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ABSTRACT. 

The stabilization of the froth phase is among the most important aspects for efficient separation in 

flotation. While the behavior of froth stabilization reagents has been thoroughly studied, there have 

only been minimal changes to their formulations in the past decades. Simultaneously, there is an 

increasing need for both more efficient processes due to declining ore grades and more sustainable 

methods due to increased environmental awareness.  

 



The current commercially applied frothers consist mainly of aliphatic alcohols and oligomeric glycol 

ethers. The present manuscript proposes a profound change to the state-of-art frother formulations 

by introducing the first ever detailed interfacial characterization of an aqueous polymer-surfactant 

(PS) mixture consisting of a nonionic amphiphilic polymer and a nonionic surfactant pair to be used as 

a flotation frother. The polymeric component of the mixture is a biodegradable cellulose derivative, 

namely hydroxypropyl methyl cellulose (HPMC), produced from sustainable sources. In the first part 

of this series, the dynamic surface tension, bubble size distribution and foam stability were measured 

for PS-mixtures with various compositions and concentrations. This work shows that the interaction 

of the components in this unique PS-system results in significant improvements to foam formation 

behavior compared with commercial frothers, including: i) a synergistic decrease of surface tension; 

ii) accelerated diffusion of surfactants to the air-liquid interface; iii) bubble size reduction; and iv) a 

self-stabilizing foam phase. 

 

1. Introduction 

Froth flotation has likely represented the most important mineral processing technology for over a 

century and, with a continuous increase in the demand of raw materials, it has become necessary to 

further improve its productivity. The popularity behind flotation lies on its robustness, as it is a 

technology capable of processing large quantities of minerals with relatively low operational costs. 

While there are various operational aspects involved in the performance of flotation cells, the 

generation of a stable froth phase is of particular importance. Indeed, the froth phase acts as the 

transporting medium of the hydrophobic minerals into the concentrate launder and thus, an efficient 

separation would not exist without the presence of a stable froth. Unsurprisingly, many recent reviews 

highlight the importance of the froth phase and its properties [1, 2, 3] as well as the nature of frothers, 

the chemical reagents responsible for the formation of the froth phase [4, 5]. Interestingly, while these 

reviews offer a broad catalogue of frother molecules, they also reveal a significant absence of green 



or sustainable alternatives to commercial frothers. With stricter environmental regulations and an 

increased public awareness, the search for more environmentally friendly chemistries is already a 

necessity in various fields, and may soon gain relevance in the mining industry as well.  

The main function of frothers is to reduce bubble size while promoting the formation of a metastable 

froth by modifying the surface properties at the air-liquid interface, e.g., surface tension and surface 

viscoelasticity [5, 6, 7, 8, 9]. The commercially used frother chemistry is largely dominated by 

oligomeric glycol ethers and short-chained alcohols [10,11,12] and has not seen significant changes 

during the past few decades. The frother behavior of these molecules has been thoroughly studied 

[10, 12, 13, 14] and while frothers play a key role in froth stability, dynamic frothing is a complex 

phenomenon whose explanation is not trivial. For example, while froth stability is promoted by the 

presence of sufficiently hydrophobic minerals [15], frothers can also adsorb onto mineral surfaces, 

effectively reducing the amount of available frother at air-liquid interfaces, thus deteriorating froth 

stability [16]. Additionally, conditions such as pulp potential or the chemical structure of the frother 

itself also affect the stability of the froth [1]. Such multivariant dependency by the froth stability has 

led to reports of declining flotation performance in the later stages of flotation circuits [1]. In this work 

particularly, foam stability is defined as its resistance to collapse, measured as the medium lifetime of 

the froth in the absence of a continuous air flow. 

While oligomeric frothers have so far satisfied the requirements of industry, there is a need to explore 

new chemistries capable of addressing the aforementioned demands of higher productivity and lower 

environmental impact. Recently, attention has been paid on the use of chemical mixtures as new 

frother formulations, for example in the work of Zawala et al. [17], where the use of n-octanol and 

alkyltrimethylammonium bromides (CnTAB) with varying chain lengths resulted in a synergistic 

increased foamability compared with their pure counterparts. 

In an effort to improve flotation performance by increasing the control over froth stability, the current 

study proposes a novel approach by using a fundamentally different type of frother mixture, namely, 



a polymer-surfactant (PS) system. In this manner, the collectively accumulated knowledge on foam 

stabilization properties of frothers is applied to a chemical system that has not been studied in the 

context of flotation frothers by scholars other than the authors [18, 19]. 

