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Abstract-The foam separation of metal in model wastewater is performed by using two different bubble columns 
in a continuous operation mode. The equipment mid operation conditions are changed, and the foam flow rate and 
metal concentration in foam flow are measured. The foam flow ratio (the ratio of foam flow rate to the inlet one) in- 
creases with increasing gas velocity, with decreasing liquid velocity, with decreasing foam layer height and with de- 
creasing metal concentration in model wastewater. Metal enrichment (the ratio of metal concentration in foam flow 
to that in it]let flow) shows the reverse tendencies. When a di-afl tube is inserted in the bubbling layer, the foam flow 
rate decreases. The enrichment is strongly governed by the foam flow ratio. Since the foam flow ratio is adjusted by 
means of the equipment and operation conditions, the metal concentration in foam flow is controlled to be a desired 
value. 
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INTRODUCTION 

Trealment of wastewater containing metal has become very im- 
portrait. Front the viewpoints of environment and resources, it is 
necessary to separate and recover the metal in wastewater. Foam 
separation, which utilizes metal adsorption on the bubble surface, 
is considered to be one of the most useful tect~liques, especially 
when the metal concentration in wastewater is relatively low. 

Although there have been many studies on foam sel:aration, the 
objective of early studies was the removal of surfactant from do- 
mestic wastewater. Recently, since foam sel:~ration has been clari- 
fied to be effective for metal removal, the foam sep~-ation of metal 
has become a research focus. Kubota et al. [1977] and Moussavi 

[1994] have performed the foam sel:aration of metallic ions. Choi 
and 1tml [1988] have carried out unique foam separation, ie., pre- 
cipitate floatation and adsorbing colloid floatation. Hiraide and Mi- 
zuike [1 984] have applied foam separation to a metallic analysis 
for dilute solution. The adsorption characteristics in foam sel:~ra- 
tion have also been examined. Shirotsuka and Ishiwata [1973] and 
Kato and Nakanlori [1976] have explained the adsolption mect~a- 
nism on the basis of Langmuir's adsorption isotherm. Kato et al. 
[1992] have investigated the surface excess of metallic ion. Sum~i 
and Matwama [2000] have considered foam set~-atic~l using pro- 
teins as a foaming regent. These studies described above are based 
on physical and surface chemisbies. However, there are few stud- 
ies from the viewpoil~ of reactor engineering. Grieves and Wood 
[1964] have studied the influence of the position of feed introduc- 
tion on foam fractionation. 

In this study, two different bubble columns were used and the 
foam separation of metal was performed The effects of equipment 
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and operation conditions on the foam generation and separation 
peffommnce were examined. 

EXPERIMENTAL 

An outline of the experimental apparatus is shown in Fig. 1. The 
colultms were made of transparent acrylic resin and the inside di- 
ameter was 0.100m. The column height was changed from 1.30 
to 1.45 m and the bubble free liquid height was adjusted to be 1.00 
m. The gas sparger was a nozzle with 3 mm diameter. The liquid 
outlet was located at the column bottom. In the case of countercur- 
rent bubble column (Fig. la), the gas sparger was located at 0.10 
m above the column bottom. The liquid sl~rger was a nozzle with 
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Fig. 1. Outline of ex~perimental apparatus (a) counlercurrent bub- 
ble column (b) bubble column with draft tube. 
1. Bubble column 4. Draft tube 
2. Liquid sparger - I ~  Liquid flow 
3. Gas sparger - - >  Gas flow 
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25 mm diameter and located near the liquid surface. In the case of 
bubble cokaml witll draf{ tube (Fig. lb), file length and inside di- 
ameter of draft tube were 0.80 and 0.07 6 m, respectively. Both the 
clearances below and above the draft tube were 0.10m. The gas 
sparger was located at 0.05 m above tile lower end of dx-aff tube 
and the gas was Slmrged into the draft tube. The liquid sparger was 
a nozzle with 5 iron dianleter and located at 0.10m above file 
lower end of draft tube, i.e., at 0.05 m above the gas sparger. 

The metal to be separated was iron in FeC13 and the concentra- 
tion was 0.020 kg/ill 3. The sta-factant was sodium lauryl sulfate 
and the concenmation was 0.15 kg/m 3, which is much lower than 
the critical micelle concentration (about 3.0 kg/m3). 

The experiments were performed in a continuous operation 
mode. After the flow pattern became stable, the liquid discharged 
fi-Oill file outlet was sampled and file flow rate was measured. Tile 
metal concenmation in discharged liquid was analyzed by using an 
atomic absorption spectrometer (Shimazu, AA-6400). The foam 
flow rate and metal concentration in foam flow were calculated 
from the material balance. 

