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Summary-A review IS given of the prmclples and more recent apphcatlons of foam flotation 

Separation techniques based on use of adsorp- 
tive bubbles (flotation techniques) have received 
a great deal of attention m chemical engmeer- 
mg, but have awakened less interest m analytical 
chemistry Flotation techniques were first used 
to obtain mineral concentrates or selective sep- 
aration of them. 

In chemical engineering, these techniques be- 
gan to expand m the 1960s and today have 
many apphcatlons m industry, to separate toxic 
substances, suspended solids, micro-organisms, 
efc from residual, mdustnal, sea and drinkable 
waters. These techniques turned out to be very 
simple compared with classical separation 
methods such as liquid-liquid extraction, ion- 
exchange, co-preapltatlon etc. They allow the 
handling of large volumes of sample, and 
present considerable saving m reagents, time 
and energy. Their analytical applications started 
to be studied m the middle 197Os, especially m 
the U.S.A., U S.S.R. and Japan Sometimes, 
this makes it difficult to achieve a readily 
accessible bibliography On the other hand, 
the U S A. papers are basically m chemical 
engineering 

Discussions of these techniques as methods of 
separation and/or preconcentratlon are not yet 
available in analytical chemistry textbooks and 
they are scarcely found even as monographs and 
reviews. The monograph edited by Lemhch’ 
presents a general treatment of all these tech- 
niques, as well as their development up to 1972. 
There are also some very specialized mono- 
graphs, such as Sebba’s on lomc flotation,’ and 
another more recently by Clarke and Wilson3 
that discusses the theory and applications of 
foam separations. Some books on separation 
methods contam chapters dealing more or less 
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extenslvely4-6 with the general or particular 
aspects of these techniques. 

The most outstanding recent reviews are 
those by Clarke and Wilson,’ and by Hlralde 
and Mlzmke 89 The first 1s a very complete 
review of books, reviews, theories and models of 
separation by flotation, including a section on 
metal and organic compound separations The 
last two reviews consider flotation techniques 
from an analytical chemistry perspective, 
especially precipitation and ion flotation of 
organic and morgamc species; unfortunately, 
the Russian work 1s largely ignored. 

At the present time flotation studies on most 
of the elements are known (Fig. 1) as well as on 
a large number of different species, therefore, m 
the present review the analytical apphcatlons of 
precipitate flotation are included, as well as ion 
flotation and solvent sublatlon, covering the last 
few years (from about 1980). Furthermore, a 
description of the techniques, and the theoretl- 
cal foundations of precipitate flotation and sol- 
vent sublatlon are included, because these are 
the most interesting m analytical chemistry 

DESCRIPTION AND CLASSIFICATION OF 
THE TECHNIQUES 

Lemhch’ proposed the term “Adsubble Tech- 
niques”, based on a contraction of “adsorptive 
bubbles” There are a number of separation 
methods, based on differences m surface ten- 
sion, m which dispersed solids, precipitates, 
collolds and dissolved substances are adsorbed 
on an ascending gas stream, and thus separated 
from the liquid mass where they were initially 
This separation 1s due to the ability of some 
species to onent themselves m the air-water 
interface, and the adsorption on the bubble 
surfaces is due to the presence of certain func- 
tional groups. The substances to be separated 
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Fig 1 The elements withm the shaded area are those with ions amenable to separation by flotation 
techniques 

by means of these techmques must either 
already possess these groups or be given them 
by addition of some surfactant agent 

Karger et al ‘O classified these techniques m 
two large groups based on foam formation 
(Table 1) Later, Pmfold” suggested they should 
be classified according to the adsorptton mech- 
anism, depending on the flotation of particles, 
ions and molecules 

Obviously this second option IS more logical, 
but m practice the classification by Karger et al 
contmues to be the more widely accepted. 
Accordmg to it, m the first group (non-foaming 
techniques) the bubble fractionation techmque” 
must be included, which can be used for the 
separatton of the solution components by 
adsorption on the bubbles of an ascendmg gas 
stream, leading to an enrichment of the surface- 
active substances m the upper zone of the 
column. This IS the stmplest ‘“adsubble 
technique” and also the least used m practice It 
is mamly applied to the separation and/or pre- 
concentration of surfactants at low concen- 
trations. Obvtously, m this case It is not 
necessary to add a foaming agent. In practice, 
these phenomena and fractionation processes 

could occur by accidental bubble formation, 
as tn the hberation of gas during a chemical 
reaction, and this can give rise to separations of 
surface-active substances 

The techmque known as solvent sublation 
was mitially proposed by Sebba’ as an option 
for ion flotation, if excessively copious foam 
formation occurred The mam difference from 
the other techniques IS that the substances ad- 
sorbed on the ascending bubbles, once they 
arrive m the column upper zone, find a different 
layer of solvent, mmiscible with the liquid from 
which we wish to separate them This lmmlsclble 
liquid collects the substances (sublates) which 
arrive at the interface, and this produces the 
separation of these substances. 

The “adsubble techniques” with foam for- 
mation are divided mto two large groups foam 
fractionation and flotation 

Foam fractionanon consists m the separation 
of dissolved substances which possess a lyopho- 
bit group or (m which case they are called 
colligends) can be made sufficiently surface 
active by combmatton with surfactant agents 
(collectors) by chelate formation, ionic bond- 
mg or any other kmd of union, the resulting 

Table I Classtficatton of the flotation technrques accordmg to Karger 
Pf al I0 

Non-foammg techmques 
Solvent sublatlon 
Bubble fractlonatlon 

f Foam fractronatlon 

Foam separation 
Macroflotation 
MIcroflotation 
Preclpltate flotation 
Iomc flotation 
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surface-acttve substances being adsorbed on the 
surface of the bubbles ascendmg through the 
hqmd mass 

Flotation techniques can be divided, m turn, 
into four large groups 

I--MacroJlotatzon An example is mineral 
flotation, a widespread and intensively studied 
technique used m the mmmg Industry for ob- 
taming mineral concentrates and ehmmatmg 
impurities. 

