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ABSTRACT 

During the copper electrowinning (EW) process, oxygen gas is produced on the anode and forms 

bubbles which rise to the surface bursting at the air/solution interface. Acid mist is released and 

negatively impacts workers’ health while also corroding equipment and tank house surroundings. 

Although there are several ways of reducing acid mist, adding anti-mist agents is the most 

economical method currently in use to suppress acid mist. However, the search for an 

environmentally friendly mist suppressant is greatly hindered by the fact that the acid mist 

formation as well as suppression mechanism is not fully understood. In the present research, the 

physical-chemical properties of the electrolyte (density, surface tension, viscosity) are 

characterized, particularly the effects of changing temperature and surfactant concentration. A 

High-Speed Video Camera (HSVC) is utilized to study the bubbles’ burst/rupture process at the 

solution/air interface at varying bubble diameters. The findings not only hope to clarify the 

mechanisms of acid mist formation and suppression but additionally help with the search for and 

application of an environmentally friendly anti-mist agent for copper electrowinning.  
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INTRODUCTION 

In the electrowinning step of copper purification, a chemical reaction takes place. The Cu2+ ions 

in the electrolyte are plated as pure copper, Cu0,on the negatively charged cathode while water is 

oxidized and O2 gas is produced at the positively charged anode. The evolution of oxygen gas 

produces a fine “acid mist” in the surrounding area as the bubbles rise to the top of the sulfuric 

acid electrolyte solution and pop. Seeking to minimize the negative effects of this acid mist on 

workers’ health and the working environment, the industry used a chemical to suppress the mist, 

FC-1100. This was a low foaming fluorine-based surfactant that reduced the surface tension of the 

electrowinning solution and prevented the formation of stable foams. Unfortunately, recent studies 

on the harmful lifetime of fluorine chemicals in the environment have led to legislation banning 

their use. The following research will be focused on both understanding the mechanism for acid 

mist generation as well as seeking a suitable alternative anti-mist, non-fluorinated chemical able 

to withstand the highly acidic electrolyte in the copper electrowinning tanks. This thesis will cover 

the current literature and research review on acid mist suppression, the characterization of pure 

electrowinning solution from an active mining circuit as well as discuss the mechanism of action 

for acid mist generation and of the FC-1100 surfactant in hopes of understanding how it functions 

effectively as a suppressant. A replacement chemical and its properties will be discussed, and 

general conclusions and future work will also be summarized.  
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1.  LITERATURE REVIEW 

 

1.1 ELECTROWINNING OF COPPER 

Hydrometallurgical copper accounts for 20% of the overall production of copper in the world while 

pyrometallurgical techniques such as smelting comprise the rest [1]. After crushing, ore is placed 

in a heap and sulfuric acid is dispersed via sprinklers at the top of the heap. As the sulfuric acid 

trickles through the crushed ore, it dissolves the copper present in the rock. Traditionally copper 

oxide ores such as hydro-silicates, carbonates and sulfates are able to be leached successfully in 

this way [2]. The most abundant copper mineral in the world, chalcopyrite (CuFeS2) is not easily 

dissolved by aqueous sulfuric acid and thus pyrometallurgical techniques (for example smelting 

followed by electrorefining) are often used for sulfide copper extraction [3]. However 

hydrometallurgical processing of chalcopyrite has become more common as chalcopyrite grades 

decline and pyrometallurgical processing (which is energy intensive) becomes less economically 

advantageous [3]. For traditional leaching, copper rich solution from the heap is then collected and 

first sent to solvent extraction where the purity of the solution is increased by stages. In the final 

step of production the copper rich solution becomes the electrolyte in the electrowinning tank. 

 
 

Figure 1: Overview of a typical hydrometallurgical process to recover a pure metal via 
electrowinning [4] 
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Electrowinning is the process of electrolytically recovering the valuable metal from an aqueous-

acidic solution (usually sulfuric acid and water) containing the dissolved metal. The metal must be 

dissolved in its ionic form for electrowinning to take place [4]. The key components of an 

electroplating setup involve an inert anode, a cathode to close the circuit and for desired metal 

deposition, a pregnant electrolyte solution with the dissolved metal ions of value to recover and a 

power source. The anode and cathode are submerged in the electrolyte solution and a voltage is 

applied across the tank. The cathodic reaction is: 

Cu2+ + 2e− →  Cu0   ;    E0 =  +0.337 V       (1) 

And the anodic reaction is: 

H2O →  2H+ + 1
2

O2 + 2e− ;    E0 =  −1.23 V       (2) 

Copper is separated from the sulfuric acid complex and plated as pure Cu0 on the cathode while 

water is hydrolyzed and O2 gas is produced at the anode [5]. Sulfuric acid is regenerated in solution 

and can be recycled and returned to the production circuit for use in solvent extraction or heap 

leaching. 
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Figure 2: Electrowinning of copper from copper sulfate solution  
 

 Electrons leave the positively charged anode and enter the outside circuit. The cathode is 

negatively charged and attracts the positively charged copper cations which plate on the cathode 

at 99.99% copper purity. This is the necessary purity of copper for many electronic and industrial 

applications.  

The overall chemical reaction equation is:  

CuSO4 +  H2O → Cu +  1
2

O2 +  H2SO4 ; E0 =  −0.890 V       (3) 

The final products of the electrowinning of copper are pure metallic copper at the cathode, 

oxygen gas at the anode and sulfuric acid in the electrolyte solution [5]. 
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1.2 ACID MIST 

A key point to note in the anodic reaction: oxygen gas is evolved as a product of the hydrolysis of 

water. These oxygen bubbles rises to the surface of the tank and burst, aerosolizing tiny droplets 

of the sulfuric acid electrolyte [5]. This leads to the phenomenon of acid mist. It is a great problem 

in the electrowinning industries of copper, zinc, and nickel. Exposure to acid mist in the tank house 

poses a huge risk to the health and safety of workers. It also contributes to the deterioration and 

corrosion of plant facilities, tools, and equipment. 

The European Union recently reduced the exposure limit of acid mist in the workplace to 0.05 

mg/m3 thoracic fraction [6] due to increasing awareness and concern for this issue. This miniscule 

permissible dose will be a challenge for many industries with ongoing acid mist issues to achieve.  

 

1.3 METHODS OF REDUCING ACID MIST 

Several different ways of reducing the acid mist caused by the electrolysis process are currently 

employed. These include floating balls in the tank, fume hoods in place over top of the tank to 

collect acid mist and the introduction of chemical mist suppressant agents in the production flow 

[5][6]. Floating barriers such as spheres form a floating layer on the electrolyte surface. This 

floating film prevents bubble coalescence and hinders bubbles from bursting as easily [4]. 