Based on the available literature, the association between a polymer and a surfactant enables the 

formation of meta-stable PS-layers with unique interfacial properties compared to those formed in 

the presence of a pure surfactant [20]. The access to these unique states has allowed the successful 

use of PS-mixtures to control surface properties over a wide range of concentrations in various fields, 

including food, pharmaceutical and oil industries [21, 22, 23]. Yet, there are no reports of studying 

such mixtures in terms of flotation beside the efforts of the authors’ own research group [18, 19].  

It is important to notice that the properties of an adsorbed PS-layer are highly dependent on the 

interactions within the polymer-surfactant pair, as well as the concentration of each species [20, 24, 

25]. Table 1 presents selected examples of PS-mixtures and their properties reported in the literature, 

showing that different foamability behavior can be achieved by choosing specific PS-mixture 

combinations. PS-mixtures are complex systems and the prediction of properties such as surface 

tension, foamability and foam stability in PS-mixtures is not trivial [26]. A further notion is that the 

interfacial properties of a PS-mixed layer at dynamic and static conditions may not be comparable [20, 

27]. Consequently, the study of novel PS-mixtures for froth flotation require a proper characterization 

of relevant interfacial properties. 

Table 1. Dynamic adsorption behavior of different PS-mixtures 
Polymer Surfactant Type of 

polymer 
Type of 
surfactant 

Inter-
molecular 
interaction 

Dynamic adsorption 
behavior 

Reference 

Poly- 
dimethyl 
diallyl 
ammonium 
chloride 

Sodium 
dodecyl 
sulfate 

Cationic Anionic Strong  Enhanced adsorption 
rate at low total 
concentrations due to 
formation of more 
hydrophobic 
complexes 

Campbell 
et al. 2007 
[28] 

Poly-
ethylene 
oxide 

Sodium 
dodecyl 
sulfate 

Nonionic Anionic Weak  Decreased adsorption 
of surfactant in the 
presence of polymer 

Angus 
Smyth et 
al. 2012 
[29] 



Poly-
ethylene 
oxide 

Tetradecyl 
trimethyl 
ammonium 
bromide 

Nonionic Cationic No 
interaction 

Surfactant displaces 
polymer upon small 
increases of 
surfactant 
concentration 

Angus 
Smyth et 
al. 2012 
[29] 

Poly N-vinyl 
formamide 

Sodium 
dodecyl 
sulfate 

Nonionic Anionic Weak  Increased adsorption 
of PS-mix compared to 
pure chemicals due to 
formation of surface-
active PS-complex 

Petkova et 
al. 2012 
[26] 

Poly-
ethylene 
imine 

Sodium 
dodecyl 
sulfate 

Cationic Anionic Strong  Reduced diffusion 
rate due to increased 
size of bulk aggregates 

Angus 
Smyth et 
al. 2013 
[27] 

 

The system hereby proposed was carefully chosen to offer a superior performance in terms of foam 

stabilization while incorporating a green chemical component. In the first place, the selected polymer 

consists of hydroxypropyl methyl cellulose (HPMC), a biodegradable amphiphilic cellulose derivative 

that can be produced from sustainable sources [21, 30]. Therefore, HPMC represents a step towards 

the use of chemical reagents with lower environmental impact in mineral processing.  In addition, the 

surface activity of HPMC can be adjusted by modifying its molecular weight and its methyl-to-

hydroxypropyl ratio [30, 31]. Unlike short-chain surfactants, Xhanari et al. [32] and Wege et al. [33] 

theorized that macromolecular cellulose derivatives could assemble at the air-liquid interface acting 

as a protective layer against coalescence and mechanical stress. Furthermore, the active groups along 

the cellulose backbone reportedly provide potential adsorption sites for surfactant adsorption and 

consequent PS-complexation [34]. 

As the surfactant fraction of the PS-mixture, a commercial frother (i.e., NasFroth 240, NF240) was used 

in this work, thus forming a PS-mixture consisting of a nonionic amphiphilic polymer and a nonionic 

surfactant. Such a combination is expected to have a weak intermolecular interaction [35], and may 

be preferred for flotation purposes. Petkova et al. [26] studied the foamability and foam stability of 

strongly and weakly interacting systems and they observed that the former leads to reduced 

foamability. On the other hand, a PS-mixture whose association was based on a weaker, hydrophobic, 

interaction improved film stability and promoted foam formation even at very dilute concentrations. 



