is a system of tridimensional polymers which permeate the 
membranes and spaces between cells of wood thereby strengthening them.66 
They can be found in all trees and ferns throughout the plant kingdom. The 
main industrial source of this material is the pulping process for softwoods.67 

Lignin content ranges from 25 to 30% in softwoods to about 15 to 25% in 
hardwoods, but the type of lignin may vary in each of these woods. By using 
diffusion coefficients of different fractions, it has been determined that 30% 
of the material has a molecular weight between 3700 and 5000 while another 
30% is between 1500 and 25,000.68 

Lignin is a highly branched, microbiologically resistant, amorphous polymer 
which is an effective hydrophobic binder.69 The property of microbiological 
resistance has been a major factor in protecting our oil and coal resources. 
Lignin has no precise repeating structure but is a series of relatively well 
defined chemical groupings. Nature created an exceptional binder and coating 
through complex bonding. It can be used as a deflocculating agent or a 
protective colloid. No investigator has been able to define the crystalline or 
chemical structure of lignin.66 Most definitions are made in terms of the 

physical properties of the material. These state that lignin is a complex 
compound consisting of carbon,. hydrogen, and oxygen with relatively high 

carbon and methoxyl content. It is unhydrolyzed with acids, soluble in hot 
alkali or bisulfite, easily condensed with phenols, and gives a series of color 
reactions. The two major pulping processes used to promote lign,in solubility 
are the sulfite and alkaline pulping processes.69 In the sulfite process, the 
lignin molecules are attacked by sulfonated anions in the presence of metal 
cations at varying pH levels. The resulting pulps have varying lignin and 
hemicellulose contents. When the lignin molecule becomes sulfonated, it is 
water-soluble and can be washed away leaving the pulp to be made into 

paper. 

The alkaline process is a versatile one which produces high strength papers. 
The most efficient alkaline process is the Kraft process. (In this method a 
pulping liquor containing 20 to 30% sodium sulfite in mixture with sodium 
hydroxide.) These materials achieve continued rapid depolymerization and 
solubilization of the lignin. Shorter cook times are required in the Kraft 
process therefore minimizing attack on the carbohydrate portion of the wood 
and increasing the paper strength. The hydroxide-sulfite ratio is maintained in 
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the liquor by addition of inexpensive sodium sulfate. The Kraft process 

normally attains 90% yields with many useful products being obtained from 

the spent liquor. 

Vanilla flavoring, resins, carbon dioxide, carbon black, and surface active 
materials are by-products of the Kraft process. Sulfonated lignin or 
lignosulfo:iate is a widely used, inexpensive dispersing agent. Its physical 
properites can be controlled by the degree of sulfonation and the metal ion 
that is used in combination with the material. Lignosulfonates tend to reduce 
surface free energy, capture free radicals formed and keep particles apart. 

Analytical Determination. Brauns has published a tremendous volume of 
material concerning the composition and determination of lignin 
concentration.20,70 Due to the nebulous concept of the composition of 
lignin, quantitative determinations are difficult. The variability of the 
substance itself along with the many chemical reactions possible have 
detracting effects on determinations. Until lignin is isolated in its pure, 
unchanged state, no method will be developed other than approximate 
determinations. Sulfonation and chlorination modify the original I ignin to the 
extent that quantitative determination gives invalid results. Lignosulfonate is 
hard to determine in the sulfite spent liquor of carbohydrates since 
carbohydrate degration products are similar in nature.71 

Direct and indirect methods are used for lignin determination. In the direct 
method the lignin is isolated and weighed.72 The sulfuric acid, hydrochloric 

acid, and hydrofluoric acid methods make up this class of tests. In the 

indirect method, the lignin is removed by oxidation as specifically as possible 
and the nonlignin components are weighed quantitatively to give a lignin 
content value by difference. This class of methods include the Roe Chlorine 
Number, Kappa Number, methoxyl content, spectrophotometric method, 
and color determination. Most of the previously mentioned methods involve 
evaporation of the sample to dryness. 

Because of the increased emphasis on water pollution, paper companies have 
been forced to develop methods of determining lignosulfonate content in 
solutions. Numerous methods have been proposed71 but the two most 
important in this country are the Pearl-Benson test and ultraviolet 
spectrophotometric method.73, Both of these methods give only the relative 
amounts of lignosulfonates. Reported results indicate that no interference has 
been observed from the sulfite black liquors or the brown wash waters. One 
method using polarography has been reported by Hayashi63 which claims a 
method for determining lignosulfonate in solution quantitatively. 
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Analytical Attempts During This Study. Due to the presence of disperse dyes 
and the extremely low concentration of lignosulfonate, methods involving the 
drying of sample could not be used in this study. In addition, Mr. I. A. Pearl's 
personal opinion was that the concentrations in question were well below the 
current levels of analytical measurement for solutions containing 
lignosulfonate.74 Nevertheless, two attempts were made to analyze 
lignosulfonate in disperse dye systems. These attempts include a 
spectrophotometric and polarograph ic approach. 

A scanning spectrophotometer was used to thoroughly study the materials for 
any characteristic peaks that might appear. It was concluded that the disperse 
dye in solution was probably masking any potential peaks. The approach was 
then taken to remove the disperse dye by filtration or centrifugation but, as 
previously reported, this was unsuccessful. If this approach had been 
successful, it would not have accounted for any I ignosulfonate which 
remained attached to the disperse dye particles. 

A second attempt was made to determine lignosulfonate polarographically as 
reported by Hayashi.63 A Fisher Elecdropode Polarograph equipped -with a 

dropping mercury electrode was used for the determinations. The manual 
accompanying the instrument explains its operation. 75 As a precautionary 
measure, dry nitrogen was continuously bubbled through the sample to 
eliminate dissolved oxygen which is critical to the analysis. 

Polarography is based upon the phenomenon that electrooxidizable or 
electroreducible solutions generate characteristic current-voltage curves when 
electrolized in a cell. One of the electrodes in the cell consists of mercury 

falling dropwise through the solution. From these current-voltage curves, it is 
possible to qualitatively identify the substances present and quantitatively 
determine their concentration. A detailed explanation of polarography can be 
obtained from Kolthoff and Lingane.76 

Lignosulfonate in solution does not show any characteristic polarographic 
waves. It has been shown, however, that lignosulfonate combines 
quantitatively with polarographically active methylene blue leaving some 
methylene blue in solution. Since the total wave height is proportional to the 
amount of active methylene blue in solution, the lignosulfonate in solution 
can be indirectly determined from the amount of methylene blue remaining. 

The analysis was performed using methylene blue and known amounts of 
lignosulfonate in an effort to duplicate Hayashi's results. Tests were also 
made on the dye bath materials and several product samples to determine 
I ignosu lfonate content. 
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Hayashi results could not be duplicated using known amounts of 

lignosulfonate and no response at all was observed when the disperse dye 
sample materials were used. Evidently the lignosulfonate disperse dye system 

was so tied together that no lignosulfonate was available to combine with the 
methylene blue. 
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