Chemical means of suppression are often used in conjunction with mechanical means to more 

effectively suppress acid mist in the environment. For example, when a surfactant was used in 

combination with floating barriers, the aerosolized mist was decreased by 29% utilizing the 

combination rather than with surfactant alone [7][8]. Low doses of surfactant (30-50 ppm) are 

effective in reducing surface tension; this makes surfactants economical in acid mist reduction.  
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1.4 FOAMING 

Surfactants reduce surface tension and are the most commonly used technique against mist 

propagation [9]. A reduction in surface tension favors the formation of foams [9]. The foam layer 

traps the emerging bubbles thereby containing the acid mist droplets. Although the inherent 

foaming properties of surfactants can be used to combat acid mist, the quality of the metal deposit 

may be negatively affected, and low doses should be used [9]. Additionally a report by a Fire 

Protection Engineer under the Department of Labor Mine Safety and Health on the copper mines 

of Arizona found the activity of electrowinning poses a real threat of fire and explosion if 

conducted improperly [10]. A dense foam layer floating on the tank paired with residual organic 

solvents remaining from the prior solvent extraction stages constitutes a fire hazard [11]. 

A combination of a low dose, low foaming surfactant and floating barriers proves safe and 

effective for acid mist suppression. Care should be taken that solvent extraction (SX) is not 

negatively impacted by the choice of mist suppressant. Optimizing copper recovery from 

solution is critical to meet production and sales deadlines. Thick foam layer formation is also not 

desirable. According to the manufacturer, 3M, when a stable foam is generated the surfactant in 

the electrolyte is depleted, it accumulates in the foam layer [12]. Therefore less surfactant is 

available for acid mist reduction and the chemical expenses increase as more surfactant needs to 

be added.  

1.5 FC-1100 

Acid mist has been an ongoing issue in the electrowinning of metals such as copper, zinc, and 

nickel for years. One of the most commonly used chemicals to effectively combat acid mist is a 

fluoroalkyl acrylate, FC-1100 [11]. These fluorine containing compounds have many useful 

properties such as resistivity and inertness to a wide range of solvents (even acidic environments), 
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hydrophobic properties, oil repellency, thermal and corrosion resistivity, and low surface energy 

[13]. All of these characteristics make FC-1100 a viable chemical in copper electrowinning 

applications.  This proprietary trademarked chemical manufactured by 3M reduces acid mist to a 

level less than 0.2 mg/m3 of sulfuric acid in air [12]. Concentrations of 30 to 50 ppm successfully 

achieve mist depression. Unfortunately the nature of the chemical structure is not environmentally 

friendly. Fluorine has been shown to bioaccumulate and have a very long life in the environment. 

These “forever chemicals” are starting to see an increase in regulations concerning disposal and 

use. For the application of copper electrowinning, FC-1100 is no longer an acceptable chemical. 

There is an increasing need for greener acid mist suppression solutions in the electrowinning of 

precious metals. The list of chemicals currently in use for acid mist suppression in copper 

electrowinning is not entirely satisfactory. Further research is needed to better understand and 

characterize the mechanism of action of surfactants in highly acidic copper electrowinning tank 

solutions and how they function to reduce acid mist in the environment. 

 

1.6 FC-1100 MECHANISM OF ACTION  

The addition of FC-1100 into the tank house electrolyte works by slowing the bubble bursting 

process, stabilizing the film at the solution/air interface, and reducing the amount of electrolyte in 

the film according to the manufacturer, 3M [12]. FC-1100 is absorbed at the gas-liquid interface 

of the O2 bubble as it rises and stabilizes the interface. At the surface of the EW tank the bubble 

does not immediately burst, rather the electrolyte slowly drains from the bubble walls. The acid 

mist is significantly reduced when the bubble finally breaks; less volume of electrolyte in the film 

corresponds to lower acid mist droplet numbers upon rupture. Historically FC-1100 has been very 
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successful in achieving lower levels of acid mist in the surroundings but it is no longer a suitable 

chemical in industrial applications due to its environmental incompatibilities.  

The exact mechanism of action for acid mist suppression via FC-1100 is not perfectly understood. 

Two theories are of interest to this discussion: first the addition of surfactant causes a reduction in 

surface tension. The lower surface tension then reduces the speed and energy of the droplets 

discharged above the solution interface from the bursting of the bubbles. The drop in surface 

tension also causes smaller bubbles to be produced during electrolysis of water at the anode which 

in turn results in less acid mist [14]. It is believed that reducing surface tension alone in the 

combination of these two effects can result in acid mist suppression of about 98% [14]. However 

this claim may be an exaggeration of the effectiveness of surface tension reducing surfactants 

working alone in solving the problem of acid mist in electrowinning. There are other factors that 

must be considered in a mechanism characterization study. 

The second theory combines surfactant and viscosity changes at increased temperature of the EW 

tank (~40-60 °C) [15]. Several parameters were studied to determine which factors had the most 

impact on acid mist generation. The conclusion was that surfactant concentration and temperature 

of the electrolyte solution contributed the most to acid mist [7]. However FC-1100 reduced acid 

mist not by decreasing surface tension drastically but by affecting the bubble’s bursting 

mechanism. The  bubble bursting process can be manipulated by changing the solutions’ properties 

namely surface tension, viscosity, and density [16]. Thus characterization of the electrolyte is 

extremely valuable and should be well documented to establish a baseline for understanding 

changes that occur with the addition of surfactant and to find a consensus between the different 

theories of FC-1100’s (and a future potential surfactant’s) mechanism of action. 
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1.7 MIST MECHANISMS 

Acid mist is generated at the interface of the tank house electrolyte solution and the air. Rising 

bubbles from the anode reaction burst sending tiny droplets of acid medium into the surroundings. 

Bubbles burst due to a pressure differential caused by the surface tension of the solution. As the 

bubble film at the solution/air interface starts to thin or evaporate, surface tension pulls the 

molecules of solution in the film back into the bulk solution and the bubble bursts [7].   

 

 
 

Figure 3: bubble bursting types at air/solution interface [17][18] 

 

According to current literature findings, during the bubble bursting sequence there are two 

different types of droplets contributing to the mist: jet drops and film drops [6]. Film drops occur 

when the dome of the bubble above the surface of the solution ruptures creating a hole in the 

bubble film surface. As the surface tension of the solution acts to pull the film back towards the 

bulk solution the film is broken into drops of highly acidic electrolyte. This process happens quite 

quickly, the speed of film retraction studied in seawater increased from 7-20 m/s as the 

corresponding bubble diameter decreased from 14 mm-1 mm [19]. Ejected droplet speed studied 

in chrome electroplating was found to be up to 10 m/s [14]. Furthermore it has been shown that 
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for seawater, only bubbles larger than 2.4 mm in diameter will cause film drops during the bubble 

bursting point [19]. 

