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ABSTRACT

The purpose of this study was to investigate the use of foam fractionation to
recover surfactant from water. A simple continuous mode foam fractionation was
used and three surfactants were studied (two anionic and one cationic). The effects
of air flow rate, foam height, liquid height, liquid feed surfactant concentration,
and sparger porosity were studied. This technique was shown to be effective in
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either surfactant recovery or the reduction of surfactant concentration in water
to acceptable levels. As an example of the effectiveness of this technique, the
cetylpyridinium chloride concentration in water can be reduced by 90% in one
stage with a liquid residence time of 375 minutes. The surfactant concentration
in the collapsed foam is 21.5 times the feed concentration. This cationic surfactant
was easier to remove from water by foam fractionation than the anionic surfactants
studied.

INTRODUCTION

Surfactants are widely used in many industries. As environmental regu-
lations tighten, there is increasing concern about reducing the surfactant
concentration in effluent streams. One source of these streams is surfac-
tant-based separations, which are being increasingly used to remove pollu-
tants from wastewater and groundwater (1). In these processes, surfac-
tants are added to a contaminated stream to effect removal of pollutants.
Sometimes a stream emitted from one of these processes contains a low
surfactant concentration. In addition to satisfying environmental regula-
tions, the value of the surfactant being emitted sometimes make recovery
operations economical. The surfactant concentrations of interest are gen-
erally around or below the critical micelle concentration (CMC).

One surfactant-based separation of interest is micellar-enhanced ultra-
filtration (MEUF) (2). In MEUF, a surfactant is added to an aqueous
stream containing dissolved pollutants. The surfactant is at a concentra-
tion well above the CMC, so most of the surfactant is present as aggregates
called micelles. The micelles solubilize organic contaminants and bind
multivalent ions (e.g., heavy metals, chromate) if the surfactant is chosen
to have the proper valence. The stream is then treated by ultrafiltration
with membrane pore sizes small enough to block the micelles from enter-
ing the permeate (stream passing through the membrane). The surfactant
concentration in the permeate is at or slightly below the CMC (2). Gener-
ally, the surfactant must be recovered from the stream for an economical
separation (3).

Foam fractionation has been extensively studied for the purpose of re-
moving pollutants (e.g., heavy metals) from water by adding surfactant
on purpose. In this study, the purpose is to recover surfactant itself using
foam fractionation. This investigation involves the systematic study of
the most important variables on the efficiency of a foam fractionation
operation in a pilot-scale fractionator for several different surfactants.

BACKGROUND

Foam fractionation is a process in which solute species are adsorbed
at a gas—liquid interface between a dispersed phase (gas bubble) and a
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continuous phase (bulk liquid) (4). Foam fractionation processes have
been used to concentrate and remove surface-active agents from aqueous
solutions (5). Moreover, nonsurface-active materials can be removed by
interaction with the surfactant and are carried along into the foam. In the
latter case the surfactant is called a collector (6).

In foam fractionation, air is sparged to produce bubbles which rise to
the top of a liquid column, producing foam there. As the bubbles travel
through the continuous phase, surfactant adsorbs at the air-liquid inter-
face (Fig. 1). When the air bubble emerges from the liquid, it forms a cell
in the foam honeycomb. The thin liquid film between air bubbles (foam
lamellae) is stabilized by the adsorbed surfactant (7). The liquid drains
from the lamellae due to gravity, and plateau border suction effects (8)
cause the foam to eventually break or collapse. The collapsed foamate
solution is much more concentrated in the surfactant than in the feed
solution. In this work, a simple continuous mode of operation was used
as shown in Fig. 2.

There have been many studies on foam fractionation including the effect
of operating mode (9-15) and foam properties (16—19). Many publications
are available on the use of foam fractionation for removing colligends such
as metal ions and anionic ions from the aqueous phase by using surfactant
as the collector (20-35). The effects of such key variables as temperature,

~
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FIG. 1 Foam structure.
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a. feed storage tank

b. diaphragm pump

c. flow meter

d. air compressor

e. regulator

f. air flow meter

g. foam fractionation column
h. Thermocouple

i. foam storage collector
j. sintered - glass diffuser
k. foam draw-off

l. circulated cooling bath

=

FIG. 2 Schematic diagram of foam fractionation system.
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feed rate, pH, gas flow rate, feed concentration, foam height, and bubble
diameter on the operation of both batch and continuous fractionation have
been studied (10, 14, 36-45). The surface activity in mixed surfactant
solutions has been studied (11, 46, 47). Despite this large number of publi-
cations, few studies have directly addressed the use of foam fractionation
for the purpose of surfactant removal from water.

