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The nature of the aerosol emitted from a scale model zinc electrowinning system, operated under
industrial conditions, has been established as a function of bubble formation rate, electrode surface
characteristics, coalescence of bubbles, and control strategies. The emitted aerosol was collected and
characterized using an Andersen Ambient Impactor. The effect of the relative humidity of the ambient
air on the composition and density of the aerosol droplets was determined, permitting comparison of
emissions on a standard basis. The size distribution of the aerosol was found to be of a bimodal nature
indicating the presence of both film and jet droplets of geometric mean size 2 and 30 um respectively.
The amount and distribution of the aerosol were found to depend on the bubble size distribution in
the cell which in turn depends on the anode surface, the amount and nature of the MnO, scale and
surface active substances in the electrolyte. The gross emission rate was about 2—3 mgm = s~ without
any control. A new method of control of the acidic emissions is proposed based on observations made
and results obtained from the study of the aerosol characteristics. Providing means of enhancing bubble
coalescence below the electrolyte surface results in fewer and larger bubbles which yield less aerosol.
The method has been evaluated in both zinc and copper electrowinning and leads to reduction of aerosol
emission by over 90%.

1. Introduction so far involve the use of frothing agents in the
electrolyte, floating layers of balls, pellets or
cylinders and hoods around the tanks in combi-
nation with good ventilation of the tankrooms.
These have their obvious limitations for the
operator. The purpose of the present study was
to characterize the acidic aerosol emitted from
zinc electrowinning cells and to clarify its mech-
anism of production in order to facilitate the
evaluation of the existing control methods and
the development of new ones. The ideal control
system should be effective, non-interfering, con-
venient and inexpensive.

It is known that larger bubbles bursting on

During the electrowinning of zinc and copper

in electrolytic cells, gases are evolved (oxygen

at the anode and depending on current efficiency,
hydrogen at the cathode) which results in the
formation of bubbles. These bubbles move upwards
between the electrodes and burst on the electro-
lyte surface, generating a large number of droplets
in a variety of sizes, which form the acidic aerosol
found above the cells. They also induce circulation
and mixing of the electrolyte. Sulphuric acid
concentrations in the air above the cell have been
observed at more than 10—20 mgm™ well above

the threshold limit value (TLV) of I mgm™ and
emission rates of about 2—3 mgm ™ s™! were
observed in this work.

Control strategies which have been practised

the electrolyte surface result in reduced aerosol
emissions for a given production rate, since fewer
bubbles are bursting and fewer droplets per
bubble are generated. Hence, means of enhancing

* Paper presented at the International Meeting on Electrolytic Bubbles organized by the Electrochemical Technology
Group of the Society of Chemical Industry, and held at Imperial College, London, 1314 September 1984.
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bubble coalescence before they burst on the
electrolyte surface appeared to offer considerable
potential for reducing emissions.

The methods currently in use include surface
active foaming agents, floating plastic spheres
and cylinders, local exhaust ventilation and general
exhaust ventilation. Foaming agents are expensive
and tend to be swept aside by circulation patterns
in the electrolyte. Floating spheres and cylinders
are effective, but are a nuisance to the operator
because they adhere to the cathodes when they
are pulled and are relatively expensive. Local
exhaust ventilation is effective, but inconvenient
and expensive. The large volumes of air required
for general ventilation are often used because the
method is totally non-interfering. In temperate
and cold climates the cost of tempering air can be
very high.

2. Background Information

In the numerous studies of the toxicology of
sulphuric acid aerosols, their hygroscopicity has
not been totally appreciated, as is pointed out by
Cavender et al. [1]. Also Martonen and Patel [2],
who have modelled the dose distribution of
sulphuric acid aerosols within the human tra-
cheobronchial tree, suggest that the hygroscopic
growth within the human respiratory tract be
accounted for when assessing the potential health
hazard of airborne particulate matter. Therefore
the characterization of the sulphuric acid aerosols
should be carried out under controlled relative
humidity.

Sulphuric acid aerosols can be classified as
primary and secondary. Mechanical generation
of sulphuric acid droplets results in primary
aerosols. A mode of this type of generation is the
bursting of gas bubbles on the surface of a solution
of sulphuric acid such as the zinc electrolyte.