The second type, jet drops, comes from a combination of surface tension effects, buoyancy, and 

the collapse of the bubble cavity. Upon rupture of the film a cavity is formed. As it collapses a 

vertical jet of solution shoots into the air subsequently breaking into smaller jet droplets that once 

airborne have a high probability of aerosolizing. Jet drops will be produced for bubbles less than 

a certain diameter which will be discussed shortly in the following paragraphs. 

It has been postulated that there exists a “critical jetting condition” related to the Ohnesorge 

number (Oh*) above which jetting will not occur due to viscous forces acting against capillary 

forces which in turn reduces jet drop formation [16]. The Ohnesorge number is a dimensionless 

constant which expresses the ratio of inertial forces, viscous forces, and capillary effects (the 

thermophysical properties) for a solution and is especially relevant to the field of fluid mechanics 

[20]. A second literature review and equation development uses the “critical jetting” concept and 

expands upon that work to plot the number of jet drops and film drops produced as a function of 

bubble diameter [6]. Much effort was put into understanding how bubble size affects the type of 

droplets produced (film vs. jet). A minimum bubble diameter below which no jet droplets will be 

produced, D∗, was defined (see equation 4). For water this minimum diameter is 8 um (water has 

a surface tension of 72.8 mN/m). This is the minimum diameter threshold. 

D∗ =  2μ2

ργ(Oh∗)2
       (4) 

Where D∗is the minimum bubble diameter [μm] , μ is the dynamic viscosity in [cP],  γ is the 

surface tension [mN/m], ρ is the density [kg/m^3] and Oh* is the Ohnesorge number which has 

been previously established in the literature as 0.052 for a bursting bubble.  
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Once the minimum bubble diameter threshold is reached, if the bubble diameter continues to 

increase a second threshold exists. At a bubble diameter of 2.4 mm, no jet drops will be produced 

[19]. At this critical diameter, film drops are created via the mechanism discussed above. Therefore 

bubbles with a diameter larger than 2.4 mm will contribute film drops to the acid mist upon 

rupturing.  

Furthermore, depending on the surface chemistry properties of the solution, the range between 

minimum bubble diameter and critical bubble diameter will vary. An expression relating critical 

bubble diameter to a liquid’s viscosity, surface tension and density was developed to characterize 

the point between jet drop formation and film drop formation [21]. The following is the best of 

three equations according to the authors giving less mean squared error and thus superior 

prediction of the critical bubble diameter:  

Dcr = 100.1914γL
0.5517

ρL0.4830g0.5170μL
0.0688       (5) 

Where Dcr is the critical diameter [mm], γL is the surface tension of the liquid [N/m],  ρL is the 

density of the liquid [kg/m^3], g is the gravitational acceleration [m/s^2] and μL is the viscosity of 

the liquid [Pa·s]. Using a normalized bubble diameter (bubble diameter / critical bubble diameter,

DB
Dcr

) and fitting the literature data yielded the following: 

Ndr = 7.9 exp [−(DB/Dcr )/0.338]− 0.41       (6) 

 

Number of jet drops produced is strongly correlated to the ratio of bubble diameter with the critical 

bubble diameter. Normalizing the bubble diameter makes Equation 6 suitable for use on any liquid 

if the surface tension, viscosity, and density are known [6][21]. Looking at equations 5 and 6 and 

considering the droplet range is for copper and zinc electrowinning solutions, bubbles less than 2 
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mm will have zero film drops [6]. This is in line with earlier research work done with seawater 

aerosols which found the point separating film and jet droplet formation to be 2.4 mm [19]. It is 

however possible for film drops to still be present due to the addition of foaming surfactants and 

the subsequent bubble coalescence creating larger bubbles. The application of these findings and 

substitution into a model yields Figure 4.  Key takeaways from looking at the figure: the number 

of film drops increases with increasing bubble diameter and conversely the number of jet drops 

decreases with increasing bubble diameter. Below 10 μm it is assumed that no jet drops are 

produced and around 2 mm and greater, only film drops are produced. The number of film drops 

per bubble has a much greater scale magnitude than the number of jet drops per bubble (7 or less).  
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Figure 4: Graph of number of jet drops and film drops as a function of bubble diameter [6] 
 

None of the currently reviewed literature directly mentions the temperature of the solution or 

thoroughly investigates the contribution from the solution temperature to number of droplets 

generated. In the following research, the effects of increasing temperature and its impact on such 

properties as density, viscosity, surface tension, critical bubble diameter and minimum bubble 

diameter are researched in depth. The role of each solution property in contributing to acid mist 

generation or reduction via bubble bursting mechanisms is evaluated.  
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1.8 TEMPERATURE EFFECT ON SOLUTION PROPERTIES 

Solution properties are directly proportional to temperature of which density, surface tension and 

viscosity are of interest. In the electrowinning tank, the solution temperature can range between 

40 °C and 60 °C [5][15] with daily and seasonal fluctuations. In a fundamental study of sulfuric 

acid electrowinning tank acid, the effect of temperature is critical and will be examined in this 

literature study of the temperature impacts on solution properties. From the literature search, one 

study showed temperature and surfactant presence in the electrolyte were the most influential 

parameters in acid mist reduction [7]. Acid mist generation has been shown to increase 

proportionally to the temperature of the solution [7] however the exact mathematical relationship 

is not known. In order to quantify the effects of temperature on acid mist the following research 

will undertake experiments at temperature and fit the experimental data to come up with an 

equation for the solution properties as a function of temperature for this particular copper 

electrowinning tank solution.  

Additionally, acid mist is an aerosol and aerosol growth, and formation is highly dependent on 

residual humidity and temperature [22]. How the bubble bursting mechanism is impacted by 

increasing temperature and the correlation between changing solution properties with temperature 

and the resulting bubble diameter will also be established. Finally a relationship between bubble 

diameter as a function of solution properties that are themselves temperature dependent will lead 

to an expression for bubble diameter as a function of temperature. This will be a contribution to 

understanding acid mist formation at higher temperatures.  
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1.9 HIGH SPEED VIDEO CAMERA CHARACTERIZATION OF BUBBLES 

In order to understand how surfactants suppress acid mist formation, several research groups 

employed professional photography equipment to capture the bubbles bursting in real time and 

model this data [7] [23] [24] [25] [26].  Al Shakarji  in his research  gathered bubble bursting data 

using a high-speed video camera (HSVC) to capture the bubbles generated on the anode during 

electrowinning [7]. Through a special viewing chamber the bubbles were analyzed by size and 

number.  In the development of the jet drop and film drop curve in Figure 4 from previous literature 

studies, a mathematical model was used to predict and plot a curve of number of drops  generated 

at different bubble diameters. Bubbles less than 13 μm in diameter do not produce jet drops while 

bubbles less than ~2 mm  do not produce film drops (upper limit of jet drops) [6]. Utilizing high 

frames per second (fps) at the correct focus with an adequate light source, high quality videos can 

be taken of the bubble rupturing process and jet drop as well as film drop numbers quantified. The 

bubble diameters can be described as a function of the properties of the solution (density, surface 

tension and viscosity). Experimental bubble videos can be used to validate the literature model and 

better understand mist and surfactant mechanisms of action.   
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1.10 SUMMARY 

More work must be done to research suitable alternatives and additional chemicals and the 

mechanism of action of bubbles bursting in electrolyte solution should be more widely understood. 