Three different surfactants were chosen for study: sodium dodecyl sul-
fate (SDS, a typical anionic surfactant), cetylpyridinium chloride (CPC,
a typical cationic surfactant), and sodium n-hexadecyl diphenyloxide di-
sulfonate [DADS, an anionic surfactant which shows great promise in
several surfactant-based separations (3, 48)].

EXPERIMENTAL
Materials

Three surfactants were chosen for study. Sodium dodecyl sulfate (SDS)
from Kao Industrial R&D was 96.28% pure. Cetylpyridinium chloride
(CPC) from Zealand Chemical was >99% pure. Sodium #-hexadecyl di-
phenyloxide disulfonate (Dowfax 8390 or DADS) from Dow Chemical was
36.5% by weight pure. Distilled water with a conductivity of 2 wmho/cm
was used in all experiments. Manufacturer-supplied information about the
surfactants used is shown in Table 1.

Equipment

A schematic flow diagram of the apparatus used is shown in Fig. 2. The
fractionator was an acrylic cylindrical column of 12 ¢cm O.D., 3 mm in
wall thickness, and 150 cm in height.

TABLE 1
Information on Manufacture-Supplied Surfactant Properties
Formula
Surfactant weight Quality Source
Sodium dodecyl 288.38 96.28% SDS, 1.12% volatile Kao Industrial
sulfate (SDS) matter, 0.39% n-hexane, (Emal 10 P) Lot
2.207% SO, No. 432
Cetylpyridinium 358.01 >99% pure Zealand Chemical
chloride (CPC)
Sodium n-hexadecyl 640 36.5% by wt active, 10% Dow Chemical
diphenyloxide NaCl, 0.51% Na,SO,
disulfonate

(DADS)
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Methods

The surfactant feed solution was pumped through a flowmeter at 100
mL/min by a diaphragm pump before entering the column at a position
35 cm from the bottom of the column. The liquid level in the column was
controlled by adjustment of the bottom stream withdrawal rate. The air
pressure from a compressor was maintained by a regulator and was intro-
duced to the column through a sintered-glass diffuser. Sintered-glasses
No. 0, 1, 2, and 3 were used to produce bubble sizes of 160-250, 100-160,
40-100, and 16-40 wm, respectively. We will report the median bubble
sizes in the work of 28, 70, 130, and 205 wm. Foam was collected in a
receiver for a measured time pertod. The foam was weighed, then frozen,
and thawed to get the collapsed foamate volume. The column operating
temperature was held at 20°C by using a circulated cooling bath and hose
jacket around the column and was measured continuously by a thermo-
couple.

The foam fractionation was studied under steady-state conditions. The
base condition was 150 mL/min (15 L/min-m?) air flow rate, 100 mL/min
(10 L/min m?) liquid feed rate, 45 cm foam height, and 45 cm liquid height.
The surfactant concentration in the feed solution was held constant at
about 80% of the CMC, depending on the surfactant used. Each experi-
ment was carried out for a minimum of 3 hours. Steady-state was insured
when all measured parameters were invariant with time.

In each experiment, volumetric foam flow rate production (L/min-m?),
flow wetness (g of collapsed foam solution/L of foam), and the surfactant
concentration in the collapsed foam solution were measured. SDS concen-
trations were determined by conductivity while the concentrations of CPC
and DADS were determined by UV at wavelengths of 260 and 237 nm,
respectively.

The CMC of each surfactant was calculated as the concentration where
the specific conductivity of the solution vs surfactant concentration
showed an abrupt change in slope.