For the reasons mentioned above, the present work is dedicated to evaluating the suitability of HPMC 

and its PS-mixtures as flotation frothers. In the first part of this article series, a study on the foam 

formation properties of this system is presented, including dynamic surface tension, bubble size, foam 

depth and foam stability. With this characterization study, it is aimed to gain an understanding on the 

adsorption behavior of the PS-mixture and its implications on the air-liquid interfacial properties with 

an outlook on froth flotation. The analysis of PS-mixtures is further expanded in the second part of 

this series, where froth flotation performance is analyzed with experiments on chalcopyrite and Cu-

containing tailings [36].  

2. Materials and methods 

2.1 Materials 

Two different types of HPMC were purchased from Sigma-Aldrich (Product No. H8384 and 423238). 

According to the product specifications, Product No. H8384 has an average molecular weight of 22 

kDa with a methoxyl content of 28-30 % and a hydroxypropoxyl content of 7-12 % and is hereby 

labeled as HPMC22k. Product No. 423238 has an average molecular weight of 10 kDa with a methoxyl 

content of 29 % and a hydroxypropyl content of 7 % and is referred to as HPMC10k in this work. 

Nasfroth 240 (NF240) is a glycol ether-based commercial frother supplied by Nascao International LLC. 

Sodium hydroxide (NaOH, 99% purity) was used for pH control. All chemicals were used without 

further purification. The pure water (PW) used for bubble size and foam stability measurements was 

purified with an Elga Purelab Option-R 7/15 to a resistance of 15 MΩ. Ultra-pure water (UPW) for 

dynamic surface tension measurements was obtained with a MilliQ water purifier to a resistance of 

18.2 MΩ. 

2.2 Methods 

Due to the extensive amount of concentrations and mixture ratios used in this study, a logical and 

simple naming practice is implemented throughout the rest of the manuscript. The type of PS-mixtures 



are denoted as Mix10k or Mix22k depending on the HPMC molecule (10k or 22k) used. This is followed 

by the concentration of the mixture components, presented as “NX” and “HY”, where N stands for 

NF240, H stands for HPMC, and X or Y is the concentration of the respective species in ppm. As an 

illustrative example, Mix22k-N8-H16 refers to a PS-mixture of 8 ppm NF240 and 16 ppm HPMC22k. 

2.2.1 Dynamic surface tension measurements 

The influence of reagent type and concentration on the dynamic surface tension (DST) of an aqueous 

solution was measured in a BPA-800P bubble tensiometer (Attension, formerly KSV instruments). The 

BPA-800P uses the maximum bubble pressure method to determine the surface tension of a bubble 

as a function of lifetime. Additionally, the equipment monitors the temperature of the solution during 

testing. The average temperature in the DST measurements was 23.4°C. DST measurements were 

performed on pure chemicals and PS-mixtures at various concentrations, summarized in Table 2. 

These measurements were also used to determine diffusion coefficients using the short time 

approximation (further discussed in Section 2.2.2). Reference measurements were also conducted 

with UPW in order to validate the results. 

Table 2. Surfactant concentrations used in DST measurements 

NF240 
(ppm) 

HPMC22
k (ppm) 

HPMC10k 
(ppm) 

Mix22k with constant NF240 
and varying HPMC22k (ppm) 

Mix10k with 
constant NF240 
(ppm) 

Mix10k with 
constant 
HPMC10k 
(ppm) 

8a 8a 8a N8 + H8b/16b/32a/48a N16 + 
H8a/16a/32a 

N8a/16a/32a + 
H16 

16a 16a 16a N16 + H8a/16a/32 a/48a   

32a 32a 32a N32 + H8a/16a/32b/48b   

48a 48a 48a N48 + H8a/16a/32a/48a   
a) 3 repetitions 
b) 2 repetitions 

 

Additionally, measurements were performed on samples taken at various sampling points during 

bubble size measurements with the aim of corroborating the concentration in the flotation column 

system.  



2.2.2 Diffusion rate calculations 

The diffusion rate was calculated by applying the short time approximation of the Ward-Tordai 

equation, combined with the Gibbs-isotherm [37, 38, 39]:  

𝛾(𝑡)𝑡→0 = 𝛾0 − 2𝑛𝑅𝑇𝐶0√
𝐷𝑡

𝜋
          (1) 

where γ(t) is surface tension at time t expressed in seconds (which needs to be close to zero, to 

represent the early stage diffusion-controlled region), γ0 is the initial surface tension, n = 1 for nonionic 

surfactants and 2 for ionic surfactants, R is the universal gas constant (8.314 J mol-1 K-1), T is the 

absolute temperature (K), C0 is the total bulk concentration in mmol/l, D is the diffusion coefficient 

and π equals 3.1416. The form of equation (1) originates from the fractional derivation used to solve 

the initial Ward-Tordai problem [40]. 