Adding acid mist agents is an economical way to reduce worker exposure and damage to 

equipment. However the chemical employed must also not cause interference with the 

electrowinning process and reaction kinetics of the desired valuable metal recovery. The foaming 

nature of most surfactants is also an issue. Environmental health and safety groups initially pushed 

for low foaming chemicals as combining foams on the surface of the tank house solutions as well 

as residual organic components from the solvent extraction stages poses a fire risk [6]. The 

following research hopes to contribute to a better understanding of acid mist mechanisms and 

suppression in copper electrowinning as well as future suitable alternatives to environmentally 

unfriendly surfactants. 

 

2. CHEMICALS 

The current research seeks in part to fill the complex needs of an environmentally friendly anti-

mist agent in the electrowinning of copper. The substitute chemical should mirror the current 

effective suppressant, FC-1100, in the following ways. It should be effective at low concentrations, 

to suppress acid mist getting into the surrounding environment, non-foaming and cost efficient. It 

should be robust and able to withstand the highly acidic EW tank sulfuric acid environment (pH 

typically less than 1). Compatibility with the prior SX steps is key, it must be recyclable with a 

low rate of decay/loss. It should not affect the copper plating reaction kinetics or the 

stripping/phase separation stages with no additional reactions with the additives in the EW tank or 

process. And finally the replacement surfactant must not be harmful to the environment.  
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Insofar as the mechanisms for acid mist suppression and generation are only partially understood, 

the search for an environmentally friendly anti-mist agent in electrowinning is greatly hindered. In 

order to better solve this industry wide problem, the physical-chemical properties of the electrolyte 

solution (surface tension, density, and viscosity) are examined particularly how they vary with 

changes in temperature and surfactant concentrations. FC-1100 and its mechanism of action in 

acid mist reduction is incredibly important to understand for finding a comparable replacement 

surfactant. Thus the first part of this research will focus on characterizing first the pure electrolyte 

solution properties as a baseline followed by the electrolyte with added surfactant at different 

concentrations. The effect of temperature is also examined as the typical operating temperatures 

for electrowinning tanks is between 40-60 °C [5][15]. The surfactants discussed in this study 

include FC-1100, Sodium dodecyl sulfate (SDS), SDS’, DOW8390 and DOW2A in an effort to 

find a viable replacement for FC-1100 without the same negative environmental impacts. All of 

these chemicals are alkoxylated hydrocarbons and have similar surface-active functional groups 

(SO4
2−, SO3

− RCOO−or RCO2
− ) and have been shown to be effective in mist suppression [27].  

2.1 FOAM HEIGHTS 

 
 

Figure 8: foam height determination [28] 
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Many of the surfactants available on the market have significant foaming action. This is not ideal 

in an electrowinning tank environment. As has been mentioned before in the literature review, 

when a stable foam is formed the residual surfactant concentration in the bulk solution is reduced 

and not available for mist suppression Additionally the process of electrowinning itself constitutes 

a fire and explosion hazard. A floating layer of foam on a strongly acidic tank electrolyte at an 

operating temperature of ~50 °C under an applied voltage in the presence of organics from the SX 

circuit becomes a safety issue. FC-1100 was developed to be a low foaming reagent and mist 

suppressant. In the study to find a replacement chemical, foamability of candidates will be 

evaluated.  

2.2 SURFACE TENSION 

 
 

Figure 5: pendant drop method of measuring surface tension  
 

Surface tension is defined as: “the property of the surface of a liquid that allows it to resist an 

external force, due to the cohesive nature of its molecules” [29]. Surface tension is a measure of 

the force per unit area and is a property of the liquid material. It can be described as the tendency 
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of a liquid to reduce its area to the smallest possible size. In other words, it is a liquid’s affinity for 

itself or how closely the molecules want to stay together under an applied force.  

Surface tension is greatly affected by temperature changes. As has been well documented in 

literature, surface tension decreases with increasing temperature, the two are inversely 

proportional. It is critical to report the temperature value at which a surface tension reading was 

obtained, as this value will change with temperature. Temperature plays a large role in in surface 

tension measurements and data collection.  

Water has one of the highest surface tension values, 72.8 mN/m at room temperature. 

Mathematically the thermodynamics of surface tension can be described as the change in Gibbs 

free energy over an area for a given liquid with dependencies on temperature, volume, and number 

of moles of the substance. Solute concentration also contributes in varying the surface tension. 

Generally, the higher concentrations of dissolved solids in a solution, the greater the surface 

tension of that solution will be. Surfactants, conversely, will decrease the surface tension of the 

liquid when added.  

 

The origin of the surface tension force can be measured at the interface of air and water. The bulk 

solution force balances are equal. An overall downward force acting on the droplet at this interface 

can be calculated in the determination of surface tension values for given materials. The drop 

weight method or the pendant drop method is very commonly used to calculate surface tension. A 

drop of liquid is slowly pushed out of a syringe apparatus until a maximum weight/volume is 

reached and the droplet begins to shake and is about to detach from the syringe. The reading is 

taken at this point. The forces acting on the droplet are in equilibrium, at the point right before the 
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droplet falls as the gravity force dominates. The formula for calculating the surface tension from 

the pendant drop method is: 

 

𝑊𝑊 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋       (7) 

Where r is the radius of the syringe, f is the non-spherical correction factor, 𝜋𝜋 is the surface tension 

of the liquid and W is the weight of the drop. 

 

 

2.3 VISCOSITY 

 
 

Figure 6: Digital viscometer used for EW viscosity determination 
 

Viscosity is a measure of a fluid’s (either liquid or gas) resistance to flow, change in shape or 

deformation. It has been described as a fluid’s thickness or internal friction between molecules 

[30]. Fluids are classified as Newtonian if their viscosity is constant at different shear rates over 

time (linear trend between shear velocity and shear stress) or non-Newtonian if their viscosity is 

variable under applied shear rates or time. Viscosity just like surface tension, is subject to 

temperature dependencies. At higher temperatures, the viscosity of a liquid will be reduced and 



28 
 

thus flow more easily. This is why heating up highly viscous substances such as molasses or corn 

syrup in baking makes pouring the ingredient into a measuring vessel easier. Viscosity is an 

inherent property of a liquid and can be measured with a viscometer. 

