
JOURNAL OF APPLIED ELECTROCHEMISTRY 21 (t99t) 986-990 

Pulsed electrogeneration of bubbles for electroflotation 
N. K. K H O S L A ,  S. V E N K A T A C H A L A M  

Department of Metallurgical Engineering, Indian Institute of Technology, Powai, Bombay 400076, India 

P. S O M A S U N D A R A N  

Henry Krumb School of Mines, Columbia University, New York, NY  10027, U.S.A. 

Received 3 January 1991; revised 22 March 1991 

Fine bubbles of  the size required for many processes such as electroflotation can be generated by 
electrolysis. A large number  of  factors such as electrode material, electrode surface/morphological 
properties, pH and current density affect the gas bubble size distribution. This work is aimed at studies 
on the effect of  interrupted current (pulsed) electrolysis on the generation of  gas bubbles. A 
microcomputer-controlled current source designed to generate the required pulses is described along 
with typical results obtained with this system. It was observed that a decrease in duty cycle at a given 
pH and average current density causes an increase in fine sized bubbles and concomitant  increase in 
bubble flux. A mechanism based on local potential gradients is proposed to explain this phenomenon.  

1. Introduction 

Much of the experimental work addressing the gen- 
eration of bubbles has been concerned with nucleate 
boiling, gas generation during electrolytic processing 
of materials as well as mass transfer/hydrodynamic 
aspects [1, 2]. A special consideration however for 
electro-flotation of mineral fines is the need to gen- 
erate fine (< 50/~m) dispersed gas bubbles. Fine par- 
ticle flotation which is limited due to the diminishing 
probability of bubble-particle collisions, can be 
improved by increasing the number of fine sized 
bubbles [3]. Thus, the present work is addressed 
towards the generation of small sized bubbles. An 
important outcome of smaller bubble size is an increase 
in bubbleflux (the number of bubbles traversing unit 
cross-section per unit time) as well as the number of 
bubbles per unit volume for a given volume of gas 
evolved. These two factors have been shown to have a 
strong influence in fine particle flotation [3]. 

A primary concern in processes such as electro- 
flotation is the generation of fine bubbles of known 
size at a known bubble flux [3-7]. Various investi- 
gators [3, 4-16] have studied electrolytic generation of 
gas bubbles and the physical parameters governing the 
bubble size_ The occurrence of increased hydrogen 
bubble size in the acidic pH region and that of oxygen 
in the alkaline region is well known. Bubble contact 
angle [9-13], electrode condition (for example, surface 
roughness) [3, 16, 17], hydrogen overvoltage [3], cur- 
rent density [3, 9-11, 17], polarization potential [3] and 
bubble charge [15, 18] have been suggested by many 
workers to be among the factors governing the bubble 
departure diameter. For a given set of system par- 
ameters such as pH, temperature, reagent concen- 
tration and electrode material, the bubble properties 
are fixed and it becomes impractical to adjust these 
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parameters to obtain efficient generation of the desired 
fine sized bubbles. Thus, there is need for a technique 
to generate bubbles of desired bubble size distribution 
largely independent of the solution conditions. Pulsed 
electrolysis can be carried out by using a waveform 
generator along with a potentiostat capable of fast 
slew rates. PC programmable power supplies usually 
have low slew rates and may not prove suitable as a 
pulsed current source for a capacitive load such as an 
electrolytic cell in the frequency range discussed in this 
work. In this work an IBM/PC controlled pulsed 
current source having a high voltage slew rate has 
been described. The pulsed source can be controlled 
by appropriate software which can be tailored to an 
individual application. 

2. Literature review 

The physical process of gas evolution can be divided 
into three stages: nucleation, growth and detachment. 
Bubbles nucleate at electrode surfaces from solutions 
highly supersaturated with product gas and grow by 
diffusion of dissolved gas to the bubble surface or by 
coalescence at the electrode with other bubbles [19]. 
They detach from the electrode when buoyancy or 
liquid shearing forces pulling the bubbles away over- 
come the forces binding them. 

Surface inhomogeneities such as cracks are gener- 
ally considered high energy nucleation sites due to the 
availability of atomic ledges as high energy anchorage 
points. This phenomenon has been a subject of detailed 
investigation in nucleate boiling [13], crystallization 
and solidification [20, 21]. For bubble generation in 
vacuum or pressure release flotation (analogous to 
precipitation) the above phenomenon is important. 
During the electrolysis it is generally agreed that the 
preferred nucleation sites are at surface inhomogen- 

0021-891X/91 $03.00 + .12 �9 1991 Chapman & Hall 



PULSED ELECTROGENERATION OF BUBBLES FOR ELECTROFLOTATION 987 

cities such as fissures, cracks and scratches [13, 17] 
as well as local inhomogeneities resulting in donor- 
acceptor [3] and low overpotential sites [3, 17]. The 
dependence of the voltage gradient at the tip of a 
needle electrode upon its curvature is a well known 
phenomenon. Occurrence of such sharp points on an 
electrode and the consequent presence of high local 
potential gradient sites cannot be ruled out. The 
importance of the role of voltage gradients towards 
nucleation is clear from the observation that on wire 
and mesh electrodes bubble size depends largely on 
electrode curvature (and thus potential gradient) 
almost independent of the current density [3, 13]. 
However, bubble growth rates are not strongly depen- 
dent on the diameter of wire electrodes [17]. 