II-Mzcrojlotatzon Flotation of micro- 
particles such as colloids, micro-organisms The 
analyte may be adsorbed on a charged colloidal 
species generated to act as a carrier, and the 
collotd may be floated by addition of alsurfac- 
tant, as in precipitate flotation 

III-Preczpztate Jotatzon Separation of sub- 
stances by precipitation and gas streaming, m 
which bubbles are adsorbed on the precipitate, 
floating it up to the liquid surface It IS possible 
to consider two kinds of precipitate flotation 

(4 Precipitate flotation of the first kmd The 
surfactant does not itself form an msolu- 
ble compound with the species to be 
separated, but helps it to reach the surface 
of the hquid mass when it is precipitated 
with some other reagent This has been 
used m two different ways In some cases 
the ion to be separated is precipitated, and 
m other cases, is co-precipitated with 
an excess of some other precipitate or 
colloid, and then the combined floe IS 
floated This last technique has been the 
most used, and is probably the one 
exhibitmg greatest analytical interest 
Sheiham and Pinfold13 named it co- 
flotation 

(b) Precipitate flotation of the second kmd 
Here the addition of a surfactant is not 
necessary, because a hydrophobic sub- 
stance is formed from two hydrophilic 
ones 

IV-Zon Jlotatzon This was introduced by 
Sebba,? I4 and is the separation of ions m solu- 
tion that are not surface-active, by addition of 
surfactants (collectors), and the subsequent pas- 
sage of a gas stream to produce a foam contam- 
mg a solid compound of the surfactant with the 
species of interest. Normally the collector is an 
ion with opposite charge to the colhgend, but 
any suitable type of chemical union can be used. 

Some related techniques are “lammae column 
foaming”15 and “booster bubble fractionation” I6 
The first technique IS a flotation process of 

lammar type, by means of a contmuous chain of 
wall-to-wall bubbles rtsmg up the column. The 
second uses volatile organic compounds, to- 
gether with the gas bubbles, m solutions with a 
low concentration of active substance, causing 
foam formation and subsequent separation, this 
may be quicker than the classic flotation tech- 
nique, and improves the selectivity. 

The “adsorptive droplet techniques”” are 
similar to these techniques but, instead of gas 
bubbles, droplets of mmiscible liquid are added 

In “solvent sublation” a water-msoluble 
organic solvent is floated on top of the column 
to extract neutral species from the foam. 

Finally, it should be mentioned that the term 
“spectrophotometric-flotation”, although ap- 
parently related to those above, is different 
because there is no gas bubbling, and therefore 
it cannot be considered as an “adsubble tech- 
nique” It is based on the fact that some ion- 
pairs are not soluble m polar organic solvents, 
and when an aqueous phase is shaken with an 
organic solvent, a precipitate origmates m the 
interface or on the extraction funnel walls Once 
both phases have been separated the precipitate 
is dissolved m an appropriate solvent, and the 
correspondmg measurements are made by spec- 
trophotometry This technique was introduced 
by Marczenko et al I8 

INSTRUMENTATION 

There are no mstruments on the market for 
these techniques, and because of the simphcity 
of the necessary devices, these are tailored 
according to the task m hand. However, all 
flotation set-ups include several common basic 
devices. 

-Gas generating source This can be a small air 
compressor or gas cylinder Air is the gas 
most commonly used, however there are 
works that report use of nitrogen, helium or 
argon 

-Regulator system for controllmg pressure and 
gas flow (needle valves, etc.). 

-Gas washing flask Its purpose 1s to presatur- 
ate the gas with water or other suitable sol- 
vent, to avoid any change m the volume of the 
system In some cases tt is used to eliminate 
carbon dioxide from the system to avoid 
undesirable reactions m the column. 

-Flowmeter. This is for measurmg the gas 
flow-rate through the column, normally a 
soap-bubble flowmeter is used. 
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-Column. Glass IS generally used, but plastic 
columns are also used. The size and form are 
based on the system needs, but there IS always 
a smtered-glass plate at the bottom wtth 
adequate porostty (usually G3 or G4). The 
gas passing through this porous plate pro- 
duces the small ascending bubbles which 
generate the foam 

rers, devices for collectton of the foam and 
precipitate (foam suctron sets, polyethylene 
lammae on the walls of the column to keep the 
precipitate attached; shielding and safety 
devices for work with radioactive substances, 
etc.), lateral taps (to allow monitoring the kinet- 
ICS of the process, to discharge the hqutd at the 
end of the process, or as an outlet for effluent m 
contmuous flow operation), and a thermometer. 

Auxthary equtpment, varying from case to Figure 2 show some of the devices reported 
case, may include pertstalttc pumps (generally A typtcal solvent sublatron column IS rllustrated 
used for contmuous operation), magnetic sttr- m the paper by Womack et al.” 

(a I 

To 

Prepurifled 
nitrogen 

Cork stopper’ 

Fig 2(a) 

A 
0 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

Pressure gauge 
Fine needle valve 
Flow meter 
Gas humidifier 
Gas inlet stop valve 
Pressure releasing valve 
Smtered gloss fret 
Rubber septum 
Froth drain 
Waste drain 
Water (push up) inlet 
Water reservoir 
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Smtered / 
glass disc 
( porosity F) 

Fig 34 

(f) 

Nitrogen + 
7 

\ 

t 

Foam layer b 
contammg’ 
preclpttates * 

Flotation ’ * 
\ ’ J ’ ‘cell 

. 