 

2.4 DENSITY 

 

Figure 7: Density determination weight by volume 
 
 

Density can be described as the mass of a material per unit volume. It is an intrinsic property of a 

material. The density of water in conventional units is 1 g/cm3 or equivalently 1 g/ml. Density 

decreases with increasing temperature and increases proportionally with solute concentration. The 

density of the electrowinning acid is higher than the density of water due to the high concentration 

of inorganic ions (Cu2+, SO4
2−, etc.). Adding a small amount of chemicals such as 30 ppm will not 

evidently change the density of the electrowinning acid solution as will be shown in the results. 

Density, however, remains an important factor to consider in this fundamental study. Surface 

tension calculation software requires a density input. 
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3. METHODOLOGY 

The physical property data for the results were obtained as follows. 

3.1 FOAM HEIGHT MEASUREMENTS 

To measure the foam heights of each surfactant in this study, a traditional foam height 

measurement test was used. Each surfactant, FC-1100, SDS, SDS’, DOW8390 and DOW2A was 

prepared at 30 ppm, 50 ppm and 100 ppm concentrations. The solution was poured into a graduated 

cylinder, covered, and shaken approximately 20 times before being placed on a level stand. A 

video camera setup recorded the foam height over time for a period of 15 minutes (900 seconds). 

Later the video was analyzed and converted to the millimeter scale and foam height versus time 

plotted.  
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3.2 SURFACE  TENSION MEASUREMENTS 

 

 
 

Figure 9: KSV CAM-101 Tensiometer experimental setup 
 
 

Surface Tension for the following results was measured using a KSV CAM-101 contact angle and 

surface tension meter manufactured by KSV Instruments Ltd. A 1 μl syringe is filled with solution 

and placed in the tool holder. A drop is formed, and the camera captures the image. The KSV 

CAM-101 software fits the drop and calculates surface tension in units of mN/m. The tool requires 
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a density input in order to accurately calculate the solution’s surface tension and the second 

medium must be specified, in this case the readings were done in air at standard conditions. 

 Surface tension can be measured two ways, dynamic and static. The above techniques utilize the 

static measurement method. The drop is allowed to come to rest and equilibrate before taking the 

reading for surface tension. The second dynamic method when the liquid is flowing freely can be 

characterized by more complex equations. The following surface tension data was gathered using 

the pendant drop method with dynamic data collection. This allowed for the rapid measurement of 

surface tension at elevated temperatures such as 35°C and 50°C. In order to take measurements at 

higher temperatures which was of interest to this research, the syringe used for the pendant-drop 

experiment was insulated and the entire system was enclosed in a chamber to minimize air 

disturbances and heat losses. A small heater kept the air temperature surrounding the tensiometer 

at the same temperature as the solution to minimize temperature fluctuations and gradients. Water 

was used first to establish a baseline for the system and the results correlated well with the literature 

values. Therefore the setup and measurement techniques were validated for different solutions.  

 

3.3 VISCOCITY MEASUREMENTS 

During the characterization of electrowinning tank acid the viscosity was measured using an NDJ-

9S digital rotational viscosity meter with a temperature sensor. Because the solution had a viscosity 

at room temperature close to that of water (1 mPa·s), a rotor type of #0 and a rotor speed of 60 

RPM were selected for data acquisition. The temperature was varied using a hot water bath for the 

higher temperatures and an ice bath to achieve the lower temperature trials. Again the system was 

first baselined with water for comparison and as an accuracy check. However because the 

resolution at higher temperatures using this viscometer was so poor, theoretical values for water’s 
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viscosity changing with temperature were ultimately employed. The viscosity of pure EW acid 

and EW acid with the addition of 30ppm SDS and 30ppm FC-1100 was studied over the range of 

0-60°C.  Viscosity has a greater impact and weight among the other properties studied than 

originally thought. Viscosity is inversely proportional to temperature and increases with increasing 

solute concentration in solution.  

 

3.4 DENSITY MEASURMENTS 

For completeness and better precision, density was determined at temperature for each surfactant 

in EW solution and these values were inputted in the determination of surface tension for the 

corresponding solutions. A clean, dry volumetric flask (either 50 ml or 100 ml) was first weighed 

empty. Then it was filled with the desired solution and weighed. The empty flask weight subtracted 

from the total weight would give the mass of the solution. Thus the relationship between weight 

of solution and volume could be established. The tests were done in duplicate and averaged. The 

same procedure was followed at high temperatures. As the solution expanded and reached the 

desired temperature, excess was removed until the meniscus reached the calibration line, and the 

solution was again weighed. In this manner density was determined for all the following solutions 

at 20 °C, 35 °C and 50 °C.     

 

3.5 BUBBLE CHARACTERIZATION MEASUREMENTS 

A High-Speed Video Camera (HSVC) was utilized in this research in order to study the bubbles’ 

rupture/burst process at the air/liquid interface at various bubble sizes. The bubbles bursting in the 

EW tanks solution were filmed in order to better understand acid mist bearing bubble formation, 

rupture and successfully find a way to suppress this phenomenon. 
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A small acrylic cell was fashioned with a syringe input on the bottom face, sealed to prevent 

solution escaping. Utilizing the secondary syringe and tubing, a single bubble could be pushed into 

the cell at a time to film. The needle gauges varied and could be switched out to generate different 

bubble diameters. The cell was positioned on a stand on the laboratory bench top with a large light 

source directly opposite the HSVC. The camera was focused on the solution’s surface to minimize 

reflection, shadow, and other interference in the bubble bursting process.  

 

 

Figure 10: HSVC laboratory bubble cell setup 
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A monitor screen was attached to the HSVC to better visualize the camera output and ensure good 

quality bubble videos were captured. A resolution of 800 x 480 and a frame rate of 3585 fps was 

used to film the jet drops while for the larger film drop videos, the resolution was 640 x 240 and 

the frame rate was set to 8810 fps.  

 

4.  RESULTS AND DISCUSSION 

 

4.1 FOAM HEIGHT RESULTS 

FC-1100 exhibited the least stable foam and smallest foam in height among the chemicals studied. 

The bubbles/foam formed during the shaking process quickly dissipated, even at higher 

concentrations (100 ppm). Shown below in Figure 11, this makes FC-1100 an excellent low 

foaming candidate for electrowinning mist suppression. Unfortunately with the increasing 

environmental regulations, per/polyfluoroalkyl chemicals (PFAs) are no longer acceptable for 

industrial use. 
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Figure 11: FC-1100 foam height changing over time 
 
 

SDS had a relatively low foam height particularly at low concentrations (30 ppm and 50 ppm) 

while at 100 ppm the foam was more stable as can be shown if Figure 12. However for the current 

electrowinning application, a chemical concentration of 30 ppm is very appropriate and will not 

be increased greatly beyond such. With this in mind SDS is a promising low foaming mist 

suppressant option comparable to FC-1100 in stability and lifetime at low doses. Even at increasing 

concentrations the SDS foam height drops quickly in the first minute or less of the foamability 

test. This is beneficial for our applications. 
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Figure 12: SDS foam height changing over time 
 
 

Very similarly to the foaming behavior and chemical structure of SDS, SDS’ is a lower foaming 

chemical candidate. The foam height plot for SDS’ over time is visualized in Figure 13 below.  

