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The Effect of Emulsified Compounds Properties on 
Flotation Efficiency 

KRYSTYNA B. MEDRZYCKA 
INSTITUTE OF ORGANIC AND FOOD CHEMISTRY AND TECHNOLOGY 
TECHNICAL. UNIVERSITY OF G D h S K  
G D d S K ,  POLAND 

Abstract 

A mathematical model for the removal of partly soluble and slightly volatile hy- 
drocarbons from their emulsions was applied. The removal of aliphatic and 
aromatic hydrocarbons due to interception and evaporation was computed. The 
effect of the hydrocarbon volatility and its solubility in water on the evaporation 
efficiency was discussed. If the hydrocarbon volatility is greater than 0.1 mmHg 
and its solubility exceeds 10 ppm, then the evaporation process should be included 
in the computation of the efficiency of flotation from emulsions having concen- 
trations lower than 100 ppm. 

INTRODUCTION 

Flotation of mineral oils emulsified in water has been widely inves- 
tigated. There are some papers concerning the flotation of single hyd- 
rocarbons (I-5) but usually the crude oils have been investigated. There is 
very little information on the effect of the oil type on its removal from the 
emulsion (6, 7). 

Strickland (6) stated that there are different flotation efficiencies for dif- 
ferent types of oil: oils which contain greater amounts of aromatics and 
nonhydrocarbons are floated to about 83-85%, and other oils (with lower 
aromatics content and greater amounts of saturated hydrocarbons) are 
floated 39 to 59%. 

Our investigations (3-5) show that the removal of aliphatic hydrocar- 
bons by flotation from their emulsions is much poorer than the removal of 
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820 MEDRZYCKA 

aromatic hydrocarbons. As was shown earlier (8), these observations are 
connected with the different mechanisms by which these hydrocarbons 
are removed during aeration of the emulsion. For hydrocarbons which 
are nonvolatile and insoluble in water (for example, aliphatic hex- 
adecane), removal proceeds according to the hydrodynamic model of the 
flotation of fine particles (9-23) and depends on the interception of emul- 
sified droplets by rising bubbles. If the hydrocarbon is slightly soluble in 
water, and even has a very low volatility, then its removal proceeds accord- 
ing to a mixed mechaninism (8) which consists of three simultanous 
processes: 

Interception of emulsified droplets by a rising bubble resulting from 

Dissolution of hydrophobic droplets in water 
Mass transport of the dissolved molecules from water into the bubble as 

hydrodynamics forces 

a result of evaporation 

The contribution of the evaporation process to the cumulative hyd- 
rocarbon removal efficiency depends on hydrocarbon volatility and its 
solubility in water. Hydrocarbons, as a class, are normally regarded to be 
insoluble in water, but aromatics are more soluble than aliphatics. As was 
shown earlier for mesitylene emulsions of 100 ppm concentration (8), 63% 
of this hydrocarbon is removed by evaporation and 37% by the intercep- 
tion process. Thus the evaporation process should be included in con- 
sideration of the flotation model. 

The question arises: What are the boundary values of solubility and 
volatility below which the evaporation process need not be taken into ac- 
count when flotation is being analyzed. 

THEORY 

To solve the above question, the mathematical model previously 
developed for the removal of partly soluble and slightly volatile hydrocar- 
bons from their emulsions was applied (8). 

This model allows one to calculate the amount of hydrocarbon remov- 
ed due to the interception of emulsified particles by a rising bubble: 
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EFFECT OF EMULSIFIED COMPOUNDS PROPERTIES 827 

and due to the evaporation of dissolved hydrocarbon into the bubble: 

Equation (2) is valid when the rate of solution of hydrocarbon droplets 
during flotation is very slow, and when only evaporation influences the 
changes of C values. However, if the rate of hydrocarbon molecules 
transfer from the emulsified droplets into the aqueous solution is so fast 
that the mass transfer coefficient for oil-water transfer of hydrocarbon is 
much greater than the diffusion coefficient of hydrocarbon in water, then 
the concentration of hydrocarbon in the aqueous solution may be treated 
as a constant during the aeration process. In such a case the total mass of 
hydrocarbon carried out of solution on the basis of evaporation may be 
calculated from 

Equation (3) may be used only until all droplets disappear (dissolved or 
captured by a bubble due to hydrodynamic forces). From that moment, 
Eq. (2) is valid. 

