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Abstract: Surfactants known as frothers are widely used in froth flotation to produce small bubbles and stabilize the froth, 
meanwhile, froth stability plays an important role in determining the product grade and recovery achieved from a mineral 
flotation process, and therefore it is of great significance to study the effect of surfactant on foam properties. However, foam 
properties, especially foam stability concerning liquid content of foam and evolution of bubble size, in flotation has received little 
attention. In this study, we intensively investigated the foamability and foam stability of different concentration 
cetyltrimethylammonium bromide (CTAB) solutions. Experiments were carried out using a commercially available instrument, 
Foam Scan, which determined simultaneously the foaming time, foam volume, the liquid content of foam and bubble size 
distribution. Particularly, the evolution of bubble size can be allowed to determine at a regular time interval. The results showed 
that as an increase in CTAB concentration, the foamability continuously increased till reached a constant at a critical micelle 
concentration (CMC), however, the foam stability initially increased and then presented a little decrease when the tested 
concentrations were larger than its CMC. An argument based on foam drainage, bubble coalescence and coarsening processes is 
proposed to account for the effect of CTAB concentration foam properties. 
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1. Introduction 

Foam stabilized by surfactant, is a two–phase system 
consisting of gas bubbles separated by three–dimensional 
water channels where the liquid constantly drains and the 
water film between the bubbles thins [1–4], which can be 
encountered in many engineering applications such as mineral 
flotation, dust control, tertiary oil recovery, food industry, 
wastewater treatment, firefighting, personal care products, and 
so forth [5–8]. Surfactants known as frothers are used in froth 
flotation to produce small bubbles, reduce bubble rise velocity, 
and stabilize the froth, which together enhance the efficiency 

of flotation [9–13]. 
Over the past decades, many methods have been proposed 

to test and evaluate the foam performance of frother. These 
methods can be classified as traditional methods and modern 
methods. The traditional methods consist of Waring–Blender 
method, Bikerman method [14], and Ross–Miles method [15] 
and so forth. The modern methods include conductivity 
method, confocal microscopy method [16] and Foam Scan 
method [17] and so on. Many of them have been applied in 
froth flotation, enhanced oil recovery, chemical industry, food 
processing and so forth, however, many methods exist faults 
lead to a lack of detailed knowledge. As to the currently 
available methods, the traditional methods are generally 
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simple and convenient, but the results are not accurate. In 
addition, the traditional methods only focus on the foam 
volume or foam height (foamability) and foam lifetime (foam 
stability), and neglect other important foam properties, such as 
the evolution of bubble size and liquid content of foam. The 
modern methods (e.g., Foam Scan method) also have many 
limitations due to their complicated device and high test cost 
[18], but it is crucially important for higher accuracy and 
detailed information of the various experiments which will be 
helpful to achieve a deeper research on foam properties.  

Foam properties are generally characterized by foamability 
(as known as foam capacity) and foam stability. The 
foamability is defined as the ability of a given foaming solution 
to produce foam and evaluated as either the foam volume (foam 
height) formed in a period of time or the foaming time (foam 
retention time) taken to form a desired foam volume [4, 19–20]. 
The foam stability is usually evaluated as the foam lifetime. It is 
well known that the interfacial properties, such as surface 
tension, surface dilatational viscosity and surface elasticity, 
have a significantly important effect on foam properties, the 
presence of surfactants in foams especially. Many previous 
works have studied that the effect of the type and concentration 
of surfactant on interfacial properties [21–22] and foam 
properties [23–28], and shown that surfactant could modify 
considerably the gas–liquid interfacial properties and change 
the flow type inside the foam’s liquid network. Consequently, 
the foam drainage rate is largely changed. However, most 
works study the effect of surfactant on foam properties either in 

foam systems that maintain their initial bubbles size during 
drainage or/and neglect the evolution of bubbles size [21–22, 
29–30]. Fortunately, Magrabi et al. [31] have payed attention to 
the above issues and concluded that in their particular system, 
foam destabilization takes place at three stages: initially (< 200s) 
drainage dominates over coarsening, later (200–900s) drainage 
and coarsening occur concurrently and eventually (> 900s) 
coarsening prevails over drainage. However, the above work 
does not take into account the effect of the type or/and 
surfactant concentration on the interaction between drainage, 
coarsening and bubbles coalescence due to the limitation of the 
test system. In this study, we investigated the effect of CTAB 
concentration on foamability (i.e., foaming time) and foam 
stability (i.e., the evolution of liquid content of foam (drainage 
process) and evolution of bubble size (bubble coalescence and 
coarsening processes) using the modern foam performance 
testing method, Foam Scan method. 