It is important to note that this equation can only be applied to polymers in dilute concentrations (< 

400 ppm) and when the bulk concentration is modified to represent the concentration of polymer 

segments [37]. The molecular weight of HPMC segments used in this work are presented in Table 3 

and were calculated as an average value based on the specifications provided by the supplier (Section 

2.1).  

Table 3. Average molecular weight of polymer segments for HPMC22k and HPMC10k 

HPMC10k (g/mol) HPMC22k (g/mol) 

186.4494 190.7729 

 

Equation 1 was solved by plotting γ vs. √𝑡 using DST data for the first 0.85 seconds of each 

measurement and equaling the slope to 2nRTC0√𝐷/ 𝜋. The plots used to determine D values are 

found in the Supplementary Information (Figures SI1 and SI2).   

2.2.3 Bubble size and foaming stability measurements  



To determine the bubble size and foam stability produced with the two HPMC molecules, NF240 and 

their corresponding mixtures, the experimental setup presented in Figure 1 was used. The setup 

consists of a 1.5 l stirred vessel for the continuous mixing of the aqueous solution that is fed through 

a previously calibrated peristaltic pump to the bottom of a flotation column. The laboratory-scale 

column consists of a Plexiglas® cylindrical vessel with a volumetric capacity of 10 l manufactured in-

house. Air is introduced at the bottom of the column through a sparger with opening sizes of 5 µm. 

The air flow rate was set at 0.4 l/min with a manual control valve attached to a rotameter.  

To measure bubble size distribution, a sampling tube was immersed into the column, at the aqueous-

phase level. The sampling tube was connected to a viewing chamber with a red background light and 

a glass screen. A digital single-lens reflex camera (Nikon D750) was used to take pictures of the 

collected bubbles at intervals of four seconds. The camera parameters used were: F9.0, shutter speed 

1/20000 and ISO1000. 

The pictures obtained were processed using a MATLAB® routine to measure the bubble diameter and 

generating a bubble size distribution. The routine consists on finding an adaptive threshold level, 

defining the edges of the bubbles and fitting to an ellipse on these edges, finally calculating the 

equivalent diameter based on the maximum and minimum diameter of the ellipse using Eq. 2 [6]:  

𝐷𝑒𝑞 = √𝐷𝑚𝑎𝑥
2 ∙ 𝐷𝑚𝑖𝑛

3
             (2) 

It should be noted that the minimum bubble diameter detected with this method was of 0.02 mm. 

The Sauter mean diameter (D32) of each measured concentration was calculated based on the 

diameter results received from the MATLAB® routine [6]. 

𝐷32 =  
∑ 𝐷𝑒𝑞

3

∑ 𝐷𝑒𝑞
2            (3) 

After determining the D32 for each frothing agent and concentration, the results were used to calculate 

the CCC95 values for each chemical as follows [41, 42]: 



𝐷32 = 𝐷𝑙 + 𝐴 ⋅ exp(−𝑏 ⋅ 𝐶)                         (4) 

where Dl is the limiting (i.e. minimum) bubble size achieved with a certain frothing agent, A is the 

range between D32 of pure water and Dl, b is the decay constant and C is the frother concentration. 

Consequently, the concentration for 95 % reduction in bubble size (CCC95) can be determined from 

the following equation (5): 

𝑏 =
𝐿𝑁0.05

𝐶𝐶𝐶95
                                         (5) 

 

Figure 1. Schematic diagram of the laboratory column experimental setup for measurement of foam 

properties  

The bubble size measurements were conducted using reagent concentrations presented in Table 4 

and were done at least in triplicate in order to ensure reproducibility. After each frother addition, the 

aqueous solution was circulated through the column for at least 40 minutes before starting the 



measurement. This ensured a homogeneous frother concentration throughout the experimental 

setup, as calculated through mass balance and corroborated by DST measurements.  

For each concentration of chemicals, foam depth and stability were also measured. Foam depth was 

measured directly at the column through its transparent Plexiglas® walls with a measuring tape. As a 

measurement of foam stability, the time it took for half of the existing foam to collapse after the air 

flow was turned off, was measured [43]. 