Several investigators in the past have studied
the phenomenon of the bursting of single bubbles
on a liquid surface as well as that of liquid entrain-
ment. From the bursting of a bubble on a liquid
surface two families of droplets are generated:
those which come from the bubble dome (film
drops) and those which are produced by dis-
integration of the liquid jet forming in the
crater which is left on the liquid surface after
the bubble collapses (jet drops) [3}.

A critical bubble size has been found, between
4 and 6.5 mm for bubbles in water, beyond
which no jet drops are formed [4]. This obser-
vation is of importance, since it suggests that
control can be effective for the bulk of the
emissions (> 90%) if bubbles are coalesced to
the critical size.

The variables on which the critical bubble
size depends include density, surface tension,
the acceleration due to gravity, and viscosity.
It is certain that viscous effects will be second
order, and by dimensional analysis it can be shown
that critical bubble size is given by the Bond
number,

constant =

pgd2critical W
where dyi4i041 = the critical bubble size (m),

o = surface tension (Nm™ or kgs™2), p = density
(kgm™) and g = acceleration due to gravity
(approximately 9.81 ms™2). Using this model,

the critical bubble size for a commercial zinc
electrolyte will be about 90% of that for water
without surfactant.

Sizes of film droplets have been reported to
be between 0.2 and 10 um [35] while jet drops
are 10—100 times larger at 2—100 ym [3]. The
size of jet drops increases as bubble size increases
[6--8]. Surface tension does not affect the size of
the jet drops from bubbles of the same size, while
an increase in viscosity results in smaller droplet
sizes [8]. A decrease in surface tension is found
to cause a decrease in the number of film drops
produced per bubble although the bubble cap
area increases for the same bubble size [5].

Three regimes of bubble bursting have been
identified in liquid entrainment studies: bursting
of single bubbles, bursting of bubbles in a foam
layer and destruction of the foam layer and
ejection of liquid into the space above the liquid
surface. The three regimes follow each other with
increasing gas rate [9]. Both families of film and
jet drops have been identified in the studies on
liquid entrainment [6]. Entrainment increases as
gas rate increases in the single bubble bursting
regime, reaches a maximum value and then
decreases to a minimum due to the formation of
a foam layer. Beyond the minimum, entrainment
increases slowly with increasing flowrate until
destruction occurs, whereupon entrainment
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increases drastically. The minimum entrainment
has been called maximum foam protection and
has been attributed to the fact that jet drops

are prevented from forming in the case of a foam
layer [9, 10]. Decrease in bubble size results in
increase in entrainment in the single bubble
bursting regime. Entrainment was found to increase
in the presence of dispersed substances [11].

Species are transferred selectively from the
liquid phase to the air during bubble bursting.
Miller et al. [12] studied SO3 transport by
bursting bubbles. He observed SO3™ enrichment
to become more intense in the case of small
drops and for high values of surfactant concen-
tration.

The motion of bubbles in an electrolytic cell
with gas evolution at the electrode(s), was studied
by Wilson [13]. At very low current densities a
triangular-shaped wedge is noticed increasing
in width from the bottom to the top of the
electrode and gas leaves the cell at the electrode—
solution interface vicinity. With increasing current
density the wedge breaks down and gas bubbles
move away from the electrode, circulation of the
gas bubbles occurs which extends to higher depths
as the gas rate increases. Gas release takes place
all over the electrolyte surface.

3. Experimental apparatus and procedures

3.1. Determination of the electrolyte properties
with respect to relative humidity

Air of a controlled temperature and relative
humidity was bubbled through a known volume
of the electrolyte and the relative humidity of
the air entering and leaving the electrolyte was
recorded with time. Equilibrium had been attained
for all practical purposes when the air relative
humidity at the outlet matched that at the inlet.
The acid concentration of the electrolyte at
equilibrium was determined chemically and
graphically from the plot of the change in the
air humidity with time.

Small volumes of electrolyte (5—10 ml)
were employed in the process described above
in order to shorten the run. This resulted in even
smaller volumes of electrolyte after the run and
the determination of its density and composition
became impossible. Density and composition

were determined, then, by using synthetic sol-
utions with the same characteristics as the elec-
trolyte of a series of acid concentrations. In this
way the composition of the precipitate which
was formed when the acid concentration became
higher than a certain value (corresponding to

a relative humidity of 60—65% at 20° C) was
also determined (by X-ray diffraction).