THEORETICAL RESULTS 

The above equations were used for the calculation of the flotation ef- 
ficiency of several aliphatic and aromatic hydrocarbons. The physical 
constants of the hydrocarbons used to simulate the flotation runs are pre- 
sented in Table 1. Compounds denoted as "X" and "Y" in this table are im- 
aginary compounds with chosen values of molecular weights, solubilities, 
and vapor pressures. The analysis of their removal has only theoretical 
meaning. Henry's law constant (Table l), which is the ratio of hydro- 
carbon concentration in the gaseous phase to the concentration in the 
aqueous phase, was calculated from 

PM KH = sT X 760 X 82.05 (4) 
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828 M EDRZYCKA 

TABLE 1 
Physical Constants of Hydrocarbons Used to Simulate Flotation Runs (14, 15) 

Water Vapor Henry's 
Molecular solubility, pressure, law 
weight, S P constant, 

Compound M ( P P d  (mmHg) KH 

I Mesitylene 120 57 1.95 0.2244 
I1 Naphthalene 128 30 0.16 0.0386 
I11 X 130 10 0.10 0.07 11 
N Y 150 7 0.05 0.0587 
V Phenanthrene 178 2.7 0.02 0.0722 

VI Pentane 72 39 420 43.0 
VII Hexane 86 9.8 120 60.8 
VIII Heptane 100 2.9 35 67.1 

Table 2 gives the parameters used in computing the simulated experi- 
mental evaporation and interception processes. These values were chosen 
on the basis of a series of experimental results. 

Figure 1 presents the effect of Henry's law constant of the dissolved 
compounds on their evaporation into the bubbles during aeration of the 
solution. The evaporation efficiency was calculated relative to the max- 
imum solubility of the compound and is (MAC&) X 100%. As we expec- 
ted, the greater the KH value, the faster the evaporation of the dissolved 
compound. 

TABLE 2 
Input Parameters for Program Simulating Theoretical 

Flotation 

Parameter Value 

Droplet diameter, dp 
Bubble diameter, db 
Volumetric gas 

flow rate, Vg 
Bubble rise velocity, u 
Mass transfer rate 

coefficient, k 

4 P 
0.1 cm 
1.1 cm3/s 

12.8 cm/s 
0.0 1 
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FIG. 1. The effect of Henry's law constant (KH) on dissolved compound evaporation into the 
bubbles. (Me/CqV,) X 100% =AT). 

Figure 2 presents the evaporation efficiency of the dissolved hydrocar- 
bons calculated relative to their total content in the emulsion as follows: 
(MJC,,V,) X 100%. The mass of the evaporated hydrocarbon (Me) was 
calculated according to Eq. (2), so that droplet dissolution was not taken 
into account. 

It has been stated that the evaporation efficiency is greater if the hydro- 
carbon content in the emulsion is lower. For example, from an emulsion 
containing 40 ppm of naphthalene, 43% of this hydrocarbon is removed 
by evaporation (after 6 h aeration), but from an emulsion of 70 ppm only 
24% (Fig. 2). 

The evaporation of aromatic hydrocarbons proceeds in a way different 
from that for the evaporation of aliphatic hydrocarbons. The amount of 
aromatics removed increases slowly during aeration, and the maximum 
removal is reached in a few hours (Fig. 2). On the other hand, complete 
evaporation of aliphatics is achieved in a few minutes because of their 
high vapor pressui-es (and also KH values) in comparison with those of 
aromatics (Table 1). 
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FIG. 2. The efficiency of dissolved hydrocarbon evaporation calculated in relation to total 
hydrocarbon content in the emulsion. (M,/CoV,) X 100% = f (r). Co = 70 ppm. 

The value of Henry’s law constant does not influence the evaportion ef- 
ficiency when it is calculated in relation to the total content of aliphatic 
hydrocarbons in an emulsion. For example, in the case of an emulsion 
having a total hydrocarbon concentration of 70 ppm, pentane is removed 
by evaporation to the extent of 56% and hexane to the extent of 14% (Fig. 
2), while Henry’s law constant for pentane is lower (KH = 43) than that of 
hexane (KH = 60.8). The solubility of pentane is greater (s = 39 ppm) than 
the solubility of hexane (9.8 ppm, Table l), so we may state that the dif- 
ferences in the evaporation efficiency of aliphatic hydrocarbons result 
from the differences of their solubility in water. If the dissolution of 
aliphatic hydrocarbon droplets does not occur during the flotation pro- 
cess, then in a very short time the evaporation efficiency reaches its max- 
imal value and is as large as the solubility of the hydrocarbon. For exam- 
ple, hexane is removed by evaportion from a 70-ppm emulsion to the 
extent of 14% (Fig. 2), which relates to the contribution of the dissolved 
part in the total content of hexane in an emulsion: (9.8 ppm/70 ppm) X 
100% Z 14%. 
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EFFECT OF EMULSIFIED COMPOUNDS PROPERTIES 831 