RESULTS AND DISCUSSION

The enrichment ratio is defined as the ratio of the concentration of
surfactant in the collapsed foam solution to that in the feed solution (¢¢/
¢i). Rate of surfactant recovery is calculated by FceM,, where F is the
collapsed foam flow rate and M., is the molecular weight of that surfactant.
The CMC value is 8.2 mM for SDS, 0.9 mM for CPC, and 0.45 mM for
DADS.
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Table 2 gives results of all the foam fractionation experiments. The
effect of air flow rate is shown in Figs. 3—-6. The lowest air flow rate shown
is close to the lowest possible for the fractionator used; i.e., a lower flow
rate would have resulted in such a low production of foam that foam
collapse would not allow any foam to reach the overheads draw-off. From
Figs. 3 and 4 the enrichment ratio is higher and the foam is dryer when
the air flow rate is slower because of the higher residence time of bubbles
in the rising foam, resulting in the available drainage time being longer.
In this case, more water drainage occurs, leaving a dryer foam with a
higher surfactant concentration. This is because a substantial fraction of
the surfactant in the foam is adsorbed at the air—water interface rather
than in the lamellae liquid which drains off. As the air flow rate increases,
a higher volumetric rate of foam (Fig. 5) and a wetter foam (Fig. 4) is
collected in the overheads, resulting in a higher collapsed foam flow rate.
Even though the foam has a lower surfactant concentration (Fig. 3), the
higher flow rate of collapsed foam solution results in a higher rate of
surfactant recovery from the liquid feed stream entering the unit as shown
in Fig. 6. The effect of air flow rate is in reasonable agreement with other
work (10, 11, 14).

The effect of the foam height (distance between top of liquid and foam
draw-off) is shown in Figs. 7-10. As expected, as the foam height in-
creased, a greater residence time resulted in a dryer foam (Fig. 8) with a
greater enrichment ratio (Fig. 7) for the same reasons as decreasing air
flow rate causes these same effects as already discussed. The rate of
surfactant recovery decreased with increasing foam height as shown in
Fig. 10 because of the increased rate of foam collapse due to foam drain-
age. The results have the same trends as in previous work (39).

The effect of the liquid height is shown in Figs. 11-14. From Fig. 11,
liquid height increases the enrichment ratio for CPC, probably because
of an increase in residence time of bubbles in the liquid section. As the
bubbles take longer to rise through the solution, adsorption of surfactant
at the gas-liquid interface can more closely approach an equilibrium level,
increasing the enrichment ratio. Except in the case of CPC, liquid height
had little effect on separation over the range studied.

The effect of the surfactant concentration in the liquid feed is shown
in Figs. 15-22. A concentration range of 10% of the CMC to the CMC
was studied. The wetness of the foam increases with increasing surfactant
concentration as shown in Figs. 17 and 18. This may be due to the effect of
concentration on air bubble size since the surfactant concentration affects
surface tension at the air/water interface and, therefore, the bubble size.
Smaller bubbles at a higher surfactant concentration could form a creamier
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FIG. 15 Effect of surfactant feed concentration (% of CMC) on enrichment ratio.

foam upon emerging from the liquid interface. Another possibility is that
higher surfactant concentration in the thin liquid film in the foam lamellae
may make this liquid more structured or cause increases in surface viscos-
ity, leading to an decreased rate of film drainage. This could also explain
the increasing volumetric foam production with increasing surfactant feed
concentration as seen in Figs. 19 and 20. The enrichment ratio increases
as feed liquid surfactant concentration decreases (Figs. 15 and 16), pre-
sumably due to the increased ratio of bubble surface area to surfactant in
the liquid. The rate of surfactant recovered increases with surfactant feed
liquid concentration. The results are in agreement with another study (11).

Figures 15-22 are plotted as a function of both actual surfactant concen-
tration and concentration as a fraction of the CMC in order to compare
the behavior of different surfactant structures. The SDS has about an
order of magnitude higher CMC than the CPC or the DADS. The SDS
exhibits a much dryer foam and a lower rate of surfactant recovery than
the CPC and the DADS. The DADS exhibits a lower enrichment ratio
than the SDS or CPC, and the latter two have about equivalent enrichment
ratios (Fig. 16) when plotted on an actual feed concentration basis. When
plotted as a function of the CMC (Fig. 15), the SDS has a substantially
lower enrichment ratio than the CPC or DADS.

The effect of the porosity of the sintered glass sparger is shown in Figs.
23-26. As the pore size decreases, the smaller bubbles yield a wetter
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foam. This more than compensates for the increased surface area of the
bubble formed, resulting in a decreased enrichment ratio (Fig. 23). The
result is in disagreement with some work done by Konduru (10), probably
because this effect is very system-dependent. The rate of surfactant recov-
ery is highest for the lowest pore size studied because of the greater foam
production rate.