3.2. The zinc electrowinning system

The experimental set-up for zinc electrowinning
is shown in Fig. 1. Continuous operation was
employed. The neutral and the spent electrolyte
were heated to 35° C (mean temperature in
industrial cells), mixed at a prescribed ratio and
introduced into the cell. The cell was operated

at a current density of 615 Am™2. The voltage
drop was approximately 3.5 V. In the cell, zin¢
was deposited at the cathode at a current efficiency
of around 90% and acid was generated. Proper
spent electrolyte circulation rate and neutral
solution flowrate resulted in steady state operation
of the system which corresponded to industrial
practice. The electrolytic cell is shown in Fig. 2.
It was made of Lucite to facilitate the observation
of the bubbles. The interelectrode spacing and

the electrode length were close to the ones used in
industry. The width was less (~ 10 times) since

it was not considered likely that this would affect
bubble formation or circulation. Two pairs of
working surfaces (anode/cathode) were employed.
The electrode material (aluminium for cathode
and lead—silver for anode) and the spent electro-
lyte and neutral solution were provided by Kidd
Creek Mines Co.

The composition (gl ™) of the neutral solution
was:

Zn:1382,Mn:3.9, Mg:6.1
and that of the spent electrolyte:
Zn:37.7,Mn:4.1,Mg:5.7, H,S04 : 150

Impurities were also present in the electrolyte in
minor quantities. The density of the electrolyte
was 1.23 gml™ and its surface tension 0.07
Nm™. The frothing agent used in some runs was
the Dowfroth 250 (polypropylene glycol methyl
ether).
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Fig. 1. The zinc electrowinning system.

3.3. The sampling system

The aerosol sampling system is shown in Fig. 3.
Lucite frames were constructed and fitted above
the cell to facilitate the collection of the aerosol
at several heights (H) above the cell. The lowest
height was 20 cm above the electrolyte surface
since this is the distance from the electrolyte
surface to the top of the electrodes in practice.

cathode

600mm

Fig. 2. The electrolytic cell.

SPENT

The collecting and fractionating device was an
inertial impactor (Andersen Samplers Inc.),

which was operated upside-down on top of a
funnel sitting on the frame. Air was drawn through
the impactor by means of a vacuum pump and a
flowmeter. At a flowrate of 28.32 Imin™* the
cut-off aerodynamic diameters of the impactor
were: 9,5.8,4.7,3.3,2.1,1.1,0.7 and 0.4 um.
After the sample had been collected in the
impactor the plates from the stages were placed

in Petri dishes and soaked and rinsed with deionized
water. The samples were then diluted to 100 ml
and analysed for zinc and/or acid and/or sulphate
ions.

3.4. Analytical methods

The assays of the electrowinning solutions (neutral
and spent) were determined by diluting 20 times

im/pactor

»
»-

pump
/

L—:H

cell

Fig. 3. The sampling system.
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Fig. 4. Sorption isotherm of the zinc electrolyte with
respect to relative humidity. Experimental results for:
4 electrolyte (20° C), * H,S0, (20°C), o electrolyte
40° O, H,SO, [17].

and analysing for acid by titration with standard
NaOH, for zinc, manganese and magnesium by
compleximetric titration with standard EDTA
[14] and for sulphate ions by titration with
standard BaClO4 [15].

The aerosol samples after dilution were ana-
lysed for acid by titration with standard NaOH
(when possible), for zinc by atomic absorption
spectrometry and for sulphate ions by either
titration with standard BaClQ4 for concentrations
down to 50 mgl™ or spectrophotometrically
using barium chloranilate [16] for concentrations
lower than 50 mgl™.

4. Results and discussion

4.1. Relative humidity effect on the aerosol
characteristics

Fig. 4 shows the electrolyte sorption isotherm
with respect to the air relative humidity at 20° C.
In the same figure the sorption isotherm for

pure H,S0, is plotted from values given in CRC
Handbook of Chemistry and Physics [17]. The
difference between the isotherms for electrolyte
and pure H,SO4 is due to the presence of dis-
solved salts in the electrolyte. The points which
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Fig. 5. Electrolyte density as a function of its acid con-
centration, at 20° C. o Electrolyte, pure H,SO,.

correspond to 40° C temperature indicate that
the isotherm at 40° C does not differ significantly
from that at 20° C.