Table 4. Conditions for column measurements 

Pure chemicals NF240 HPMC 10k HPMC 22k 

Concentrations (ppm) 8/16/32/48 * 8/16/32/48 8/16/32/48 * 

Mixtures Mix10k Mix22k 

Combinations Mix10k-N16-H8/16/32 Mix22k-N16-H8/16/32 * 

Combinations Mix10k-N8/16/32-H16 Mix22k-N8/16/32-H16 * 

*Also measured in pH 10. 

3. Results and discussion 

3.1 Dynamic surface tension 

As explained previously (Table 2), experiments were run to study the dynamic surface tension 

properties of different formulations. To facilitate the discussion, this Section presents first the 

evolution of γ as a function of bubble lifetime obtained with NF240 and HPMC, followed by the results 

obtained with PS mixtures at total concentrations of 16, 32 and 48 ppm.  

3.1.1 Single species systems 

As seen in Figure 2, there are significant differences in the evolution of γ between NF240 and the two 

HPMC molecules studied. The surface tension decreases rapidly in the presence of NF240, whereas 

there clearly is an induction time in the presence of HPMC, an effect that is even more evident at 

lower polymer concentrations. This behavior has been previously reported for long amphiphilic 

polymers [37, 44] and has been attributed to a complex arrangement process of macromolecules 

during adsorption at the interface.  
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Figure 2. Evolution of γ in the presence of pure reagents (note the change in the scale of y-axis) 

Indeed, while typical frothers readily orientate perpendicularly at the interface, there is a significant 

difference in the adsorption mechanisms of surface-active polymers. Because their local properties 

vary along the polymer backbone based on the active groups, it is well accepted that amphiphilic 

polymers adsorb according to the train-tail-loop model [45]. This means that the unevenly distributed 

hydrophobic and hydrophilic regions of the polymers produce a variety of molecular arrangements at 

the interface [30, 46, 47]. In turn, the polymer-laden interfaces can exhibit different properties 

depending on the orientation of the polymer segments [31, 44].  

According to previous studies [37, 46], a surface-active cellulose derivative first adsorbs in a flat-like 

orientation and it progresses towards a more perpendicular structure as a function of both time and 

concentration. This transformation at the interfacial structure continues until only the most surface-

active segments are adsorbed at the interface. Thus, the surface properties are dependent on the 



amount of polymer segments adsorbed on the interface rather than number of adsorbed molecules 

[44] and, consequently, the reorientation of segments at the interface determines the changes in 

surface tension during the first few seconds of adsorption.  

When comparing the evolution of γ between HPMC10k and HPMC22k, it is also evident that, in the 

presence of shorter polymer chains, a state of rapidly decreasing γ is obtained within the observed 

bubble lifetimes at concentrations exceeding 32 ppm. However, in the presence of HPMC22k, a similar 

decaying state of γ is only observed at 48 ppm within the bubble lifetime of this study. In his work with 

ethyl hydroxyethyl cellulose (EHEC), Nahringbauer [37] noticed that the time needed to reach the 

rapidly decaying γ region was dependent on both bubble lifetime and bulk concentration of EHEC. The 

present work further shows that the length of induction time also depends on the molecular weight 

of the polymer. It is reasonable to assume that, while γ is affected by the adsorbed segments and thus 

independent of molecular weight, the uncoiling and rearrangement of polymer segments is a faster 

process for polymers with shorter chain lengths.   

 

3.1.2 Polymer-surfactant mixtures 

When observing the behavior of PS-mixtures presented in Figure 3, it is evident that their behavior is 

not simply an average of their pure component counterparts, but rather seem to follow the behavior 

of the most active component in the mixture. Analyzing the results with Mix22k first, the mixtures 

consistently presented initial values of γ slightly lower than NF240, an effect that is more evident at 

48 ppm total concentration with the HPMC-rich mixture (i.e., Mix22-N16-H32). In all concentrations, 

the value of γ with Mix22k mixtures eventually approach values comparable to pure NF240. This 

behavior shows that: i) adsorption of surface-active species in the mixture is accelerated, and ii) the 

surface activity of the adsorbed species is akin to that of NF240 at bubble lifetimes of approximately 

10 s.  



A slightly different behavior is observed in the case of Mix10k due to the comparatively shorter 

induction time presented by HPMC 10k. As seen in Figure 3 (D and E), Mix10k initially follows a similar 

trend than NF240, but is followed by a significant drop in γ around the same time at which the 

induction time of HPMC10k ends. In this case, the final recorded values of γ are lower than that of 

NF240. Based on the results at 48 ppm, the final value of γ approaches that of pure HPMC 10k when 

it becomes the dominant fraction. The decrease of γ also becomes faster in the case of Mix10k at 

higher concentrations. 