Smtered -,,’ . e 
glass disc 
(porosity-4) ’ 

Nitrogen 

I 

Samplmg tube 

I 
To asplrotar 

Stirring bar 

/ 
Magnetic stirrer 

(d 1 

reservoir 

Diagram of flatatlon cell A, Pressure gauge; 
8, fine needle valve, C, flow meter, D, gos inlet valve; 

E, pressure injectIon pomt (rubber septum); H, foam dram, 

I, drain valve; and J, water Inlet 

(e) 
ercury overflow trap 

Control box 

Fig 263 

(cl) 
Glass tube 

Silicone rubber 
stopper 

Suspended sollds 

Foam layer 

Sample 

Glass flotvl: j 

nominal porosity) 

Fig 2(g) 

Nitrogen 
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1 A 1 Separation tube ; ( B 1 foam collector tcontammg 5 ml of 1 -propanol); 
(C ) flow meter ; (13 I nttrogen cylmder , ( E 1 three-way cock; (F 1 effluent 
dram, (Gl , GP 1 mlxmg chambers, (HI, H2, Iif 1 plunger pumps; ( I I diaphragm 

pump, ( J 1 surfactant solutton 11% SLS) reservoir; ( K 1 1 % NEDA salutlon 

reservoir, ( L ) 2% ABSA solution reservoir, ( Mt ,I$ ,M3 ,Mg 1 sample reservoirs 

The coil between G2 and A IS 8m long 

I% 2(J) 

F% 2(k) 

Rg 2 Some examples of flotatton apparatus Reproduced, v&h pernnsston, from (a) reference 19, p 158, 
by courtesy of Marcel Dekker, Inc , (b) reference 20, p 507, by courtesy of Marcel Dekker, lnc , (c) 
R S S Murthy and D E Ryan, Anal Chem , 1983,55,682, copyright 1983, American Chemtcal Society, 
(d) W J Wtlhams and A H Gtllam, Analyst, 1978, 103, 1239, copyright 1978, Royal Soctety of 
Chemtstry, (e) reference 23, p 358, by courtesy of Marcel Dekker, Inc , (f), (g) reference 6, by courtesy 
of Sprmger-Verlag, Hetdelberg, (h) reference 24, copy&t 1983, Elsevter Sctence Pubhshers, 
(I) reference 25, p 606, courtesy of Marcel Dekker, Inc , (J) reference 26, copyright 1982, Elsevter Science 

~bltshe~, (k) reference 27, p 621, by courtesy of Marcel Dekker, Inc 

PARAMETERS AFFECTING THE FLOTATION colligend and collector concentratrons and then 
PROCESSES relationship, pH and ionic strength); others 

are im~rtant for particular techniques (for 
Several factors influence the processes: some example, the induction time). The operational 

affect the solutton and others are operational variables include gas flow-rate, porosity of the 
factors. Some of the first group are of basic sintered-glass plate, average bubble size, and the 
Importance for all the flotation techniques (e g , column geometry 
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Collector and colhgend concentration 

If the collector concentratton 1s too low, there 
will not be enough colhgend-collector product 
(ion-pan-, complex, adsorption compound, etc.) 
formed, so not all of the colhgend will be 
separated by adsorption on the gas bubbles 

On the other hand, tf too htgh a concentratton 
of collector 1s present, although ton separation 
is favoured, the excess of collector will compete 
for sites m the bubble surface, and may even 
form mtcelles tf us CMC (crtttcal micelle con- 
centration) 1s reached In all cases undesirable 
effects on the flotation process are observed As 
a rule, to achieve a complete separation m ton 
flotation and solvent sublation, tt 1s necessary to 
have a collector concentratton m excess over the 
stotchtometrrc amount In precipitate flotation 
the collector concentratton has to be large 
enough to form a foam that 1s stable and 
persistent enough to keep the precipitate 
suspended; this is not related to the sublate 
stotchtometry 

The colhgend concentratton 1s related to the 
collector, and tt may be necessary to use dtffer- 
ent concentrattons with different techmques 
For example, m prectpttate flotation, the re- 
lattonshtp between the amounts of colhgend and 
precipitate has to be considered, as well as the 
precipitate solubthty, to avoid redtsperston of 
the prectpttate mto the bulk solution 

pH of the solution 

The most crittcal variable for all the tech- 
niques 1s the pH of the solutton, since it will 
determine the sign and magnitude of the charges 
on the surface and some of the tonic spectes 
mvolved m the process Variation of pH can 
produce colhgend charge vartattons by hydroly- 
SIS or by formation of other complexes that can 
produce colligends, precipitates and changes m 
the collector behavtour. In ton and precipitate 
flotatton, the pH has an influence on foam 
stability 

Ionrc strength 

The influence of the iomc strength of the 
medium varies from technique to technique, 
probably because of the different effects that 
take place in the adsorption process on the 
Interface responstble for the separation Usu- 
ally, an increase m the tome strength will de- 
crease the effectiveness of separation, probably 
because of competition between the colhgend 
and the other tons for the collector Since 

surfactant adsorption m the gas-liquid interface 
IS increased with mcreasmg tome strength, 
foam-type separations are improved when the 
iomc strength 1s increased, unless the surfactant 
concentratton reaches the CMC In precipitate 
flotation of the first kmd and m ton flotation the 
effectiveness of separation usually decreases 
when the tome strength of the medtum 1s m- 
creased, owing to competttton by the foreign 
tons for the collector, on the other hand, the 
surfactant will float more quickly Finally, m 
precipitate flotatton, mcreasmg the tome 
strength will increase the solubthty of the pre- 
cipitate However, the addition of foreign tons 
could produce changes m the nature of the 
colhgend, thus enabling separations which 
would not be possible otherwise For instance, 
the additton of certain tons may give rtse to 
formatton of complexes with opposite charge to 
that expected, changing the behaviour of the 
surfactant, and consequently give rise to an 
effective separation 

Inductton time 

The duration of agitation of the sample be- 
fore tt is transferred to the flotation cell could 
have a postttve influence on the separation This 
1s the case for precipitate flotatton, because the 
longer the time, the bigger the particles formed 
m the precipttatton or co-prectpttatton reaction 
Nevertheless some workers’ 29 advise not to use 
an mduction period, but to add the surfactant 
at the beginning of the flotation or even stepwtse 
during the flotation process This factor 1s tm- 
portant m connectton with opttmtzatton of the 
process, though less so than the flow-rate, pH, 
and tome strength of the medium 

Temperature 

The effect of temperature varies according to 
the particular system Thus m some cases an 
increase of temperature has no effect on ton 
flotatton, whereas m others tt may have postttve 
or negative effects. In precipitate flotation a 
temperature increase has a posittve effect due to 
us influence on the size of the particles formed 
On the other hand tt will also increase the 
solubthty of the precipitate and the mstabthty of 
the foam, gtvmg rise to partial dissolutton of the 
precipitate and msuffictent foam consistency to 
hold up the precipitate. Increase or decrease m 
the separation yteld as the temperature increases 
can be explained as due to collector adsorption 
being a temperature-dependent physical or 
chemtsorptton process Since this parameter has 
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an important and variable influence on the 
flotation process, it is very interesting to study 
each particular case, especially for large 
temperature variations. 