The foam created by the test procedure is unstable and decreases relatively quickly in under 2 

minutes. High concentrations have less effect as well only increasing foam height ~15 mm. 

However because other tests have shown that SDS’ reduces the surface tension to > 50 mN/m 

(seen in Figure 16). This is undesirable for a replacement chemical and thus SDS’ is not considered 

the best option for further study.  
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Figure 13: SDS’ foam height changing over time 
 
 

DOW8390 was the second highest and most stable foaming chemical studied. As seen in Figure 

14, even at a low concentration of 30 ppm, DOW8390 formed a stable foam which persisted over 

the time period of 15 minutes. This has the potential to cause problems in the electrowinning tank 

and contributes to the risk of explosion/fire hazard in the plant. In conjunction with the surface 

tension data from Figure 16, it is expected that the chemicals which reduce surface tension 

drastically (50 mN/m or less) would have higher foams which dissipated slowly. This correlates 

well with the experimental findings. Due to this DOW8390 is not the most suitable candidate for 

low foaming acid mist suppression.  
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Figure 14: DOW8390 foam height changing over time 
 
 

Lastly, DOW2A foamability is plotted over time in Figure 15. This was found to be the most 

persistent foam among the chemicals examined with the greatest foam stability, once generated 

the foam stayed. Regardless of surfactant concentration the phenomenon was the same, DOW2A 

creates a thick stable foam during the foaming test at 30 ppm, 50 ppm and 100 ppm concentrations. 

In line with the findings of surface tension versus surfactant concentration plotted in Figure 16, 

DOW2A dropped the surface tension the lowest among the other chemical contenders. In this 

initial, simple foaming test to establish the viability of a low foaming replacement chemical, 

DOW2A proves to be the least suitable. Going forward, SDS is the best candidate of the above 

studied surfactans in terms of both surface tension effects and foamability.   
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Figure 15: DOW2A foam height changing over time 
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4.2 SURFACE TENSION AND EFFECT OF TEMPERATURE 

 
Figure 16: Surface Tension of Solutions at 20 °C 

 

Initially a surfactant that dropped the surface tension to 55 mN/m or less was desired [31]. But 

upon review and experimentation, a surface tension value this low leads to greater foam heights. 

This is not ideal. Therefore looking at this graph, the more suitable candidate for FC-1100 

replacement based on surface tension similarities would be SDS. This is correlated with the foam 

height data.  The data plotted in Figure 16 was obtained by creating aqueous solutions of each 

chemical at concentrations of 30, 50 and 100 ppm respectively. At room temperature and only 

30ppm, the previously most effective mist suppressant FC-1100 reduced the surface tension of the 

solution from 72.8 mN/m (pure water) to 63.3 mN/m. All of the other chemicals tested reduced 

surface tension to the 50 mN/m range or below except Sodium dodecyl sulfate, SDS which stayed 
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around 60 mN/m. Based on this early finding of the suitability of replacement chemicals, further 

research was carried out on SDS as the most promising chemical among those studied above 

(SDS’, DOW8390 and DOW2A).  

In order to accurately characterize the effect of surfactants on the properties of the electrowinning 

tank solution (including surface tension), real electrowinning tank electrolyte was obtained from 

an active copper mine in Arizona. Using this real tank house solution sets this research apart and 

proves valuable for the mining industry and other electrowinning operations with similar operating 

parameters. The following data was measured at temperature points of 20 °C, 35 °C and 50 °C (the 

operating temperature of the electrowinning tank is ~50°C ). The gathered experimental data was 

then plotted and fitted to generate an equation describing the surface tension of solution as a 

function of temperature. This was repeated for each chemical and compared to the literature data 

for pure water as a function of temperature. To ensure the dynamic method of measuring surface 

tension as well as the operator technique used was sound, the system was first baselined with water. 

As can be seen, the experimental plot of water as a function of temperature correlates quite well 

with the literature values. Thus the technique holds for the following experimental solutions as 

well and is valid. It should however be noted that for the reported surface tension data in this 

research, there is an experimental error of ± 1 mN/m. 

The surface tension of the electrowinning solution with different surfactants decreases linearly 

with increasing temperature. The equations are listed below Figure 17. 
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EW γ = -0.0272T + 75.573 R² = 0.9515 

EW+30ppm FC-1100 γ = -0.0522T + 72.906 R² = 0.9594 

EW+30ppm SDS γ = -0.0734T + 74.553 R² = 0.9164 

Water-Theory γ = -0.1569T + 75.803 R² = 0.9991 

Water-EXP γ = -0.1521T + 75.925 R² = 0.9776 

 
Figure 17: Surface Tension of Solutions vs Temperature and fitting equations 
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4.3 VISCOSITY AND EFFECT OF TEMPERATURE  

Using the same real electrowinning tank electrolyte from an active mine in Arizona, viscosity was 

measured at a temperature range of 0-60 °C. The following data was measured at the high 

temperature points first and then collected at regular intervals as the solution cooled down to room 

temperature. Ice was added to reduce the temperature of the electrolyte further and characterize 

the viscosity at low temperatures. The NDJ-9S digital viscometer is equipped to measure viscosity 

in a wide range from highly viscous solutions to solutions with viscosity close to water. Because 

of the large range, the resolution for viscosity readings at the low end of the range is limited. Water 

has a viscosity of 1 mPa·s at room temperature. Upon heating however, the viscosity of pure water 

decreases to less than 1 mPa·s. The system was first baselined with water for comparison and as 

an accuracy check. However because the resolution at higher temperatures using the NDJ-9S 

viscometer was so poor, theoretical values for water’s viscosity changing with temperature were 

ultimately employed in the following figure rather than experimental values. The gathered 

experimental data was then plotted and fitted to generate equations describing the surface tension 

of solution as a function of temperature. This was repeated for each chemical and compared to the 

literature data for pure water as a function of temperature. 

Viscosity decreases according to the polynomial equations tabulated under Figure 18 below. 