Various mechanisms have been proposed to deter- 
mine the bubble departure diameter. Coehn [8] pro- 
posed that electrostatic attraction between the bubble 
and the electrode is instrumental in determining the 
departure diameter. Stronger attraction requires a 
larger buoyant force for detachment necessitating 
larger bubble diameters. Bubble charge studies [18] 
conducted on platinum anodes at 10-40 kAm -2 tend 
to support this mechanism. However, electrostatic 
forces are predominant at current densities (106 A m-2), 
larger than those encountered in electroflotation 
[9-11, 14, 16]. Using high speed photography, Glas 
and Westwater [17] observed that contact angle is 
not as significant a factor as surface roughness or 
electrode material in determining the growth rate of 
bubbles. 

A relation between the hydrogen overvoltage and 
the bubble size has been observed [4]. 

Increasing bubble size 
) 

Pb Sn Cu Ag Fe Ni W Pd 
( 

Increasing overvoltage 

It was also observed that under clean conditions con- 
tact angle is dependent on the overvoltage [4]. 

Thus bubble size and flux in aqueous electrolysis 
seems to depend upon (a) surface morphological 
factors including donor acceptor and low overpoten- 
tial sites and (b) the inherent overvoltage property of 
the electrode material. 

3. Experimental details 

The pulsed d.c. source was designed as a circuit board 
to be interfaced to a microcomputer giving the system 
flexibility in its configuration as a constant current/ 
voltage source (Fig. 1). User interface is more versatile 
due to software control of the equipment. The circuit 
is mapped on the I/0 bus of the microcomputer using 
the switch S-1 and address decoder (DEC). The micro- 
computer sends data to the digital to analog converter 
(DA) through buffers (BUF). The timer (TIM) is 
programmed to generate timing pulses to update DA 
under the direct memory access (DMA) mode of the 
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Fig. 1. Schematic block diagram of computer controlled current 
source. 

microcomputer. Thus, the requisite waveform is gen- 
erated by the computer in the background while the 
computer is simultaneously available for compu- 
tational and other control work. The DA output is fed 
to the power amplifier (PA). The high current supply 
(PS) is capable of providing a peak current of 5 A. The 
use of a 12-bit DA operating under direct memory 
access of an IBM/PC operating at 8 MHz offers a 
resolution of 0.024% for current (maximum current of 
4A) and minimum pulse cycle time of 3.2ms with 
0.5% resolution. 

Software was developed for the generation of pulses 
(Fig. 2) of variable duty cycle at a selected average 
current. The average current (iav = id/lO0) was com- 
puted from the area under the curve (shaded) and 
the duty cycle (d) as the percentage of cycle time (icy) 
during which the current flows through the celt. Thus, 
for a square wave, the duty cycle is 50%. The software 
was designed to generate a high peak current nucleation 
pulse at the start of each cycle. The contribution of the 
nucleation pulse to the total energy was negligible 
( < 0.2%). 

Electrolysis was carried out in a quartz cell mounted 
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Fig. 2. Pulse waveshape. 
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on a stand backlit with a bright light source. A shut- 
tered video camera (1/1000 shutter speed) fitted with 
microscope objective 50X to 300X) was used to record 
bubble dimensions on a video recorder. A vide�9 
printer was used to print the picture frames for subse- 
quent bubble size measurement. The quartz cell was 
designed to circulate the electrolyte (1 M Na2SO4). 
The electrolyte (pH 10.0) was circulated by means of 
peristaltic pump and a large external reservoir of the 
electrolyte was maintained to ensure minimal pH 
change. Electrolyte circulation also facilitated removal 
of the generated gases. 

The platinum plate cathode (1 cm 2) was carefully 
polished and thoroughly degreased. Care was taken to 
exclude surface active contaminants. The external 
glass reservoir for the electrolyte was always kept 
covered to prevent air-borne contamination. The 
bubbles were observed between 2 to 2.5 mm verticall) 
above the electrode. 

Experiments were carried out for the electrogener- 
ation of hydrogen bubbles with a pulsed current 
having a step waveform (Fig. 2). The solutions were 
electrolysed with an average current density ranging 
from 0.5 to 2 .0Am -2 and duty cycle ranging from 5 
to 100%. A cycle time of 30 ms was used and a record- 
ing period of 5min was used at each experimental 
condition. Bubble size distribution was computed by 
examining at least 150-200 bubbles in sharp focus. 