Presence of ethanol 

Addition of small quantities of ethanol (or 
any other substance for the same purpose) to the 
solution has several functions, such as avoiding 
micelle formatton and decreasing bubble size, 
which will improve the separation. However, 
large quantities of ethanol could give rise to 
foam breakage (too quick coalescence) or cause 
no foam at all to form. Most of the collectors 
are added m ethanohc solution, because of their 
low solubihty m aqueous solutions Usually it is 
not necessary to add more ethanol than that 
added with the collector, but this has to be 
decided from the results obtained for each case 

Gas flow -rate 

One of the most important parameters is the 
gas flow-rate, which depends on the technique 
to be used, the quantity of sample, and the 
porosity of the smtered-glass plate fitted m the 
column. When fine-porosity plates are used 
the flow-rates are lower and the separation yield 
increases with the flow-rate, a mild turbulence 
being produced, causing precipitate redisper- 
sion. Thus fine-porosity plates are used m ion 
flotation and solvent sublation, with low flow- 
rate to avoid fluctuation of the organic layer or 
turbulence near the foam layer In precipitate 
flotation smtered-glass plates of higher porosity 
are used together with higher gas flows, m 
order to maintam a consistent foam that sup- 
ports the precipitate, thus avoidmg its re-entry 
into solution m cases characterized by slow 
kinetics. 

Smtered-glass plate porosrty and bubble size 

The smtered-glass plate porosity and the bub- 
ble size are usually very closely related to the gas 
flow-rate. Normally, it IS better to use small and 
uniform bubbles, because the gas-liquid mter- 
face surface is increased. 

Column form and size 

The column form, size and arrangement in- 
fluence the efficiency of the process. There are 
some works m the literature proving that the 
cross-section, capacity,30 and mclmation from 
the vertica13’ have an influence on the sublate 
recovery. 

PRECIPITATE FLOTATION AND SOLVENT 
SUBLATION MECHANISMS 

Precipitate Jlotation 

There are currently several physical models 
available to explain precipitate separation by 
flotation; those most often used are based 
on coulombic attraction (the Gouy-Ghapman 
double-layer) and on the contact angle (for 
mineral flotation). 

Both models are complementary and valid, as 
shown m the theoretical developments pub- 
lished by Wilson and co-workers32-50 smce 1974, 
in which they have been trying to predict and 
lustify the influence that some variables have on 
the flotation process, introducing successive 
modifications and considerations m both 
models, and reporting experimental results to 
support their arguments. 

Coulombrc attraction model. Jaycock and 
Ottewillsl observed that m a colloidal dispersion 
of silver iodides mmally exhibitmg a negative 
electrophoretic mobility, the charge was first 
neutralized and eventually became positive 
when HEDABr (see surfactants abbreviation 
key on p 292) was added. They explained that 
m this phenomenon the polar groups of the 
surfactant are linked to the charged particle 
surface by electrostatic forces, formmg a single 
layer, but if all the surface charges are neutral- 
ized the zeta potential becomes zero, and if 
a second layer of surfactant molecules is 
adsorbed, held by van der Waals forces, this 
would give rise to an increase of the zeta 
potential, even up to positive values. 

DeVivo and Karge?* started from this model 
and took into account that the zeta potential 
will be related to the surface charge, and will 
depend not only on the type and concentration 
of the surfactant but also on the presence of 
electrolytes and the quantity of particles 
present. They studied the correlation between 
potential, ionic strength and particle size with 
the purpose of evaluating the influence of these 
variables on the flotation process From exper- 
imental results on flotation of kaolin and mont- 
morillomte with HEDABr, they proved that 
addition of electrolytes produced a decrease m 
the initial zeta potential and a loss of efficiency 
m the flotation process, therefore, m prmciple, 
an inverse relation is expected to exist between 
the aggregate sizes and the degree of flotation. 
However, this result disagreed with that pub- 
lished by Rubin and Lackeys3 to the effect that 
flotation of Baczllus cereus IS considerably better 
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when it is coagulated with alum. Taking into 
account the work of Spargo and Pmfold*’ on the 
influence of bubble size, DeVlvo and Karger” 
found that this difference arose from the use of 
smaller bubble sizes and smaller flow-rate by 
Rubm and Lackey To prove this they examined 
the clay separation with sintered-glass plates 
of lower porosity, and obtained much better 
results with coagulated species. 

Just before the work of DeVlvo and Karger” 
was published, a paper by JornC and Rubm55 
appeared m which they applied the Gouy- 
Chapman theory of the double electric layer 
to predict the dlstrlbutron of species by foam 

Thus the bubble size can affect the capacity of 
the particle-surfactant species to become at- 

fractlonatlon, taking mto account the sizes and 

tached to the bubbles, and consequently the 
effectiveness of flotation When plates of higher 

charges of the species They found that the 

porosity are used, bubbles of the same size as 
the particles, or even bigger, are formed; there- 

experimental results agreed with the theoretical 

fore, the attachment of more than one bubble to 
a particle will be less likely, and the particles’ 

model 

capacity to float will be consequently reduced 
Using smaller bubbles will increase the proba- 
bility of union of more than one bubble with 
an aggregate, and therefore increase flotation 
separation The bubble size also has an influence 
on the stability of the foam,54 foam obtained 
with big bubbles IS usually less stable. 

Wilson and Wilson, m the first work of their 
series tried to apply the Gouy-Chapman theory 
to Justify the fact, already very well known, that 
increasing the tome strength causes a decrease in 
flotation efficiency By means of a series of 
calculattons, they determined the free energy 
responsible for the attraction forces between the 
precipitate particles and the surfactant film 
Using a computer slmulatlon program, they 
calculated the varlatton of the free energy with 
romc strength, concluding that these values were 
m good agreement with those expected from the 
influence of lomc strength 

Later, Huang and Wllson33 studied the equr- 
hbrmm of separation of the precrpitate from the 
hqurd mass. Starting from the Gouy-Chapman 
model they studied the effect of several factors 
on the kmetrcs and equrhbrmm of precipitate 
flotation. Starting from a l-cm2 film surface area 
and thickness L, they calculated the varlatton of 
the collold concentration with time and distance 
from the film, as a function of the solution 

potential, which itself IS influenced by the du- 
tance, ionic strength, dielectric constant and 
temperature The results of this model indicated 
that the mrgratlon of the collards must be 
extraordinarily fast, so the equilibrium between 
the precipitate particles in the boundary layer 
and the inner part of the foam should be the 
process-controlling factor. 