While the rate of surface tension change and its final value depend both on total concentration of the 

mixture and the ratio between polymer and surfactant, there appears to be a synergistic acceleration 

of surface tension dynamics. Indeed, decreased values of γ in the presence of PS-mixtures is reportedly 

a sign of PS-complexation [20]. Interestingly, the effect of such interactions is evident in the presence 

of both HPMC molecules already during the initial adsorption (t < 0.85 s). Similar effects have been 

reported in PS-mixtures [26, 48, 49], but this is the first time it is also observed in a nonionic polymer-

surfactant pair, to the best of the authors’ knowledge.   
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Figure 3. DST comparison of PS-mixes and pure components at total concentrations of 16, 32 and 48 

ppm. Mix22k formulations are presented in the left column and Mix10k formulations are presented 

in the right column. 

 

While the obtained results show qualitative information regarding the PS-interaction at the interface, 

they admittedly cannot be used to quantify the concentration of each species at the interface. 

According to Petkova et al. [26] differences in γ are not always significant and a combination of 

different characterization methods is advised when studying PS-interactions. For example, other 

scholars [27, 28, 29] have used an approach where combinations of overflowing cylinder and 

ellipsometry are applied with either Fourier transform infrared spectroscopy or neutron 

reflectometry. Such techniques make possible to identify the surface excess of both the polymer and 

the surfactant independently, as well as the structure of the interface, even in PS-mixed adsorption 

layers. Such a detailed characterization of the interface is out of the scope of the current manuscript, 

as its focus is on the bubble and foam properties of PS-mixtures. Nevertheless, this analysis will be 

considered in future work due to the interesting behavior of the PS-system hereby reported. 

 

3.2 Diffusion rate 

The early stage slopes of γ vs. √𝑡 of every measurement (SI2) present a linear tendency, in agreement 

with a diffusion-controlled adsorption, particularly at the low concentrations used throughout this 

study [39]. It is important to note that only the initial stage of the adsorption is diffusion-controlled 

and at longer bubble lifetimes the model begins to deviate from a linear fit due to the increased 

complexity that arises from simultaneous adsorption-desorption dynamics [38]. Furthermore, the 

spreading, unfolding and rearrangement of polymer-segments is not purely a diffusion-controlled step 

[37]. Therefore, the diffusion properties in this study are determined only based on the γ evolution 



during the first seconds of the measurements. The diffusion model applied fits the measured early 

stage evolution of γ well (SI3), and thus the diffusion coefficient values presented in this section can 

be deemed as reliable.  

The general tendency observed with all species hereby studied is that diffusion rates decrease at 

higher total concentrations, which is in line with the generally accepted behavior of surfactants and 

PS-mixtures [25, 38]. Furthermore, as seen in Figure 4, PS-mixtures with low HPMC content have 

diffusion values similar to those of pure NF240 at any given concentration. However, as the HPMC 

ratio increases, the values of D become comparatively higher. According to Figure 4, the decrease of 

diffusion rate is less steep when concentration is increased by adding HPMC 22k. This showcases that, 

at least in the case of nonionic amphiphilic polymers, the macromolecular fraction is highly influential 

on the adsorption kinetics of the system. Indeed, in dilute PS-mixtures (total concentration <0,4 

mmol/l) with less than 50 % HPMC22k, the influence of concentration on diffusion closely mirrors that 

of pure NF240.  This implies that at a higher NF240 composition, the diffusion rate in these PS-mixtures 

is dominated by the surfactant fraction. It is evident that the combination with a polymer component 

is the one responsible of diffusion acceleration, at least within the conditions hereby studied. Since 

pure HPMC does not have a faster diffusion than NF240, this represents the first report on a synergistic 

effect in a PS-mixture consisting of a non-ionic surfactant and an amphiphilic polymer.  
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Figure 4. Diffusion rates of different concentrations of Mix22k with static NF240 concentration and 

increasing HPMC concentration. The labels in the figure display the molar concentration ratio of 

HPMC22k in the mixture, while the lines serve as a visual guide that helps following a single static 

NF240 concentration  

 

When studying Mix10k formulations, similar tendencies to those of mixtures with HPMC22k were 

observed, with higher diffusion rates obtained at low total concentrations (Figure 5). In addition, the 

synergistic effects in terms of diffusion rate were also observed for Mix10k formulations.  