Fig. 5 illustrates the variation of the elec-
trolyte density with the acid concentration.
The curve approaches asymptotically that of
the pure H, SO4 at high acid concentrations.
Precipitate appeared at acid concentrations higher

181 \\

APPARENT DENSITY OF ELECTROLYTE DROPLETS (g/ml)
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0 20 40 60 80 100
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Fig. 6. Apparent density of electrolyte dropletsasa
function of air relative humidity.
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Fig. 7. Reference aerodynamic diameter of aerosol
droplets of various aerodynamic diameters as a funntion
of relative humidity.

than 3.2 M. It was found to consist of ZnSQ04-H,0,
MnSO,4+H,0 and MgSO4-H, 0. Due to this pre-
cipitation, the density of the aerosol droplets
is not that shown in Fig. 5. Instead, an apparent
density can be calculated if the volume and mass
of the precipitate are incorporated and the results
are presented in Fig. 6.

Aerosol size distributions must be corrected
to a reference relative humidity, since equilibrium
sizes depend on relative humidity. The equilibriuam
relative humidity (90%) of the electrolyte as it
is used in the cell was chosen as the reference.
Fig. 7 provides the aerodynamic diameter a
droplet would have at 90%r.h. if its diameter
were determined at a humidity other than 90%.
Results have been derived with the help of Figs. 4
and 6 and are shown for the cut-off sizes of the
impactor.

4.2. Generation, motion and bursting of bubbles
in the electrowinning cell

The acidic aerosol emitted from zinc electro-
winning cells is the product of the bursting of
bubbles of hydrogen and oxygen during the
electrowinning process. The size of the gas bubbles
is determined by parameters such as surface
tension and viscosity of the electrolyte and struc-

ture of the surface of the electrodes, factors which
depend on temperature and quality of the elec-
trolyte. Of the-above three parameters only the
last one undergaes significant variation during

the electrowinning process because of the side
reactions occurring at the anode. The main side
reaction occurring at the anode, in addition to
oxygen evolution, is oxidation of Mn** to form
MnOj and MnO, . MnOy diffuses into the bulk

of the electrolyte while most of the MnO, deposits
as a scale on the anode and grows thicker with
time. This scale provides a smoother surface with
large scale features which promotes the generation
of larger bubbles as compared to the electrode
without the scale. In industrial practice the MnO,
scale is removed (descaling) every 20—40 days.
Descaling of the anode results in the generation
of smaller bubbles. The bubbles become larger,

as the scale grows, and attain a steady-state after
approximately 40 h of operation. Sizes of bubbles
were found to increase more than 50% because

of the scale formation, as.shown in Fig. 8.

The bubbles after their detachment from the
electrodes move upwards. Since the rate of gener-
ation of gases is almost uniform along the elec-
trodes, the gas hold-up increases from the bottom
to the top of the electrode. A gross mean hold-up
of approximately 2.5% was measured. The motion
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of bubbles occurs in a wedge-type formation at
the bottom of the electrodes which, however,
breaks down higher in the cell where motion of
bubbles towards the centre of the interelectrode
spacing is observed and circulating streams of
bubbles are established. Coalescence of bubbles
occurs during their motion in the electrowinning
cell. The rate of coalescence is proportional to the
bubble density in the electrolyte and is expected
to be higher the smaller the bubbles are and/or
the closer the bubbles are to the electrolyte
surface, since circulation of bubbles is observed
there. The rate of coalescence is inhibited by
the presence of dispersed MnO, in the electrolyte,
presumably because of its hydrophylic behaviour.
MnO, forms in the bulk of the electrolyte from
the reaction of MnOj with Mn** which is particu-
larly favoured after the anodes have been descaled.
This is one more reason for the smaller sizes of
bubbles associated with the descaled anodes.
During the wedge-type formation of the motion
of bubbles, larger bubbles occupy the inner part of
the wedge and smaller ones the outer. The circu-
lation streams found higher in the cell consist
mainly of smaller bubbles, which undergo coalesc-
ence and finally burst on the electrolyte surface.
Discharge of bubbles occurs more easily at the
electrode—electrolyte—air boundary where surface
tension forces are lower; however, bubbles burst
as assemblages of bubbles or as single bubbles
all over the electrolyte surface. Increase in the
number of bubbles (gas flowrate), decrease in
the size of bubbles or increase in floating time of
bubble before bursting (i.e. decrease in surface
tension) result in full coverage of the surface
with bubbles and, eventually, foam formation.
The bursting of bubbles on the electrolyte
surface results in the formation of droplets, as
products of the disintegration of both the liquid
film of the bubble dome (film drops) and the
liquid jet forming in the crater left in the liquid
after the rupture of the bubble dome (jet drops).
Jet drops are larger in size and are ejected verti-
cally while film drops are smaller and are ejected
at any angle from 0 to 180°, When assemblages
of bubbles are present jet drops may also be
ejected at an angle from the vertical because of
the bursting of a smaller bubble inside the cavity
of a larger nearby bubble which burst earlier.
Bubbles bursting in a foam layer do not produce