Temperature and viscosity are inversely proportional; as the temperature decreases viscosity 

increases and vice versa. Interestingly, FC-1100 at a concentration of 30 ppm contributes to a 

viscosity increase compared to the pure electrowinning sulfuric acid solution. SDS does not 

increase the viscosity evidently but is more comparable to the original unaltered electrolyte. As 

was discussed in the literature review, increasing the viscosity of the electrolyte is beneficial for 

acid mist suppression. Of the solution properties examined in this research, comparing surface 
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tension, viscosity and density ranges, surface tension and density are shown to have minimal 

variation when compared to viscosity changes. Viscosity decreases from ~4 mN/m to as low as ~1 

mN/m over a temperature range of 0-60 °C. This is a huge difference and leads to the conclusion, 

viscosity has a great impact on the electrowinning electrolyte solution especially with temperature 

variance.  The results are listed in Figure 18 below and the fitting equations are tabulated.  
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EW μ = 0.0009T2 - 0.0967T + 3.8022 R² = 0.9907 

EW+30ppm FC-1100 μ = 0.0009T2 - 0.0997T + 4.0226 R² = 0.9948 

EW+30ppm SDS μ = 0.0008T2 - 0.0873T + 3.6784 R² = 0.9966 

Water-Theory μ = 0.0003T2 - 0.0365T + 1.659 R² = 0.9909 

 
Figure 18: Viscosity of Solutions vs Temperature and fitting equations 
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4.4 DENSITY AND EFFECT OF TEMPERATURE  

Again the density measurements below were obtained using the same real electrowinning tank 

electrolyte from an active mine in Arizona. Density was determined via volumetric flask and 

laboratory balance to find mass per given volume. This was repeated at 20 °C, 35 °C and 50 °C 

and the experimental data fitted to generate an expression for density changes with temperature 

variance. FC-1100 and SDS at 30 ppm in the electrolyte as well as the pure electrolyte solution 

behavior were studied and compared with that of water from the literature. The following Figure 

18 shows density varies linearly with temperature and is inversely proportional to temperature 

changes. At high temperatures density decreases, however for the sulfuric acid electrowinning 

electrolyte studied, density changes across the temperature range 20 – 50 °C were very slight. The 

equations are tabulated below Figure 19.  
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EW ρ = -0.0004T + 1.2284 R² = 1 

EW+30ppm FC-1100 ρ = -0.0007T + 1.2290 R² = 0.9920 

EW+30ppm SDS ρ = -0.0007T + 1.2325 R² = 0.9977 

Water-Theory ρ = -0.0003T + 1.0042 R² = 0.9287 

Water-EXP ρ = -0.0004T + 1.0058 R² = 0.9893 

 
Figure 19: Density of Solutions vs Temperature and fitting equations 
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4.5 OVERALL EFFECT OF TEMPERATURE ON ELECTROLYTE PROPERTIES  

Combining all these properties into a single graph, we can form an idea of the overall effect of 

temperature on solution properties and bubble diameter. Taking the real electrowinning tank acid 

electrolyte provided for this study by an active mine in Arizona and generating mathematical 

expressions for surface tension, viscosity, and density as functions of temperature we can plot the 

following physical properties in Figure 20. Incorporating each physical property versus 

temperature into the following literature equations (4 and 5) to describe D* and Dcr, we now have 

an expression for minimum and critical bubble diameter as a function of temperature.  

D∗ =  2μ2

ργ(Oh∗)2
       (4) 

 

Dcr = 100.1914γL
0.5517

ρL0.4830g0.5170μL
0.0688       (5) 

And to describe the minimum bubble diameter: 

 

D∗ =  −0.0006T3 + 0.0973T2 − 5.4101T + 114.11,     R2 = 0.9998      (8) 

 

While for the critical diameter the equation is: 

 

Dcr =  -1E-04T2 + 0.0138T + 5.4042,    R2 = 0.9930     (9)  
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Graphing these values we can again fit the data and come up with a final expression for D* and 

Dcr which is very helpful in understanding how bubbles will behave in the electrolyte at different 

solution operating temperatures. The fitted expressions are tabulated below Figure 20.  

 

D* = -0.0006T3+ 0.0973T2- 5.4101T + 114.11 R2= 0.9998 

Dcr = -1E-04T2 + 0.0138T + 5.4042 R2= 0.9930 

 
Figure 20: Effect of temperature on physical properties of electrolyte 

 

As is expected, surface tension, viscosity and density decrease with increasing temperature. 

Interestingly however is the effect of temperature on both bubble diameters. Dcr remains fairly 

constant over the temperature range studied (0-60 °C) increasing slightly at higher temperatures. 
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D* however varies greatly with temperature and in particular decreases at higher temperatures. 

Returning to the earlier literature plot Figure 4 with this information, the temperature effect on D* 

can be understood using Figure 21 below.  

 

Figure 21: Effect of increasing temperature on bubble diameter adapted from [6] 

 

Smaller diameter bubbles generate more jet drops which contributes to acid mist. Ideally the 

number of jet drops as well as film drops will be reduced in order to effectively suppress acid mist 

in electrowinning. However by increasing temperature of the electrolyte solution, D* decreases 

and the curve in Figure 21 shifts leftward as shown. This is the opposite of the desired outcome; 

more mist will be generated at higher temperatures due to the increased ability for bubbles at higher 
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temperatures to generate jet drops at smaller bubble diameter sizes. The threshold for bubble 

diameter to contribute to acid mist is therefore found to be lowered at higher temperatures. 

 

4.6 CHEMICAL’S EFFECT ON MINIMUM AND CRITICAL BUBBLE DIAMETER  

Comparing the effect of chemicals on both the critical bubble diameter, Dcr and the minimum 

bubble diameter, D* the addition of FC-1100 at 30 ppm increases the minimum bubble diameter 

slightly while the critical bubble diameter remains fairly constant. SDS at a concentration of 30 

ppm does not affect the minimum bubble diameter as much but D* does increase slightly compared 

to the pure electrowinning solution. These measurements were taken at 20 °C. and are shown below 

in Figure 22.  

 

 
Figure 22: Effect of chemicals on bubble diameter at 20 °C 
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As temperature increases however, the effects of chemicals are more evident on the minimum 

bubble diameter, D*. Due to increasing temperature from 20 °C to 35 °C, the minimum bubble 

diameter D* decreases from ~40 μm to ~18 μm. The addition of surfactant, either FC-1100 or SDS 

at 30 ppm increases the minimum bubble diameter which is beneficial in acid mist suppression. 

The critical bubble diameter,  Dcr is mostly unaffected by the increase in temperature as has been 

observed previously in Figure 20.  

 

 

 
Figure 23: Effect of chemicals on bubble diameter at 35 °C 
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Finally, the effect of chemicals on the bubble diameters of bubbles formed in electrolyte solution 

at high temperatures (50 °C) is plotted in Figure 24. The minimum bubble diameter D* decreases 

from ~40 μm to ~12 μm because the electrolyte solution is heated from 20 °C to 50 °C. Surfactant 

addition, either FC-1100 or SDS at 30 ppm increases the minimum bubble diameter, which is 

beneficial in acid mist suppression, especially as the tank solution temperature increases. The 

critical bubble diameter,  Dcr is once again mostly unaffected by the increase in temperature. 