The effects of the variables studied are summarized in Tables 3 and 4.
It can be concluded that CPC is the surfactant most efficiently recovered
by foam fractionation with the highest enrichment ratio and highest recov-

TABLE 3
Effect of Variables®

Increasing variable

Enrichment ratio

Foam wetness

Foam flow rate Rate of recovery

SDS- CPC DADS SDS CPC DADS SDS CPC DADS SDS CPC DADS

Air flow rate
Foam height
Liquid height
Sparger pore size
Surfactant
concentration

Y

e>&
e

o
=
A
\

S&ege>
Seees
Sege>

>¢0e2
seges
>epe
>&¢e>
>ege>
>g0e>

4+ = increase, \} = decrease, & = no substantial change or change not monotonic.



11: 49 25 January 2011

Downl oaded At:

SURFACTANT RECOVERY FROM WATER 1255

TABLE 4
Effect of Surfactant Type for Base Case Conditions
(in decreasing order)

Enrichment ratio CPC > DADS > SDS
Foam wetness DADS > CPC > SDS
Foam flow rate SDS ~ CPC > DADS
Surfactant recovery CPC > DADS > SDS

ery rate for base case conditions. Increasing air flow rate or decreasing
foam height or decreasing sparger pore size increases surfactant recovery
rate but decreases enrichment ratio, so these design parameters would
need to be optimized for a specific system. Liquid height has little effect
on performance.

As the fractionation progresses with increasing time for a batch system
or increasing number of stages for a continuous system resulting in a
surfactant concentration decrease, the enrichment ratio increases and the
recovery rate decreases. In order to indicate the effectiveness of this pro-
cess and to compare the different surfactants over a range of concentra-
tions, staging calculations were performed for a steady-state fractionation
train. Base case conditions were used except for surfactant concentration,
which was assumed to be equal to the CMC in the feed and at 10% of the
CMC in the process effluent. The ‘‘overall’’ enrichment ratio is defined
by the surfactant concentration in the total collapsed foam collected from
all the stages divided by surfactant concentration in the feed to the first
stage. The number of stages required for this 90% reduction in concentra-
tion is 165, 8, and 27, and the overall enrichment ratio is 9.93, 21.50, and
16.13 for SDS, CPC, and DADS, respectively. This confirms that CPC is
the most readily removed of the three surfactants studied, as suggested
from raw data earlier.

It is not surprising that SDS requires more stages for removal since
more moles or grams of surfactant per liter of solution treated is being
removed. However, it has already been stated that the effluent to be
treated often has a surfactant concentration around the CMC from surfac-
tant-based separations, so the use of a high CMC surfactant in a surfactant-
based separation is a disadvantage. Therefore, comparing conditions re-
quired to treat different surfactants at feed concentrations corresponding
to their CMC values is reasonable. It should be noted that this staging
calculation is valid for the liquid feed rate used, which corresponds to a
liquid residence time for the base case of 45.93 minutes. For a given diame-
ter column per stage and overall percent surfactant removal, if the feed
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flow rate were less, the residence time per stage would be greater and the
number of stages less. On the other hand, if the number of stages were
reduced at constant feed flow rate and overall percent surfactant removal,
the column diameter for each stage would be greater and the residence
time per stage increased. As an example, for the CPC staging calculation
just discussed, if the liquid residence time were increased to 375 minutes,
the 90% surfactant removal could be achieved in one stage compared to
eight stages corresponding to the 46 minute residence time per stage.

CONCLUSIONS

1. Foam fractionation can be effective in the separation of surfactant
from aqueous solution. For example, for conditions used here, 90%
removal of CPC can be obtained in a single stage with a liquid resi-
dence time of 375 minutes. From this study, the effectiveness of the
foam fractionation process in recovering CPC is better than for DADS
or SDS.

2. An increase in the air flow results in a decrease in the enrichment
ratio and an increase in the surfactant recovery rate.

3. A greater foam height produces a higher enrichment ratio and a lower
surfactant recovery rate.

4. Liquid height has littie effect on the separation process.

5. The enrichment ratio decreases and the surfactant recovery rate in-
creases as feed liquid surfactant concentration increases.

6. A decrease in the pore size of the porous sparger results in a decrease
in the enrichment ratio and an increase in the surfactant recovery
rate.
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