 

 

 

 



 

0,0 0,1 0,2 0,3 0,4 0,5 0,6
0,0

5,0E-12

1,0E-11

1,5E-11

2,0E-11

0,33

0,50

0,65

0,67

0,35

D
 (m

2 /s
)

Total bulk concentration (mmol/l)

 NF240
 HPMC10k
 Mix10k-N16-H8/16/32
 Mix10k-N8/32-H16

 

Figure 5. Diffusion rates of different concentrations of Mix10k. The labels in the figure display the 

molar concentration ratio of HPMC10k in the mixture, while the line serves as a visual guide that helps 

following the single static NF240 concentration  

 

Previous studies with PS-mixtures have reported both decreased [27,29] and increased [26,28] 

diffusion rates, likely due to the different interaction possibilities within the PS-mixture components 

(see Table 1).  As pointed out in the introduction, the interactions of PS-mixtures are complex and 

highly dependent on the nature of both the polymer and the surfactant in the mixture. Additionally, 

Petkova et al. [26] state that the complexity of the adsorption behavior does not allow for direct 

comparisons between interfacial properties and therefore comparison between different types of PS-



mixtures must be done with caution. That being said and, although a similar PS-system to the HPMC-

NF240 mixtures has not been reported before, the work of Babak et al. [50] for polyelectrolyte 

mixtures may provide an explanation to the observed behavior. Using an analogous interpretation of 

their work, it is possible that the oligomeric surfactant chains interacting with the amphiphilic cellulose 

macromolecule behave in practice as additional active groups, driving a faster adsorption of the 

polymer segments at the air-liquid interface by diffusion.   

The observations presented above demonstrate that interactions occur within the PS-mixture 

components that manifest in their evolution of γ values and their ability to accelerate diffusion rate. 

Other authors [26, 28] have connected increased diffusion rates to formation of more surface-active 

PS-complexes compared to their pure components. Considering that some authors [51] have 

proposed that the surface activity of the frother affects bubble size already during its formation, the 

next section will study the formation of bubbles in the presence of PS-mixtures. 

 

3.3 Bubble size 

As the interactions between HPMC and NF240 appear to result in the synergistic increase of diffusion 

rate, it is of interest to measure the impact of such interaction on the properties of an aqueous foam. 

In Figures 6-8, the D32 of each frother system is presented as a function of concentration. Based on 

Figure 6, the size reducing properties of NF240 and HPMC appear to be similar, whereas the mixtures 

of these frothing agents (Figures 7 and 8) provide the possibility to further reduce the minimum bubble 

size. This behavior is contrary to a previous study by Elmahdy and Finch [52] where the use of different 

frother mixtures did not affect the minimum observed bubble size, and is an indication that PS-

mixtures present a different behavior compared to mixtures of short-chain frothers. Indeed, the PS-

mixtures consistently reduced the minimum bubble size compared to the pure surfactants, 

particularly in the case of unmodified pH (see Figures 6 and 7). This effect is more dramatic when 

maintaining HPMC at constant levels and increasing the concentration of NF240 beyond its own CCC95 



(in this work estimated at ca. 24 ppm), which is another reflection of the synergistic effect of the 

polymer-surfactant system. Another noteworthy phenomenon is that, at elevated pH (Figure 8), pure 

NF240 produces significantly smaller bubbles whereas only minor differences in the bubble size were 

measured with HPMC. This can be attributed to the lower sensitivity to pH by HPMC-laden interfaces 

reported in the literature [53].  

While the minimum bubble size of NF240 decreases significantly in elevated pH and its D32 is 

comparable to the PS-mixtures at lower concentrations, it is important to notice that there are 

differences in the minimum estimated bubble size based on the CCC95 model. As seen from Figures 6 

and 8, the CCC95 is achieved at relatively low NF240 concentrations after which the D32 is not further 

reduced. On the contrary, in the presence of the PS-mixture with constant HPMC levels and increasing 

NF240 concentration, the CCC95 is reached at significantly higher concentrations, but as a result of a 

further reduction of D32 with increasing total concentration, ultimately leading to a significantly 

smaller D32 than pure NF240 (0.67 mm vis-à-vis 0.95 mm, see Figures 7 and 8). This behavior is further 

evidence of synergistic effects of the PS-mixtures manifesting as unique interfacial properties 

compared to current commercial frothers. 
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Figure 6. D32 and determined CCC95 values for pure frother systems in pH 5.5 
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Figure 7. D32 in function of total frother concentration in pH 5.5, where the dotted line represents 