jet drops at all, since the foam layer acts as a
shock absorber for the waves which proceed
down the bubble crater and result in the formation
of the liquid jet. Jet drops also do not form from
bubbles of sizes above a critical size which is

in the range of 4—6.5 mm and decreases with
decreasing surface tension and increasing density
of the liquid phase. The critical size is the size

for which the submerged portion of the floating
bubble is almost a hemisphere. Below this size the
protruding portion is smaller than the submerged
one and above it the submerged portion is smaller
and significantly distorted from the spherical
shape. The liquid ‘rushes’ to fill the submerged
portion of the concentrates at the centre of
curvature. The centre of curvature is below the
still liquid surface (state of lowest potential)

for small bubble sizes. Larger sizes have more
than one centre of curvature (because of distor-
tion) located above the still surface and the

result is insufficient energy for the formation

of jet droplets. Under normal conditions of
operation, the bubbles in the electrowinning

cell are far smaller than the critical size (100—
500 um) (Fig. 8).

The size of jet drops increases and the number
of jet drops produced per bubble decreases as
bubble size increases. This observation is in satis-
factory agreement with the jet formation mech-
anism discussed in the previous paragraph. Experi-
mental findings in the literature provide relations
between the number of film drops and area of
bubble dome, and area of bubble dome and bubble
size. For constant gas flow rate calculations show
that the number of film droplets produced in-
creases as the size of bubbles decreases.

4.3. Characterization of the acidic aerosol

Table 1 shows the amounts of H,80,4 and Zn
collected by the impactor on its stages and their
ratios. The ratio is shown to be independent of
size and is equal to the ratio of the two species
in the electrolyte. The size distribution is plotted
in Fig. 9. The change in slope indicates a bimodal
distribution. 90% of the mass of the aerosol is
above 10 um. The top part of the distribution
represents the jet drops and the bottom the film
drops. Because of the small percentage of the
mass that the film drops represent, the distribution
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Table 1. Amounts of H,SO, and Zn collected on the stages of the impactor and their ratios

Impactor stage H,50, (mg) Zn (mg) Zn (mg)/H,80, (mg)
Preseparator + 0 1134 29.2 0.26

1 9.7 2.4 0.25

2 1.7 042 0.25

3 25 0.66 0.26

4 0.34 0.092 0.27

5 0.20 0.054 0.27

6 0.098 0.024 0.24

7 0.049 0.016 0.33

Filter - 0.008 -

of the jet drops can be considered not to be
affected by them. The geometric standard devi-
ation o, of the top part of the distribution is found
to be 2.4. The o of the distribution of the film
drops is 1.4.

Table 2 shows the amounts of Zn** and SO%~
and their ratios at the several stages of the impac-
tor. It appears that ratios become smaller as
sizes become smaller which indicates SO~ enrich-
ment in small droplets. The ratios at the top
stages are quite close to the ratio of the two
species in the electrolyte.