Figures 3-7 present different hydrocarbon removal efficiencies cal- 
culated for the interception and evaporation models. The efficiency for 
each model was calculated in relation to the total initial content of hydro- 
carbon in an emulsion (Co), i.e., in relation to 70 ppm (Figs. 3,4 ,6 ,7)  or to 
40 ppm (Fig. 5) .  The mass of hydrocarbon removed by the interception 
process was computed according to Eq. (l), and the mass removed by the 
evaporation process was computed from Eq. (2) (evaporation only) or 
from Eq. (3) (dissolution + evaporation). 

Analysis of Figs. 3-7 allows one to state that mesitylene removal due to 
evaporation is the largest and after 6 h aeration equals 81% (Fig. 3), while 
the removal of phenanthrene is the smallest and equals only 3% (Fig. 6). 
However, the interception process gives the largest phenanthrene removal 
(75.3%) and the smallest mesitylene removal (14.5%). These values relate to 
the emulsion of hydrocarbon concentrations of 70 ppm. If the hydrocar- 

100- 

8 0 -  

- - I  1 I n t e r c e p t i o n  

- 
- i  1 1 3 4 5 6 

a e r a t i o n  t i m e .  [ h ]  

FIG. 3. Mesitylene removal efficiency calculated for interception and evaporation. (Mi/CoV,) 
X 100% =AK) and (MJC&) X 100% =AT). Co = 70 ppm. 
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FIG. 4. Naphthalene removal efficiency calculated for interception and evaporation. (Mi/ 
CoV,) X 100% =AT) and (MJCoV,) X 100% =AT). CO = 70 ppm. 

6 0. 

4 0- 

0 I 2 3 4 s 6 

a e r a t i o n  t i m e ,  Chl 

R G .  5. Naphthalene removal efficiency calculated for interception and evaporation. (Mi/ 
C&) X 100% =AT) and (MJCoV,) X 100% =As). Co = 40 ppm. 
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FIG. 6. Phenanthrene removal efficiency calculated for interception and evaportion. (M;/ 
Co&) X 100% =As) and (MJCoV,) X 100% = As). Co = 70 ppm. 

H E P T A N E  

a e r a t i o n  t i m e ,  [ m i n l  

FIG. 7. Heptane removal efficiency calculated for interception and evaportion. (Mj/CoV,) x 
100% =As) and (MJCoV,) X 100% =As). Co = 70 ppm. 
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834 MEDRZYCKA 

bon content in the emulsion is smaller (40 ppm), then the efficiency of 
evaporation calculated in relation to the total concentration becomes 
larger, and the efficiency of interception becomes smaller. This is seen if 
we compare the results presented in Figs. 4 and 5 for naphthalene. 

Analysis of Figs. 3-7 allows us to state that the dissolution of aromatic 
hydrocarbon droplets during aeration of the emulsion causes the evapora- 
tion efficiency to increase in comparison with the evaporation process 
without dissolution. 

In the case of aliphatic hydrocarbon (Fig. 7), there is a great difference 
between the evaporation efficiency calculated from Eq. (2) (only evapor- 
tion) and from Eq. (3) (dissolution + evaporation). This difference results 
from the fact that the volatilities of aliphatics are larger than the volatili- 
ties of aromatics, but the solubilities in water are greater for aromatics 
than for aliphatics. For example, the large volatility of heptane (Table 1) 
causes the evaporation of the soluble part of heptane to be very fast during 
aeration ( N  1 min), but its low solubility causes the evaporation effect to be 
low (-4%) because only the soluble part of heptane may evaporate into 
the bubbles. If fast dissolution takes place, then the evaporation efficiency 
is much larger (Fig. 7, curve marked “dissolution + evaporation”). The ex- 
periments which were carried out answered the question: Which model 
is appropriate? 

Figure 8 presents diagrams in which the participation of the intercep- 
tion and evaporation mechanisms in the total removal of hydrocarbons is 
shown. The evaporation and interception efficiencies were calculated as 
follow: [MJ(M, + M,)] X 100% and [M,/(M, + M,)] X loo%, respectively. 

It may be seen in these diagrams that the participation of evaportion in 
cumulative removal efficiency is higher when the compound content in 
the emulsion is lower. For example, if the emulsion contains 40 ppm of 
naphthalene (30 ppm dissolved and 10 ppm as droplets), and the total 
removal after 6 h equals 21 ppm, then we found that evaporation gives 81% 
(17 ppm) and interception gives 19% (4 ppm) of the total removal (Fig. 8, 
11). If the emulsion contains 100 ppm of naphthane (30 ppm dissolved and 
70 ppm as droplets), then evaporation gives only 23.5% and interception 
gives 76.5% of the total removal (Fig. 8,II). 