Wllson36 calculated the adsorption isotherms 
by using three different approximattons, taking 
mto account the finite volume of the floes and 
the tons responsible for the tonic atmosphere 

Wilson and Wilson also studied the influence 
of lomc strength, charge and floe size on the 

With any of these models there 1s a decrease m 

flotation process, taking mto account the floe 
volume 34 A first study on the attachment of 

the adsorption isotherms when the tonic 

surfactant film to collotds, m agreement with a 
simple model, allowed them to obtain expres- 

strength and temperature increase (m the last 

sions tur accordance with the experimental re- 
sults, 

model to only a slight degree), but there 1s only 

that mcreasmg precipitate floe size 
decreases the process efficiency With a model 

very small influence of the ion size 

based on the Gouy-Chapman theory, they stud- 
led the electrostatrc attraction between the 
charged surfactant surface and the floes, m 
terms of electrolyte concentratron and dielectric 
constant of the medmm This last model was 
found to furnish results similar to those obtained 
with the simple one, but was more precise. 

Wilson, using methods from statlsttcal me- 
chanical studies of non-ideal gases, calculated 
the adsorption isotherm, taking mto account the 
attractions and repulsions produced between 
the flocs3’ He developed four models to calcu- 
late the isotherms, and studied the influence of 
tonic strength, temperature, etc on them, ob- 
tammg slightly different isotherms according to 
the approxtmattons used, especially when the 
floe size IS large. All these models predict a more 
or less marked decrease m the adsorption when 
the lomc strength increases, whereas the tem- 
perature has a much less marked effect. 

According to the data published by Rlddrck,56 
some collolds with negative zeta potential pro- 
duced an even smaller zeta potential when small 
quantities of electrolytes were added, and this 
might cause some collolds to float more 
efficiently On this basis, Clarke et al 39 studied 
the effect produced by different variables on the 
zeta potential, and on ton adsorption by floes 
They applied it to the adsorption of different 
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anions, and the effect of glycerine (by means of 
the possibility of iron-complex formation) on 
the flotation of Fe(OH), with NaLS. According 
to the Gouy-Chapman model and taking as 
a basis the effect of electnc potential, they 
calculated the influence of the adsorbed ion 
and the temperature at different electrolyte 
concentrations, observing that larger differences 
appeared when low electrolyte concentrations 
were considered. 

The contact angle model. For mineral 
flotation Fuerstenau and Healy” proposed a 
model m which the surfactant polar tail is 
directly adsorbed on the solid surface. At 
sufficiently high concentrations, the surfactant 
hydrocarbon tail presents a rather hydrophobic 
surface to be attached to the bubble, this 
allowmg the flotation In this model, hemimi- 
celle formation on the solid surface has a special 
interest; it occurs when there is a high enough 
concentration of the surfactant, and is caused by 
the van der Waals forces between the surfactant 
hydrocarbon chains. Therefore, the larger the 
surfactant chain the smaller the surfactant con- 
centration required to produce the flotation. 
The same phenomenon explains the rapid in- 
crease observed m flotation when the surfactant 
concentration is increased 

Fowler and Guggenheim” described a 
method for the approximate calculation of 
adsorption isotherms, with models similar to 
those later proposed by Fuerstenau and Healy. 
Wilson used these approximations for the 
isotherm calculation, taking mto account the 
electric potential m the vtcmity of the solid 
surface.38 From the results obtained it was con- 
cluded that a temperature increase will increase 
the surfactant concentration necessary to form 
the hemimicelle, and an increase of the ionic 
strength will decrease the quantity of surfactant 
agent needed. 

Wilson and Kennedy, using the same model, 
studied the effect of an increase in the surfactant 
concentration on hemimicelle formation.40 In 
this case, there will be a situation m which the 
formation of a second layer over the first will 
change the character of the particle, making 
it hydrophilic, and consequently no separation 
will take place From a theoretical analysis of 
this adsorption phenomenon on the first layer, 
the effects of the ionic strength, length of the 
hydrocarbon chain, temperature etc. were 
inferred. The results obtained are as expected; 
an ionic strength increase will bnng about 
a decrease in the flotation effectiveness. An 

increment in the carbon chain length generates 
an increment of the van der Waals forces and, 
facilitates the formation of a second layer, 
which blocks the flotation. Therefore, it is neces- 
sary to take special care when the concentration 
of long-chain surfactants is increased. 

With the same model Kiefer and Wilson 
studied the effects (on the adsorption isotherms) 
of the coulombic repulsions of the surfactant 
tonic heads, and the van der Waals attractions 
in the hydrocarbon chains.42 

In the last works of the series Wilson and 
co-workers undertook the calculation of iso- 
therms for surfactant mixtures.46*48~50 The results 
obtained& show that the isotherms can vary 
widely, depending on the factors to be consid- 
ered; it was therefore suggested that for indus- 
trial use these isotherms should be calculated to 
economise in use of expensive surfactants.40 

Solvent sublatron 

According to Sebba’ the separation mechan- 
ism m the solvent sublation technique 1s very 
simple. As the gas bubbles pass through the 
liquid mass they collect the colligend-collector 
species, which is then transferred to the organic 
phase on the upper surface of the liquid 
mass 

Later, Karger’s group and associates made a 
series of studies and deduced a much more 
complex mechan~sm.27*sg-63 The bubbles are en- 
nched in the matenal when they are passing 
through the aqueous medium. When they arrive 
at the liquid-hquid interface they are not able to 
overcome the interfacial tension immediately. 
Also, some bubbles coalesce before passing 
through the interface. It is expected that repul- 
sions between the bubbles, deriving from the 
zeta potentials, would result m a slow bubble 
coalescence process. Consequently, a relatively 
stationary bubble layer is formed under the 
liquid-liquid interface; the liquid trapped m this 
layer is protected from the turbulence of the 
ascending bubbles m the aqueous phase 

When the coalescmg bubbles are moving 
through the liquid-liquid interface, they carry 
away a small quantity of the liquid contained in 
the aforementioned interfactal region, although 
its amount is much less than the quantity of 
hqutd trapped m some other bubble flotation 
techniques. The collector and colligend (sublate) 
that go to the organic phase dissolve in it 
quickly, while the accompanymg water returns 
to the aqueous phase as small drops once 
the bubbles are broken down. All these are 



286 M CABALLERO~~ al. 

experimental phenomena readily observed in 
the laboratory. 