2. Experimental 

2.1. Materials 

Cetyltrimethylammonium bromide (> 99%, AR), a cationic 
surfactant, purchased from Sinopharm Chemical Reagent Co., 
Ltd (in China). Molecular structure of the surfactant 
Cetyltrimethylammonium bromide (CTAB) is shown in 
Figure 1. 

 

Figure 1. Molecular structure of the surfactant Cetyltrimethylammonium bromide (CTAB). 

In all experiments, CTAB solutions were prepared using 
ultra–pure water. The water was obtained by purification with 
a Milli–Q system, which consisted of a pre–filter, a carbon 
cartridge, two mixed–bed ion exchange cartridges and an 
ultra–filtration cartridge. Its surface tension was 72.8±0.1 
mN/m with a specific conductivity not exceeding 1×10−6 S/cm. 
All glassware were rinsed with HNO3, soaked in 4 mol/L 
NaOH at 40–50°C for 30 s and rinsed with Milli–Q water, 
followed by steam cleaning and drying in a clean oven. Each 
surfactant solution was equilibrated for at least 2 h before use. 
All measurements were conducted in a constant temperature 
room, maintained at 25±1°C. 

2.2. Surface Properties of the Surfactant Solutions 

The surface tension of the foaming solutions was measured 
by the Wilhelmy plate method [32], which employed the 
interaction of a small platinum plate with the surface of the 
surfactant solution. Surfactant solution was placed in a beaker 
on a mechanical stage. The stage was raised to bring the 
surfactant solution surface into contact with the plate attaching 
to a force–measuring sensor. The movement was immediately 

stopped when the plate had come into contact with the solution 
surface and the plate remained at the same position during the 
course of the experiment. The wetting force was monitored 
with time. No changes in the force reading were observed after 
3 min and these values were assumed to be equilibrium.  

2.3. Foam Properties of the Surfactant Solutions  

To study the foamability and foam stability of all tested 
surfactant solutions, we used a commercially available 
instrument, Foam Scan, with which foamability (foaming 
time, taken to produce a fixed foam volume), foam stability 
(foam volume, liquid content of foam and bubble size 
distribution as a function of time) can be determined. Briefly, 
foam is produced in a round glass column (inner diameter 35 
mm) by sparging N2 gas through a fixed volume (60 mL) of 
the surfactant solution via a porous glass disc (pore size 14–60 
µm and thickness 3 mm). The gas flow rate is set and adjusted 
varying from 100 to 1000 mL/min to find out the optimum 
experimental conditions. A gas flow rate of 200 mL/min 
turned out to be a good choice and was used for all 
measurements. This flow rate allowed for a balance between 
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foam generation and foam destruction during foam (at too 
high gas flow rates significant shear forces act on the foam, 
which may lead to foam destruction during foam generation, 
while too low gas flow rates foam generation and destruction 
take place at similar time scales). The gas flow stopped 
automatically when the system had reached the preset foam 
volume. To ensure the accuracy of results, each experiment 
must be repeated at least two times and on an average. The 
operation schematic of Foam Scan is shown in Figure 2. 

 

Figure 2. Operation schematic of Foam Scan. 

2.4. Bubble Size Distribution 

Note that this section mainly focuses on studying the effect 
of surfactant concentration on foam stability, therefore, the 
photographs of foam phase belong to the foam decay process. 
The bubble images in the foam phase were captured using a 
CCD camera 1, which was connected to a computer where the 
visual information was stored and processed. The images 
captured during the foam decay were automatically processed 
using cellsize analysis software of TECLIS. Bubble images of 
all tested surfactant solutions were captured and analyzed. 
Each measurement was repeated at least two times and on an 
average, over 500 bubbles were measured in each run.  

3. Results and Discussion 

3.1. Equilibrium Surface Tension 

 

Figure 3. Equilibrium surface tension as a function of CTAB concentration. 

The equilibrium surface tension as a function of CTAB 
concentration is shown in Figure 3. The error bars at each data 
point stand for the standard deviation from two repetitions. It 
clearly shows that the surface tension initially decreases with 
increasing CTAB concentration as CTAB molecules adsorb at 
the air–solution interface, then reaches a stable region when 
the tested concentrations exceed to a critical micelle 
concentration (CMC) which results in a break point in the 
curve and a plateau. The CMC of CTAB, about 0.9 mmol/L, is 
determined by the graphical method here is in agreement with 
the reported in the literature [33–34]. 