If we compare the results for different compounds (Fig. 8, I-V), we can 
say that the lowe: the wpor pressure and the lower the hydrocarbon 
solubility :;I water, the higher the participation of interception and the 
lower the ponr*ir. ipation of evaportion in the cumulative hydrocarbon 
removal during aertion of the emulsion. 

Similar conclusions ma- bL, diswn Tor cases where the dissolution of 
the droplets during a-ution is taken into account. In such cases the par- 
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0 i n t e r c e p t  i o n  

evaporat ion 
Lolo 1 

I I 1  111 IV 

100 ppm 

FIG. 8. Participation of interception and evaporation in the total hydrocarbons removal ef- 
ficiency after 6 h aeration. [Mi/(Mi + Me)] X 100% and [MJ(Mi + Me)] X.loo%. Evaporation 
calculated from the model based on Eq. (2). Hydrocarbons I-V as in Table 1 .  C,, = 40,70, and 

100 ppm. 
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ticipation of evaporation is greater than in cases where dissolution is om- 
itted, but generally the dependences are similar. 

On the basis of the results presented, it can be stated that for less volatile 
and less soluble hydrocarbons, participation of the evaporation process in 
cumulative removal efficiency becomes insignificant. If we neglect the 
evaporation process in the calculation of removal efficiency, then we 
make an error which depends on the emulsified compound properties 
and on its concentration in the emulsion. In the case of a hydrocarbon for 
which s = 10 mg/dm3 andp = 0.1 mmHg, and for an emulsion concentra- 
tion of 40 ppm, the error equals 26%. If the emulsion concentration is 70 
ppm, the error equals -15%. So we can state that the error is inversely 
related to the concentration of the emulsion. In the case of an emulsion 
with a concentration larger than 100 ppm, the error does not exceed 10%. 
The error will be smaller if the solubility and volatility of the compound 
are lower than 10 mg/dm3 and 0.1 mmHg, respectively. For example, in the 
case of phenanthrene, for which s = 2.7 mg/dm3 and p = 0.02 mmHg 
(Table l), we can completely omit the evaporation process because the 
error will be 7% for an emulsion of 40 ppm concentration and only 2.8% 
for an emulsion of 100 ppm concentration: 

EXPERIMENTAL 

Batch runs of the flotation were carried out in the glass column des- 
cribed previously (8). The emulsions of hexane and heptane were pre- 
pared mechanically, and the dispersions of naphthalene were prepared 
ultrasonically. The concentratins of hydrocarbons in the emulsion, in the 
dispersion, and in the raffinates were determined by the GLC method (4, 
8). The droplet sizes were determined by microscopic measurements. The 
bubble sizes were measured photographically. The mean volume-number 
diameter (so-called Sauter diameter) (8, 16) was calculated for bubbles 
and droplets. The parameters characterizing flotation runs are sum- 
marized in Table 2. 

Figures 9-13 present the results of experimental flotation runs (circles) 
and the theoretical results computed for related parameters (lines). 
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N A P H T H A L E N E  

OY 
0 I 2 3 a s 6 

a e r a t i o n  t i m e .  l h l  

FIG. 9. Removal of naphthalene by flotation. Comparison of experimental data (circles) and 
computed results (lines) for Run 1. Solid line computed according to the interception (Eq. 1) 
and evaporation (Eq. 2) models. Dotted line computed according to interception, dissolu- 
tion, and evaporation models (Eqs. 1-3). Parameters: k = 0.01 cm/s, other parameters as in 

Table 3. 

DISCUSSION 

The flotation of mesitylene has been carried out previously (8), and 
good agreement was found between experimental and theoretical results. 

In the case of naphthalene, fairly good agreement was found for a less 
concentrated dispersion (Fig. 9) but not for a more concentrated disper- 
sion (Fig. lo), especially at the beginning of the run. The solid lines corre- 
spond to the results computed according to the model correspond to the 
results computed according to the model including the interception and 
evaporation processes (without the dissolution of droplets). The dissolu- 
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om.-. 