In Karger’s hypothesis it is accepted that 
probably an equihbrrum is established between 
the drops of aqueous phase and the organic 
phase, although for volume-ratio reasons it is 
logrcal to accept that the quantity of sublate 
dissolved in the small water drops returning to 
the aqueous mass must be very small. More- 
over, this sublate does not itself return to the 
aqueous mass but to the intermediate statlona~ 
interface 

On the basis of this model it 1s obvious that 
an equihbrmm between the aqueous mass and 
organic phase IS not established, and therefore 
it is easy to deduce that there are fundamental 
differences between solvent sublation and 
liquid-liquid extraction This distmction was 
pointed out by Pmfold and co-workers 6’ 63 

The studies of Karger’s group, whose funda- 
mental conclusrons have lust been summarized, 
gave a better qualitative approximation to the 
separation mechanism that controls solvent sub- 
latton In fact, they allow rational Justification 
of most of the experimental phenomena associ- 
ated with this technique. Nevertheless they were 
not translated mto a mathematrcal model smt- 
able for a theoretical and predicttve treatment of 
these phenomena This has been remedied, how- 
ever, by Wilson’s group, since 198 1 ** 3064-68 In 
this series of papers, the equations that consti- 
tute the theoretical model are deduced m full 
detail and have been submitted to contmuous 
refinement by the authors. For that reason, here 
only the most outstandmg results from the 
conceptual point of view and the final formulae 
will be summarized as a basis for the discussion. 

In practice, Wtlson’s model did not accept 
Karger’s hypothests, because it was considered 
that the ex~rlmental results contradict it 

Two contributions by Karger and co-workers 
point to the fact that the separation velocity 
decreases considerably as the process deviates 
further from first-order kineticssg6* These 
authors interpret this phenomenon as derived 
from progressive dissolution and saturation of 
the organic solvent in the aqueous mass, giving 
rise to a second equihbrmm competitive with the 
fundamental one of the separation at the inter- 
face. Wilson and co-workers showed the error 
of this working hypothesis by using presatur- 
ated aqueous phases m the organic solvent, 
observing that a sharp change m the sublation 
during the process IS also produced under these 
conditions Obviously there were some other 

limiting factors involved m the rate of mass 
transfer. These time-dependent factors must be 
taken into account when a mathematical model 
with predictive capacity 1s to be developed. 

The Wilson group has developed different 
models which are mmaliy based on the adsorp- 
tion of volatile compounds on a stream of 
bubbles. In these models the rate-hmitmg step is 
the mass transfer of solute from the solution to 
the air-water interface. The next approximation 
was the consideration of non-volatile com- 
pounds, taking mto account the Langmun 
isotherm of adsorption m the air-water inter- 
face, as well as the mass transfer throughout the 
bubble hmrtmg layer. Finally models were de- 
veloped for single or multiple stage columns 
controlled by an equlllb~um or a mass transfer 
process 

The first work of the series dealt with the 
solvent sublation of 1 ,l, 1 -tnchloroethane and 
developed a mathematical model for processes 
of this kmd mvolvmg surface-acttve and volatile 
compounds.M Later the effects of some van- 
ables, such as the au flow-rate and the addition 
of a salt, on the solvent sublation of two ton- 
pairs (Methylene Blue-tetradecylsulphate and 
Methyl Orange-hexade~yltr~methylammon~um) 
were studied *’ 

In the case of separation by solvent sublatron 
of molecular, surfactant and volatile substances 
the rate of transfer is given by 

dm, = ijKr2k 
dt 

+r3K c 
3 ww 

47rr ‘f, 

+u + CI,ZICw) -mb Ii $v3 (1) 

where 

t = time elapsed after bubble fo~atlon 
mb = moles of solute associated with a bubble 

r = bubble radius 
k = mass transfer rate coefficient (cm/set) 

K, = Henry’s law constant for the solute m 
water, (= c,,,jc,,,, at equihbrmm) 

c, = solute concentration tn the aqueous 
phase 

rrn = Langmuir’s isotherm parameter (satur- 
ation concentration of the solute m the 
air-water interface) 

cliz = Langmuu isotherm parameter (concen- 
tration m the aqueous phase at which 
the surface concentration is frm) 

In equation (1) it is assumed that the axial 
diffusion m the column is large enough to 
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warrant considering the column liquid phase as 
a single well-mixed pool. The bubble radius 
is kept constant all along its ascending path in 
the column. Furthermore, mass transfer to the 
bubble is proportional to the difference between 
the solute mass associated with the bubble, and 
that which could be associated with it assuming 
that the bubble was m equilibrium with the 
surrounding liquid mass. 