3.2. Foamability 

Foaming time as a function of CTAB concentration is shown 
in Figure 4. The error bars at each data point stand for the 
standard deviation from two repetitions. Here, the foamability 
was evaluated as the foaming time taken to form a fixed foam 
volume, 200 mL, and all foams were produced at 200 mL/min. 
Figure 4 shows that the foaming time continuously decreases 
with increasing CTAB concentration, then reaches a minimum 
value at CMC and keeps a constant when the tested 
concentrations are larger than the CMC of CTAB. 

 

Figure 4. Foaming time as a function of CTAB concentration. 

Having in mind that small foaming times correspond to 
high foamability for forming a fixed foam volume in a certain 
foaming solution. As foamability depends on both the 
adsorbed amount of surfactant and the rate of transport of the 
surfactant to the air–solution interface [35]. The foaming time 
decreases with an increase in surfactant concentration 
indicates an increase in the amount of adsorbed surfactant 
molecule at the gas–solution interface. In other words, the 
foamability of CTAB solutions continues to increase until a 
critical micelle concentration (CMC) is reached at which the 
transport rate is high enough to allow for the formation of a 
densely packed layer in the foaming process. 

3.3. Foam Stability 

Foam stability is usually evaluated as the foam lifetime, 
which can be monitored by the evolution of liquid content of 
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foam as a function of time. There are three different 
mechanisms governing the lifetime of foam: (i) foam drainage 
(liquid drains out of the foam mainly through Plateau Borders 
and nodes under gravity), (ii) coarsening (enlargement of large 
bubbles by gas diffusion from smaller adjacent bubbles 
induced by the capillary pressure differences) and (iii) bubble 
coalescence (merging of neighboring bubbles due to the 
rupture of the liquid films between them) [36–37]. Based on 
above theory, we studied and analyzed the evolution of foam 
volume, the evolution of liquid content of foam (drainage 
process) and evolution of bubble size (bubble coalescence and 
coarsening processes) to explain the influence of CTAB 
concentration on foam stability.  

3.3.1. Evolution of Foam Volume 

Foam volume as a function of time with various CTAB 
concentrations at the range from 0.09 mmol/L to 1.80 mmol/L 
is shown in Figure 5. It is note worthy that the initial foam 
volume, 200 mL, is a fixed foam volume in this study. The 
figures clearly show that foam volume decreases with 
increasing time for all tested CTAB solutions, and the foam 
volume decrease rate of low concentration solutions (c < 0.45 
mmol/L) are faster than that of high concentration solutions. 
Moreover, there is a little decrease in foam volume when 
solution concentrations exceed the CMC.  

 

Figure 5. Foam volume as a function of time for various CTAB concentrations 

(c = 0.09, 0.18, 0.36, 0.45, 0.90 and 1.80 mmol/L). A total foam volume of 200 

mL was produced at a gas flow rate of 200 mL/min. 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

Figure 6. Observation by CCD camera 1 of the decay process of foams 

stabilized for various CTAB concentrations within 1800 s. A total foam 

volume of 200 mL was produced at a gas flow rate of 200 mL/min. a) 0.09 

mmol/L (within 600 s), b) 0.45 mmol/L, c) 0.90 mmol/L, d) 1.35 mmol/L and e) 

1.80 mmol/L. 

Figure 6 shows the foam decay process for various 
concentration CTAB solutions within 1800 s using CCD 
camera 1 in which the change of foam height represents the 
evolution of foam volume. Obviously, foam volume 
continuously decreases with an increase in time. It is 

0 100 200 300 400 500 600 700 800
0

40

80

120

160

200

F
o
a
m

 v
o
lu

m
e
, 
m

L

Time, s

 0.09mmol/L

 0.18mmol/L

 0.36mmol/L

 0.45mmol/L

 0.90mmol/L

 1.80mmol/L

 



22 Junchao Wang et al.:  Effect of CTAB Concentration on Foam Properties and Discussion Based on Liquid   
Content and Bubble Size in the Foam 

interesting that the higher the CTAB concentration, the 
stronger the foam stability. In a word, the foam stability in this 
study is mainly dependent on surfactant concentration, 
however, this effect does not scale linearly with surfactant 
concentration. 

3.3.2. Evolution of Liquid Content of Foam 

Liquid content of foam as a function of time for various CTAB 
concentrations (c = 0.09, 0.18, 0.36, 0.45, 0.90 and 1.80 mmol/L) 
is shown in Figure 7. Figures clearly show that the liquid content 
of foam continuously decreases with increasing time for all tested 
CTAB solutions. Apparently, the foams produced with high 
concentration solutions (c > 0.45 mmol/L) have more liquid and 
become more stable compared with the foams generated with 
low concentration solutions. This behavior also can be seen from 
Figure 6, in which the degree of darkness indicates the liquid 
content of foam (the darker the picture the more liquid the foam 
contains). In addition, there is a little decrease in liquid volume of 
foam when solution concentrations exceed the CMC as shown in 
Figure 7.  