RESULTS AND DISCUSSION 

1. Countercurrent  Bu b b le  C o l u m n  

The effects of gas and liquid velocities on the foam flow rate 
and metal concentration in foam flow are shown in Fig. 2. The or- 
dklates are tile fc~n flow ratio (file ratio of foam flow rate to file 
inlet one), and the enrichment (the ratio of metal concentration in 
foam flow to tllat in fillet flow). Tile velocity in this study is file 
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Fig. 3. Effect of foam layer height on foam flow ratio and enrich- 
ment in case of countercurl~nt bubble column. 
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Fig. 2. Effects of gas and liquid velocities on foam flow ratio and 
enrichment. 

superficial one based on the cross-sectional area of columrt As the 
gas velocity becomes highel; tile foaill flow ratio increases and tile 
enrichment decreases. This is because the amount of liquid ent- 
rained between bubbles becomes larger. When the liquid velocity 
becomes high, the foam flow ratio decreases at the relatively high 

gas velocity. 
Tile effect of foam layer height on file foam flow ratio and en- 

richment is shown in Fig. 3. In this experiment, the bubbling layer 
height in sparging gas is fixed and the coltman height is changed. 
As file foam layer becomes higher, file foam flow ratio decreases 
and the enrichment increases. This is because in the relatively high 
foam layel, a Imrt of liquid ent~-dmed betwee~l bubbles fows down- 
ward by gravity. It has been reported that the liquid holdup is 
higher in the lower part than in the upper part of  the foam layer 
[Cutting, 1989]. 

The effect of metal concentration in model wastewater on the 
foam flow ratio and enrichment is shown in Table 1. As the metal 
concentration becomes high, the foam flow ratio decreases and the 
enrichment increases. The reason is considered as follows: as the 
metal concentration becomes highel, more sta-factant molecules 

Table 1. Effect of metal concenlration at inlet on foam flow ratio 
and enrichment in case of countereurrent bubble column 

q [kg/ill ~] 0.020 0.040 

F/F7 [-] 0.19 0.07 
C/C7 [-] 3.58 4.88 

uG=0.021 m/s, uL=0.0009 Ill/S, Hr=0.20 Ill 
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Fig. 4. Plot of enrichment against foam flow ratio. 

ing metal concentration in model wastewater. The enrichment 
shows tile revmse tendencies. 

2. The foam flow ratio is affected by the change in bubble size. 
3. The enrichment depends on the foam flow ratio and the rela- 

tion is given by Eq. (1). Tile enrictmmnt is easily conb-oUed by tile 
equipment and operation conditions. 

N O M E N C L A T U R E  

C 
F 

u~ 

uL 

�9 concentration of  separated material [kg/m 3] 
:f low rate [m3/s] 
: foam layer height [m] 
: superficial gas velocity based on cross-sectional area of 

column [m/s] 
: superficial liquid velocity based on cross-sectional area 

of column [m/s] 

bond with metal and tile conbibution of suffactalt to foaming be- 
comes smaller. From this result, it is predicted that, when the 
amount of surfactalt is less than the chemical equivalent value for 
the bond between metal and surfactant, the foam flow disappears. 
2. Bubb l e  C o l u m n  wi th  Draf t  Tube 

Tile bubble cokmm with &-aft tube was used to change tile flow 
pa~em in bubbling layer and the bubble size at interface between 
bubbling and foam layers. The results are shown in Fig. 2. When 
the gas velocity is constant, tile foam flow ratio is lower and tile 
enrichment is higher than those in the countercurrent bubble col- 
tram. The reason is considered as follows: the small bubbles en- 
main much of bulk liquid into the foam layer�9 By inserting the draft 
tube, small bubbles are recirculated into the downcomer due to the 
liquid chculation flow, and as a result smaU bubbles hadly reach 
the interface between bubbling and foam layers. In addition, due 
to no liquid slmrger in the foam layer, the foam stability decreases 
[Kuze et al., 1999] and as a result, the foam flow rate decreases. 
3. Relat ionship between F o a m  F l o w  Ratio  and E n r i c h m e n t  

For boffl file bubble colunms, file el~ictmmnt is plotted agamst 
the foam flow ratio as shown in Fig. 4. It is found that the enrich- 
ment depends strongly on the foam flow ratio regardless of the 
cokmm type, gas and liquid velocities, foam layer height and iuitial 
metal concentratiort From this plot, the following equation is ob- 
tained�9 

C/C,= (F/F,) ~ O.OI_<F/F,_<I (1) 

Tile foam flow rate is easily adjusted by means of file equipment 
and operation conditions. Therefore, it is considered that the enri- 
chment is controlled to be a desired value�9 

C O N C L U S I O N  

Foam separation of metal in model wastewater is performed by 
using two different bubble columns in a continuous operation 
mode. The following facts are clarified. 

1. Tile foam flow ratio increases with increasing gas velocity, de- 
creasing liquid vebcity, decreasing foam layer height and decreas- 

Subscr ipts  

F : foam flow 
I : feed flow 
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