The solute mass separated from the aqueous 
phase by a bubble, if we accept that c, does not 
change during the time necessary to allow a 
bubble to pass through the liqutd mass, is 
obtained by mtegratmg equation (1) 

4xr3 
Mb(out) = - K&V + 

3r3n 
3 r(1 + c,&v) 1 

x[l-exP(-~)] (2) 

where 

h w = aqueous column height 
U, = bubble ascension velocity (which is a 

function of the density and viscosity of 
the aqueous phase) 

Taking into account the volume of air mtro- 
duced mto the column as bubbles, the following 
equation IS obtained 

y dc, = _jf,7 4ar3 
w dt b--j+ -+w(- z)] 

3rln 

r(1 + Q/C,) 1 (3) 

where 

V, = aqueous phase volume 
Nb = number of bubbles introduced mto the 

aqueous phase per second 
t = time elapsed from the ~ginnlng of the 

process (set) 

If the solute is a non-volatile species, equation 
(3) IS simplified to 

de 
;if = -A (1 + c,,z/cw) 

where A mcorporates a group of constant fac- 
tors. By integration the followmg equation IS 
obtained 

c&) - c,(O) + c,,Jln ~,&)/cw@ll = --At (5) 

When lnc,(t)/c,,,(O) was plotted vs. t, 
Womack et aLz8 obtained plots that were in 
disagreement with the experimental results for 
the ~ethylene Blu~tetrad~ylsuiphate pair, 
and it was necessary to consider the value of the 

mass transfer coefficient (k). To do this, the 
diffusion of solute through the boundary layer 
around the air bubbles had to be taken into 
account. 

Starting from this conclusion and from the 
calculations of the solute chemical potential, 
they obtained the expression 

K=r2,/3 (6) 

where A, IS a time constant associated with the 
diffusion process and r 1s the bubble radius This 
IS thus a limiting factor of the separation rate, 
that causes the formation of curves similar to 
those obtamed experimentally. 

Let us assume that formation of ion-pairs 
between the solute (iomzable) and the surfactant 
gives rise to the sublate that has to be separated, 
assuming that the surface concentrations of 
the surface-active species are given by linear 
isotherms. 

We can assume the estabhshment of the 
followmg equihbnum m solution 

AC+BD=AD+BC 

WI PC1 
’ = [AC] [BD] 

(7) 

where 

A = surfactant amomc agent 
B = solute anion 
C = solute cation 
D = surfactant cattomc agent 

AC = sublate (ion-pair) 
AD = non-dissociated surfactant 

The species AC and AD are surfactants and 
will compete for the gas bubbles. The amon B 
cannot be separated by means of solvent sub- 
lation, so 

[BC] + [BD] = [B] = constant (8) 

Furthermore, there is only one possible way 
for the solute cation to be separated from the 
solutton, so 

; (WA + WI) = - &tA~l cg> 

where KAc is the mass transfer rate parameter 
for AC. 

In contrast, the surfactant can be separated m 
two ways: 

$ ([AC1 -t- WI) 

= --K&AC] - &,[AD] (10) 
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The K parameters depend on the bubble radii, 
the gas flow-rate, the volume and height of the 
aqueous phase, and the rising velocity of the 
bubbles. 

Therefore we have four equations for the four 
unknowns. This system is conveniently so1ved,28 
yielding the expression: 

K = ([ADlo - WI) @Co1 - WI) 

WI (PDlo + [ACI) 
(11) 

where the subscript zero indicates the untial 
nominal concentration 

Equation (11) is arrived at from equation (10) 
by choosmg the root of this equation that 
conforms to all the followmg conditions 
[AC] 2 0; [AD] = ([AD],, - [AC]) 2 0, [BC] = 
([BC], - [AC]) 2 0 and [BD] = [BD], + [AC] 

From these uutial values the differential 
equations (8) and (9) can be solved, yielding 
expressions to calculate the curves of the separ- 
ation kmetics during the process 

On studying the effect of the equihbrmm 
constant shown m equation (7) on dissociation 
of the ion-pan, it was observed that when this 
increases, the sublate separation velocity de- 
creases In this case, the theoretical curves are 
similar to the experimental ones 

At the same time it was observed that decreas- 
mg the surfactant concentration would be 
expected to give a lower yield and separation 
velocity, m accordance with the experimental 
results. Finally, the effect was examined of 
adding salts, which would obviously displace 
the formation equihbrmm of the ion-pair and, 
therefore, cause a serious loss of efficiency when 
the technique is applied to brmes or sea-waters 

This theoretical treatment accounts very well 
for the experimental behaviour of the technique, 
with the exception that m practice the rates 
of removal early in a run are much higher 
than those predicted by the model Womack 
et al. accounted for these differences by con- 
sidering the occurrence of secondary iomc 
equihbria *’ 

Because one of the most useful characteristics 
of the technique IS the possibihty of working 
with large volumes of sample, there IS an 
obvious interest m obtammg theoretical treat- 
ment of systems working m the contmuous flow 
mode. This technique should be useful m chemi- 
cal analysis (avoiding the use of large exper- 
imental devices, mcreasmg the sensitivity of 
determmations by means of greater preconcen- 
tration factors, etc ) as well as m chemical 
engineering (treatment of large quantities of 

water). Wilson and Valsaraj have suggested a 
quick and efficient algorithm for the treatment 
of this situation, taking into account that the 
axial dispersion is not great enough, m a contin- 
uous feed regimen of the column, to guarantee 
homogeneity.30 

This model allows design and adjustment of 
the device in the contmuous operation mode, 
which is of obvious interest industrially, and this 
mode of operation could also be used m some 
analytical work. 

In a later work,6S these authors developed 
another theoretical model that allows the cal- 
culation of the adsorption isotherm, at the 
au-water interface, of the compounds of mter- 
est when they are mtrmsically hydrophobic 
In this way it is possible to predict the apphca- 
bihty of this method for the removal of as yet 
unstudied compounds 

ANALYTICAL APPLICATIONS 

Bearing m mmd all the techniques discussed, 
the most mterestmg ones, from the analytical 
point of view, are precipitate flotation, ion 
flotation and solvent sublation, therefore the 
bibliographic review will be restricted to these. 