N A P H T H A L E N E  

0 I a 3 4 5 6 
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FIG. 10. Removal of naphthalene by flotation for Run 2. Remarks and parameters as in Fig. 9 
except that the dashed line relates to particles of 10 pm diameter. 

tion of naphthalene in water is rather fast and, as shown by Baumgardt 
(19, the maximum concentration (equal to its solubility) is achieved in 
about 50 min. So the dissolution of naphthalene particles during the flota- 
tion process should be considered. However, the theoretical results, in- 
cluding the process of droplets dissolution (dotted lines, Figs. 9 and lo), do 
not fit the experimental results better than the solid line does. It is difficult 
to state whether the dissolution of particles should be considered in the 
flotation of naphthalene [as should be done in the case of mesitylene ( S ) ] .  
The differences between the experimental points and the theoretical lines 
result from the fact that the particles of naphthalene have a tendency to 
flocculate and to form aggregates. And, as shown earlier (8), the larger the 
particles, the greater the efficiency of their removal by the 
interception process. It may be seen in Fig. 10 that the dashed line, 
calculated for particles of 10 pm diameter, fits the experimental results 
better than does the solid line which was calculated for particles of 5 pm 
diameter (5  pm corresponds to the mean diameter in the initial dispersion, 
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FIG. 11 .  Removal of hexane by flotation. Dashed line and full circles relate to Run 3; solid 
line and open circles relate to Run 4. Remarks and parameters as in Fig. 9. 

Table 3). The flocculation process influences the flotation efficiency, es- 
pecially in more concentrated dispersions, where the participation of the 
particles in the whole mass of naphthalene is greater (Table 3). For testing 
the model, it would be better if the emulsified compounds were liquid hy- 
drocarbons that formed droplets rather than particles. 

The results obtained for hexane and heptane are shown in Figs. 11-13. 
It is seen that there is fairly good agreement between the experimental 
points and the results computed according to the interception-evapora- 
tion model (Eqs. 1 and 2). If dissolution of the droplets is taken into ac- 
count (Eq. 3), then complete removal of these hydrocarbons is observed in 
a few minutes. The very slow solution of aliphatic hydrocarbon droplets 
during flotation means that the efficiency of interception predominates in 
the total removal efficiency. Participation of the evaporation process 
depends on the solubility of an aliphatic hydrocarbon and its content in 
the emulsion. In the case of hexane, this participation was about 11 and 
5% for Runs 3 and 4, respectively; in the case of heptane, the participation 
of evaporation was 5.6 and 1.4% for Runs 5 and 6, respectively (Table 3). 
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FIG. 12. Flotation efficiency of heptane for Run 5. Remarks and parameters as in Fig. 
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FIG. 12. Flotation efficiency of heptane for Run 5. Remarks and parameters as in Fig. 9. 
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FIG, 13. Flotation efficiency of heptane for Run 6. Remarks and parameters as in Fig. 9. 
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CONCLUSIONS 

On the basis ofthe above the results we draw the following conclusions: 

The rate of solute evaporation as a result of bubble aeration depends on 
the Henry's law constant; the higher the KH value, the faster the evapora- 
tion into the rising bubbles. 

The participation of the evaporation process in total hydrocarbon 
removal during aertion of the emulsion depends mainly on the hydrocar- 
bon solubility in water, not on the KH value. 

The participation of the evaporation process in the total removal ef- 
ficiency is lower when the emulsion concentration is higher. 

If the emulsion concentration is higher than 100 ppm and the hydrocar- 
bon solubility in water does not exceed 10 ppm and its volatility is not 
greater than 0.1 mmHg, then the evaporation process may be neglected in 
the computation of the flotation efficiency if an error of about 10% is ac- 
cepted. If better accuracy is needed, then the lower boundary values of the 
hydrocarbon solubility and volatility and the higher emulsion concen- 
tration should be used. 

On the basis of the experimental results, one can state that the model 
based on the interception and evaporation mechanisms (without droplets 
dissolution) can be applied for the analysis of the flotation of aliphatic 
hydrocarbons, while for aromatics the droplets dissolution process has to 
be included. 

SYMBOLS 

radius of bubble and particle, respectively 
bubble rise velocity 
aqueous layer viscosity 
aqueous layer density 
height of the liquid head 
volumetric gas flow rate 
volume of the solution 
flotation column diameter 
time from the beginning of the run 
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residual and initial hydrocarbon concentration in emulsion, 
respectively 
concentration of dissolved hydrocarbon 
mass transfer rate coefficient 
Henry's law constant for solute in water 
Reynolds number = 2wbp/V 
hydrocarbon mass removed by interception 
hydrocarbon mass removed by eva oration 
collision efficiency = 0.995(rp/rb)2&e (Ref. 13) 
hydrocarbons solubility in water 
vapor pressure of pure hydrocarbon 
molecular weight of hydrocarbon 
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