 

 

 
Figure 24: Effect of chemicals on bubble diameter at 50 °C 
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4.7 SODIUM CARBOXYMETHYL CELLULOSE  

One of the important findings of this work was the better understanding of the role of viscosity in 

acid mist suppression. The addition of SDS at a concentration of 30 ppm into the electrowinning 

tank shows promise in reducing acid mist however SDS by itself does not evidently increase EW 

solution viscosity. It is proposed to incorporate a polymer such as guar gum, carboxymethyl 

cellulose or another biopolymer/starch to increase the viscosity of the solution. A challenge would 

be to find a suitable “green” or environmentally friendly polymer compatible with the solvent 

extraction circuit and able to withstand the low pH in the tank electrolyte.  

To this end, sodium carboxymethyl cellulose (CMC) was added to the electrolyte solution and 

tested. The addition of CMC into the electrowinning tank acid at low concentrations of 30 ppm 

and 50 ppm did not evidently decrease density or surface tension. Viscosity however shows a slight 

increase. At higher dosages it can be inferred viscosity will correspondingly increase. For a 

solution of 30 ppm CMC in EW acid at 26°C the average surface tension is 74.02 mN/m and at 

50°C the average surface tension is 72.25 mN/m. The density was determined experimentally to 

be 1.222 g/ml at 26°C and 1.205 g/ml at 50°C. Viscosity was 1.91 mPa·s at 26°C and only 1.34 at 

50°C.   

The molecular weight of the CMC tested was 250,000 g/mol. A larger chain version of CMC can 

also be used with an increased molecular weight to increase viscosity. The foamability of CMC 

was also studied at room temperature and 50 °C. At concentrations of 30-50 ppm CMC, foam 

lifetime was very short and unstable. This is not a high foaming chemical and is suitable for the 

desired non-foaming application in the EW tank. These results are shown below in Figures 25-27. 
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Figure 25: Surface tension of EW vs CMC 250 concentration 
 

 
 

Figure 26: Viscosity of EW vs CMC 250 concentration 
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Figure 27: Density of EW vs CMC 250 concentration 
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4.8 HSVC BUBBLE CHARACTERIZATION 

In order to better understand the acid mist mechanism and the effects of surfactants, a High-Speed 

Video Camera (HSVC) was employed to capture the bubble rupture. Below in Figure 28 is an 

example of jet drops produced from a bubble bursting taken with the setup in the lab outlined in 

Figure 10. The bubble diameter can be measured and correlated to the number of jet drops 

produced. This can be replicated for a wide range of bubble diameters as solution concentration 

and temperature are varied to generate the results plotted in the following figures. 

 

 

Figure 28: Jet drop formation from bubble bursting 

 

Figure 28 shows jet drops and Figure 29 is an example of film drops generated by a bubble bursting 

at a large enough diameter to create film drops. The amount or number of film drops made by this 

rupture is more difficult to quantify than counting the jet drops. The number of jet drops, however, 

can be easily ascertained by reviewing the number of drops which break off from the vertical jet 
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of solution as the bubble bursts and counting them frame by frame with the HSVC capabilities. 

The droplets’ contribution to acid mist can then be directly related to bubble diameter which is of 

interest in this study.   

 

 
 

Figure 29: Film drop formation from bubble bursting 
 
 

Adding surfactant decreases the number of jet drops produced by a bursting bubble. At room 

temperature, 20 °C, pure water at small bubble diameters ( >3 mm) produce about 3 jet drops or 

less. This is reduced to 1 or 2 jet drops by adding surfactant, either 30 or 50 ppm. As the 

temperature of the solution increases the number of jet drops generated also increases, especially 

in the case of 50 °C seen in Figure 32. At high temperatures pure water produced the most jet drops 

upon bursting, 6 were observed. The benefits of surfactant are most obvious in this case, with FC-

1100 in low concentrations (30 or 50 ppm) in the solution the jet drops formed at high temperatures 

of 50 °C are  reduced to about 2 or 1 jet drops. This is a significant reduction and if correlated to 

the acid mist generated by jet droplets, adding surfactant is highly effective at suppressing mist at 



59 
 

high solution temperatures. The following Figures 30-33 show the plots of number of jet drops 

versus bubble diameter at temperatures of 20, 35 and 50 °C.  

 

 

Figure 30: Number of jet drops versus bubble diameter at 20 °C 
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Figure 31: Number of jet drops versus bubble diameter at 35 °C 
 
 

 
 

Figure 32: Number of jet drops versus bubble diameter at 50 °C 
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Analysis of oxygen bubble sizes produced at the anode during copper electrowinning  found 

diameters to range from 20 μm to 400 μm [32][33]. The results of the HSVC pictures of bubbles 

formed during the electrowinning of copper in a small benchtop cell produced the bubble size 

distribution shown in Figure 33. For the bubble set studied, 90% of the oxygen bubbles’ 

diameters were between 20 μm and 50 μm. The bubble counts were done using an ImageJ 

software program as shown in Figure 34.  

 

 
 

Figure 33: Bubble size distribution from image analysis [34] 
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Figure 34: Bubble image analysis using ImageJ [34] 
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5. CONCLUSIONS AND FUTURE WORK 

After leaching, the copper rich sulfuric acid solution goes through a solvent extraction circuit, 

increasing the copper purity with each stage. Electrowinning is the final step in the 

hydrometallurgical processing of copper. A unique property of this research was the use of real 

electrowinning tank acid from an active mining and solvent extraction circuit. Previous work has 

been done with a synthetic solution consisting of copper ions. This work will help further 

knowledge of the electrowinning tank house solution. A suitable chemical replacement for FC-

1100 will have to be found. The chemical will need to be low foaming and withstand highly acidic 

oxidizing conditions and hold up under an applied voltage. These are the conditions of the 

electrowinning tank.  

In the characterization of the sulfuric acid electrowinning electrolyte solutions, several findings 

can be summarized. Surface tension decreases with the addition of surfactant. Density remains 

mostly unchanged by adding surfactant. Viscosity increases with the addition of FC-1100 in 

concentrations as low as 30ppm but no visible change in viscosity with the addition of SDS. Based 

on these parameters, D* increases with the addition of surfactant however Dcr is fairly constant.  

Chemical effect is not as pronounced as the temperature effect. Changing the viscosity has a greater 

impact than changing either surface tension or density. To reduce the acid mist generation during 

electrowinning, it is proposed that a surfactant (30 ppm SDS) with a polymer (such as 30 ppm 

CMC) is used in tandem. The surfactant will decrease the surface tension (but not too low as this 

contributes to foaming issues) while the polymer increases the viscosity. Higher viscosity 

electrolytes have been successful historically in suppressing acid mist. It interferes with the 

bubble’s bursting mechanism, requiring more force to overcome the solution. The density will not 

be evidently affected. The surfactant/polymer combination together with floating plastic balls on 
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the top of the EW tank will reduce the mist generation even further. Several biopolymer 

alternatives could be quite successful in combination with SDS at 30 ppm. This solution is a more 

environmentally friendly, sustainable alternative to the previously used FC-1100.  
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