Preclpltate flotation 

Precipitate flotation is the most mterestmg 
technique, analytically Co-flotation has a very 
special interest withm precipitate flotation, 
volummous metal hydroxides and organic 
reagents have been used as co-precipitatmg 
agents in this kmd of process, however, during 
the period that we are considering, metal hy- 
droxides are practically the only ones used, 
especially ferric hydroxide, as shown m Tables 2 
and 3 On the other hand, multi-elemental sep- 
arations have also been developed during this 
period (Table 3), these had not received much 
attention previously Co-flotation, compared 
with centrifugation and co-precipitation, pre- 
sents several advantages 

(1) It allows for the use of very large volumes 
of sample, thus mcreasmg the preconcen- 
tration factor 

(2) It IS quicker and more convenient, be- 
cause the other techniques require more 
time, also separation of voluminous pre- 
cipitates is difficult 

(3) It ehmmates the difficulties associated 
with separation of colloidal precipitates. 
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Prectpttate flotatton of the first kmd has emulstons, because the interface remains practt- 
received much less attention, nevertheless tt has tally immobile, and the possibility of handling 
been used with organic and morgamc species m large volumes of samples On the other hand, m 
development of single and multi-element separ- solvent extraction the equlhbrmm 1s reached 
ations (Table 4) and presents, m contrast to qutckly Moreover, m solvent sublation tt IS 
precipitate separatton, the same advantages necessary to have a close control of the gas 
as does co-flotation with respect to co-prectpt- flow-rate and bubble size to obtain good separ- 
tation. atton and reproductbthty m the results 

Ion jotation 

This technique and precipitate flotation are 
the most used, and have particularly been devel- 
oped m the U S.S.R., as shown m Tables 5 
and 6. Usually, the tons to be separated are m 
complex form and bound to a surfactant of 
approprtate charge. Ion flotation has been used 
m connection wtth both single and multt- 
elemental separation schemes (Tables 5 and 6) 

On comparmg ion flotation with prectpitate 
flotation techniques, it can be said that the 
former have several disadvantages They are 
slower, and give lower preconcentration factors 
Also it requires destruction of the surfactant 
m the foam, so more care IS needed than m 
precipitate flotation 

In spite of the advantages mentioned above, 
together with the possibility of its use as an 
alternative to ton flotation and extractton, sol- 
vent sublation has so far not been used for the 
separation and determmatton of trace metals 
(see Table 7). Nevertheless, theoretical studies 
on the separation process mechanism for or- 
ganic species28*a-@ confirm the advantages that 
the technique presents for the determmatton of 
a number of important organic pollutants. It IS 
therefore very likely that in the next few years 
thts technique will attract much closer attention 
from analytical chemists 

Solvent sublatlon 

Solvent sublation, m comparison with ion 
flotation, has an advantage m that it allows 
analysts of the organic phase directly, and it is 
not necessary to destroy the foam (which 1s not 
always a very easy task). 

Solvent sublatton has practical and theoreti- 
cal advantages over hqutd-liquid extractton, 
although most of the reasoning and practical 
knowledge and experience in solvent extraction 
could be applied to develop efficient solvent 
sublatton procedures. In hqutd-hquid extrac- 
tion the quantity of substance transferred from 
one phase to another IS determined and hmtted 
by an equthbrmm constant. In contrast, equt- 
libnum m solvent sublatton is only established 
m the aqueous-organic interface This interface 
can be kept mottonless when the flow-rates are 
low enough. Except when saturation of the 
organic phase occurs, the quantity of sublate 
collected by the organic layer 1s independent of 
its volume because no equtlibrmm is estabhshed 
m the overall system, and the passage of a 
sublate mto the organic phase through the 
interface 1s a process forced by the gas stream, 
not a spontaneous dtstrtbutton process related 
to the relattve solubility of the sublate m the two 
phases Further advantages over solvent extrac- 
tion artse from the absence of formatton of 

SURFACTANTS ABBREVIATION KEY 

Cationic Surfactants 

Quaternary ammomum salts 

ABDACl 
ATACl 
BACl 
BDDABr 
CTAB 
DPCl 
HDMABr 
HPBr 
HPCl 
HTBABr 
HTEABr 
HTMABr 
HTMACI 
HTPABr 
LACl 
LDC 
STACl 
TACl 
TCMACI 
TDBACl 

Alkylbenzyld~methylammomum chloride 
Alkyltr~methylammon~um chloride 
Benzalkomum chloride 
Benzyld~methyldodecylammomum bromide 
Cetyltr~methylammomum bromide 
Laurylpyrldmmm chloride 
Hexadecylethyld~methylammonlum bromide 
Hexadecylpyrldmmm bromide 
Hexadecylpyrldmmm chloride 
Hexadecyltnbutylammomum bromide 
Hexadecyltrlethylammomum bromide 
Hexadecyltnmethylammomum bromide 
Hexadecyltnmethylammomum chloride 
Hexadecyltrlpropylammomum bromide 
Laurylammomum chloride 
Ammomum lauryldlthlocarbamate 
Stearyltrlmethylammomum chloride 
Trlmethylammomum chloride 
Tr~caprylmethylammomum chloride 
Tetradecyld~methylbenzylammon~um 
chloride (zephlramme) 

Ammes 

ANP-2 
HA 
HCILA 
HCILDT 
LA 
ODA 
SA 
TDEDAHCI 
TEA 
TOA 

Ahphatlc amme hydrochlorldes 
Hexadecylamme 
Laurylamme hydrochloride 
Lauroyldlethylenetrlamme hydrochloride 
Laurylamme 
Octadecylamme 
Stearylamme 
Trldecylethylenedlamme hydrochloride 
Trlethanolamme 
Trloctylamme 
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HC 
HE 
HL 
HM 
HDBI 
HTD 
KA 
KC 
KL 
KM 
KO 
KP 
KPD 
KS 
KTD 
NaDBS 
NaE 
NaL 
NaLP 
NaLS 
NaN 
NaO 

TXl0i1 

I 

2 
3 

4 

5 

6 

7 

8 

9 

10 

II 
12 
13 

14 
I5 
16 
17 
18 
19 
20 
21 

Amomc surfactants 

Decanolc acid 
Stearlc acid 
Launc acid 
Myrlstlc acid 
Heptadecylbenzyhmldazole 
Tndecanolc acrd 
Potassmm abletate 
Potassmm caprate 
Potassmm laurate 
Potassium myristate 
Potassium oleate 
Potassium palmitate 
Potassmm pentadecanoate 
Potassium stearate 
Potassium trldecanoate 
Sodium dodecylbenzenesulphonate 
Sodium stearate 
Sodium laurate 
Sodium laurylphosphate 
Sodium laurylsulphate 
Sodmm naphthenate 
Sodmm oleate 

Non-ronrc surfactants 

Trlton X-100 
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