Entrainment rates (total mg H,SO4 min™ ) at
the reference height of 20 cm above the electrolyte
surface varies from 0.50 to 1.30mg H,SO4 min~"
(2—-3mgm™ s7!). However, in runs which were
performed right after descaling of the anodes
values varied between 0.84 and 1.55 mg H,S0,
min~! . Moreover the use of a frothing agent
(Dowfroth) resulted in a reduction in emission
rates to 0.47 and 0.46 mg H,SO, min™" . The size
distributions obtained in these two cases are
also plotted in Fig. 9. After descaling smaller

bubbles were generated in the cell which resulted
in smaller and more numerous jet drops as Fig. 9
shows. The bubbles are small when the frothing
agent was used as well. However, other character-
istics of the bubbles also change, such as surface
activity, stability of bubble (thickness of bubble
dome during rupture) etc. It appears from Fig. 9
that film drops form a larger percentage of the
total aerosol mass in the presence of a frothing
agent.

4.4, Control of the acidic aerosol resulting from
zinc electrowinning cells

The acidic aerosol generated from the electro-
winning cells is a direct function of the charac-
teristics of the bubbles in the cell. Therefore
emissions (amounts and characteristics) are altered
when the characteristics of the bubbles are altered.
A new method of control has been developed
which reduces the emissions by providing means
of bubble coalescence before their bursting on

the electrolyte surface. One conception of the

Table 2. Amounts of Zn and SO~ collected on the stages of the impactor and their ratios

Impactor stage Zn (X 10 mg) SOy (X10 mg) Zn (mg)/SOY (mg)
Preseparator + 0 19.65 119.0 0.16

1 0.98 6.5 0.15

2 0.20 1.38 0.14

3 0.34 2.55 0.13

4 0.034 0.63 0.054

5 0.031 049 0.063

6 0.027 0.63 0.043

7 0.015 0.65 0.023

Filter 0.008 - —
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method requires the use of a pair of elements
placed on the electrodes (Fig. 10) and immersed
in the electrolyte. The elements merely act as

a mechanical structure to bring the bubbles in
close contact and thus promote interbubble
coalescence. Bubbles are intercepted at the surface
of the elements on their way to the electrolyte
surface. Coalescence of the bubbles arriving at and
on the surface occurs. Thus, bubbles grow on the
surface of the elements and are larger when burst-
ing on the electrolyte surface. Drainage of the
liquid film separating the bubble from the solid
surface occurs and when it ruptures viscous forces
become negligible. After the rupture of the liquid
film, the bubbles move under the effect of drag
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Fig. 10. Control elements (a) triangular-shaped, (b) square-
shaped.
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forces from the moving electrolyte. Thus, the
retention time of the growing bubbles on the solid
surface, and therefore, the degree of coalescence,
is determined by the drainage time of the liquid
film. This last quantity depends on the properties
of the liquid and the size of the bubble.

Tests were performed with both triangular and
square-shaped control elements (Figs. 10a and b)
and their efficiencies were not significantly dif-
ferent. Efficiency was also found to be indepen-
dent of the depth of the elements. A relationship,
however, was established between the width of
the control elements and their efficiency, which
is shown in Fig. 11. The change in the curvature
of the curve indicates the change in the mechanism
of control associated with the use of the large
control elements. In the latter case, on the one
hand bubbles may have exceeded the upper limit
for the production of jet drops and on the other
the foaming power of the system is enhanced
due to the smaller area of exposed liquid surface.

Size distributions of the aerosol from the
control elements are shown in Fig. 12. The size
distributions of the aerosol emitted in the presence
of all but one of the control elements showed
no significant difference from those obtained
without the elements. The run associated with
the highest efficiency obtained using the largest
element gave aerosol distributions which were
shifted towards smaller sizes which may be the
result of the absence of jet drops from bubbles
above the critical size and/or foam formation.
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5. Conclusions

The following conclusions can be drawn from the
work reported here:

(2) Air relative humidity affects the aero-
dynamic size of the acidic aerosol resulting from
zinc electrowinning cells.

(b) Two families of drops are generated by
the bursting of gas bubbles on the zinc electrolyte
surface: jet and film drops. Film drops form only
a small percentage of the total aerosol mass.

(c) Control of mist emissions can be achieved
by coalescing gas bubbles below the electrolyte
surface. Extensive research describing means of
achieving this will be submitted for publication
shortly.
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