4. Results 

Initial experimental work on electrolysis with rec- 
tangular waveform having a leading high energy 
nucleation pulse, showed no significant difference 
from the electrolysis carried out without the leading 
nucleation pulse. Thus all subsequent work was con- 
ducted without a leading nucleation pulse. 

The results obtained for bubble size distribution as 
a function of current density and duty cycle are 
presented in Figs 3-6. Bubble diameters were com-  
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Fig. 3. Bubble size distribution at average current density of 
2 A m ~ at pH 10.0 and duty cycles of (%): 100 (�9 50 ( x ), 25 (o), 
10 (A) and 5 (zx). 
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Fig. 4. Bubble size distribution at average current density os 
1 A m -2 at pH 10.0 and duty cycles os (%): 100 ( t ) ,  50 ( x ), 25 (0), 
10 (A) and 5 (zx). 

puted from the video prints by taking the average 
of bubbles found in sharp focus. It can be seen from 
Figs 3-6 that at a given average current density, a 
decrease in duty cycle results in an increase of bubbles 
of smaller diameter. This is expected to significantly 
increase the bubble flux. 

5. Discussion 

The chief effect of pulsing observed during electrolysis 
is the occurrence of an increased number of small sized 
(<  10-15#m) bubbles (Figs 3-5). Thus at low duty 
cycle, higher current during the 'on' time forces a 
larger number of bubbles to nucleate and grow result- 
ing in an increased bubble flux. The requirement of 
high current density for nucleation and growth has 
been observed by Brandon [18] to be due to diffusion 
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Fig. 5. Bubble size distribution at average current density of 
0.5Am 2 at pH 10.0 and duty cycles of (%): 50 (x), 25 (e) and 
lO (o). 
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Fig. 6. Effect of sodium dodecyl suIphonate (SDS) on bubble size 
distribution. Average current density 2Am 2, pH 10. Duty cycle 
50%: (�9 without SDS, (e) with 10-~M SDS; duty cycle 5%: 
(zx) without SDS, (at) with SDS. 

of dissolved gas away from the electrode. Thus an 
induction time is observed for bubble nucleation. The 
induction time is the time required to attain the 
necessary supersaturation of the electrolyte with 
respect to the dissolved gas at the electrode surface. 
Thus bubbles, once nucleated, require a relatively high 
current density for sustained growth. Studies with 
platinum electrodes have shown that bubble detach- 
ment is greatly facilitated by the interruption of cur- 
rent as well as by a reduction in the potential [18]. 
Pulsed electrolysis provides ample opportunity for the 
bubbles to dislodge since the current is interrupted 
after each cycle. 

To study the effect of the presence of surface active 
reagents during pulsed electrolysis, experiments were 
performed in the presence of 1 x 10-SM sodium 
dodecylsulphonate, the concentration chosen being 
typical for froth flotation systems. Results plotted in 
Fig. 6 show that the effect of surfactant at high duty 
cycle (50%), as well as low duty cycle (5%), is not 
significant. An important effect of  surfactant, namely 
the modification of  the bubble-electrode contact angle 
has been shown to have very little effect in the case of  
hydrogen bubbles [17]. 

The following interpretation of the mechanisms is 
suggested for the nucleation and growth of bubbles 
during pulsed electrolysis. 

5.1. N u c l e a t i o n  

Potential nucleation sites on the electrode surface, 
such as scratch edges and cavities, possess a wide 
variation in energy. The higher voltage required for 

higher instantaneous currents under pulsed con&tions 
largely offsets the effect of  local potential gradients 
and also results in a high degree of local gas super- 
saturation, thus resulting in homogeneous nucleation. 
At short times i.e. t < 10ms, bubbles grow by acting 
as sinks for the previously generated dissolved gas in 
the supersaturated solution adjacent to the electrode 
[18]. Such growth is hydrodynamically controlled by 
liquid inertia. 

5.2. G r o w t h  a n d  d e t a c h m e n t  

Growth is driven by the high internal excess pressure 
inside the bubble which is related to the surface of 
liquid-vapour interface. From 10ms onwards, dif- 
fusion of dissolved gas to the bubble contact perimeter 
becomes rate controlling [22]. Under pulsed conditions 
of  low duty cycle, growth is either entirely inertial 
or inertial and diffusion controlled. Under conditions 
of low current density (high duty cycle), while most 
nuclei may grow in a similar manner during the inertial 
phase, only nuclei at the lowest overpotential sites 
grow during the diffusion control phase due to con- 
centration polarization. Frequent interruptions in 
current during pulsed electrolysis also promote bubble 
detachment. Bubble size increase by coalescence at the 
electrode [1, 19], as well as by coalescence in bulk, 
results in further increase in bubble diameter. 

6. Conclusions 

!. Pulsed electrolysis can be used to regulate bubble 
size independent of the average current density and 
other such parameters. 
2. During water electrolysis, increase in current den- 
sity results in finer bubbles which may find application 
in processes such as electroflotation. 
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