 

Figure 7. Liquid content of foam as a function of time for various CTAB 

concentrations (c = 0.09, 0.18, 0.36, 0.45, 0.90 and 1.80 mmol/L). A foam 

volume of 200 mL was produced at a gas flow rate of 200 mL/min. 

It also can be seen from Figure 7 that the liquid content of 
foam decreases quickly at the beginning of drainage process, 
which can be attributed to the redistribution of the liquid 
content along the foam column [30, 38], then become slow. 
The evolution trend of the liquid content of foam can be seen 
as the outcome of the combination of two causes [39]: (i) the 
reduction of liquid content due to drainage, (ii) the increase of 
bubble size due to coarsening and coalescence. The resistance 
of affecting liquid flow depends on the cross–sectional area of 
Plateau Border (PB). on the one hand, if the number of PB can 
be as a constant, the decrease of liquid content of foam will 
result in a decrease of PB’ s cross sections and, therefore, the 
decrease rate of liquid content of foam becomes slow. On the 
other hand, if the liquid content of foam can be as a constant, 
the reduction of the number of bubble because of coalescence 
and coarsening will result in a decrease of PB number and an 
increase of their cross–sectional area. Eventually, the decrease 
rate of liquid content of foam becomes very fast.  

3.3.3. Evolution of Bubble Size  

Bubble size distribution as a function of time for various 
CTAB concentrations is shown in Figure 8. Note that this 
section aims to study the evolution of bubble size during foam 
decay process. Figure 8 shows that bubble size mainly focuses 
on 0.1~0.3 mm and increases with an increase in time for all 
tested concentrations, which may be attributed to bubble 
coalescence and coarsening processes. Moreover, the small 
bubbles belonging to 0.1~0.3 mm increase with increasing 
surfactant concentration, but it seems to be no change when 
the tested concentrations exceed CMC (Figure 8–d, e at 500 s). 
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Figure 8. Bubble size distribution as a function of time for various CTAB 

concentrations: a) 0.09 mmol/L, b) 0.18 mmol/L, c) 0.45 mmol/L, d) 0.90 

mmol/L and e) 1.80 mmol/L. 

As we all know, surfactants called as frothers can reduce 
bubble size by preventing bubble coalescence [40]. Moreover, 
the stronger the surface activity of surfactant and the higher its 
concentration, especially below its critical coalescence 
concentration (CCC) [41–43], the stronger the prevention effect. 
At low concentrations, the evolution of bubble size may be 
significantly attributed to bubble coalescence during foam 
destabilization [44]. In addition, some studies also have shown 
that the evolution of bubble size is caused by coarsening. 
Because the range of bubble size is considerately wide result in 
occurring both coalescence and coarsening processes. At high 
concentrations (c > CMC), however, bubble coalescence is 
significantly prevented and bubbles almost remain the equal 
size, meanwhile, coarsening process must be also weakened 
because the capillary pressure difference of adjacent bubbles 
decreases with decreasing difference of neighboring bubble size. 
All in all, the evolution of bubble size in a foam system can be 
attributed to both coalescence and coarsening processes. 

4. Conclusion 

The objective of this study is to investigate the effect of CTAB 
concentration on foam properties and bubble size. First of all, we 
studied the effect of CTAB concentration on foamability. The 
data shows that the foamability of CTAB depends on the amount 
of adsorbed surfactant molecule at the air–solution interface, that 

is, foamability increases with an increase in surfactant 
concentration. In addition, there is a limitation in the increase of 
foamability with concentration when the tested surfactant 
concentrations exceed its CMC. Secondly, we studied the change 
of foam stability, based on the evolution of foam volume, the 
liquid content of foam and bubble size, with CTAB concentration. 
The results show that foam stability mainly depends on surfactant 
concentration, but this effect does not scale linearly with 
surfactant concentration. Besides, there is a little decrease when 
CTAB concentrations exceed its CMC. In this study, we realize 
that drainage process determines the liquid content of foam. 
However, the evolution of liquid content of foam also is affected 
by bubble coalescence and coarsening processes through bubble 
size. Therefore, it is essential to study the interaction between 
foam drainage, bubble coalescence and coarsening processes 
when studying the effect of surfactant on foam properties. 
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