CCC95 
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Figure 8. D32 in function of total frother concentration in pH10, where the dotted line represents 

CCC95 

 

With respect to the bubble size distribution, Figures 9 and 10 show the results obtained with pure 

water and 48 ppm frother formulations at pH = 5.5 and at pH = 10 respectively as a representative 

example. The distribution in pure water is of a bi-modal nature, which was previously attributed to 

bubble-bubble interactions by Quinn and Finch [54]. It has been generally observed that such bi-modal 

distribution progresses towards a uni-modal distribution as the frother concentration approaches its 

critical coalescence concentration (CCC) value [14, 55]. Nevertheless, in the case of pure HPMC, the 

spontaneous generation of a bimodal distribution of bubbles appears also in concentrations exceeding 

its CCC value (e.g., 48 ppm in Fig. 9), including a significant population with sizes lower than 0.5 mm. 



This behavior is unlike what has been previously reported for typical frothers and may be indicative of 

a superior coalescence prevention offered by HPMC. Theoretically, a combination of smaller and 

larger bubbles may even be advantageous in the flotation process [56]. 

 

 



Figure 9. Bubble size distribution in the presence of pure water and different frother formulations at 

pH 5.5  

 

Figure 10. Bubble size distribution in the presence of pure water and different frother formulations at 

pH 10 

According to Petkova et al. [26], during the formation of films in a PS-mixed system, the surfactant 

adsorbs fast and decelerates the film thinning, thus providing additional time for polymer adsorption 

before film rupture occurs. A similar explanation in our system seems viable, based on the obtained 

results. The bi-modal distribution in the presence of pure HPMC is likely caused by relatively slow 

formation of the steric barrier provided by the polymer. Consequently, bubbles that collide during 

short bubble lifetimes coalesce and need additional time to achieve proper coalescence preventing 

properties, whereas bubbles that collide after a sufficiently long time period are already protected 



from coalescence by the steric repulsion of HPMC. However, the same behavior is not observed in the 

presence of PS-mixtures as is proven by absence of the bi-modal distribution. When these 

observations are combined with the results of diffusion discussed above, it seems like the increased 

adsorption rate provided by the PS-mixture is promoting the formation smaller bubbles while the 

presence of HPMC preserves the bubble sizes by efficient coalescence prevention.  

While the bimodality of the distribution is lost in the mixtures of HPMC and NF240, a clear shift of 

bubble sizes towards the lower size range is observed. As explained by Wills and Finch [7], smaller 

bubbles increase the total bubble surface area, thus increasing the probability of bubble-particle 

collisions and improving the efficiency of the flotation process. The bubble size reducing properties of 

the PS-mixtures are thus the first concrete advantage identified with this system from a flotation point 

of view. A further implication of an efficient coalescence prevention is the generation of a stable froth 

phase as will be discussed in the next Section. 

3.4 Foam properties 

The foam depth and foam stability results are presented in Tables 5 and 6. The foam depth for NF240 

was significantly smaller compared to HPMC and its mixtures, particularly at elevated pH. Additionally, 

the foam produced with NF240 collapsed immediately and thus, it was not possible to reliably quantify 

its stability. For simplicity, the foam stability results of NF240 in Table 6 are approximated to zero. 

Evidently, NF240 is a frother that requires the presence of hydrophobic solid particles to form a 

metastable mineralized froth. On the other hand, the foam depth and stability were enhanced in all 

the measurements where HPMC was present and even more so at elevated pH. Based on these results, 

it seems that the concentration of HPMC is the determining factor of the froth depth and stability in 

HPMC-NF240 mixtures. This can be noticed when observing the behavior of Mix10-N8/16/32-H16, 

where the HPMC concentration was kept constant and the foam depth and stability did not change 

significantly with the further addition of NF240. The contribution to coalescence prevention by HPMC 

discussed in the previous section is hereby manifested as an improved foam stability. Contrary to the 



behavior of recently reported mixed surfactant systems [17], the PS-mixtures were capable of 

improving foamability while moderately increasing foam stability. This observed improvement in foam 

stability is expected to be beneficial for flotation since froth instability is reportedly one of the main 

reasons of reduced forth recovery [1].  

Table 5. Foam depth in the presence of frothing agents at pH 5.5 and pH 10 in parentheses when 

applicable 

Total 
concentration 
concentration 

Foam depth (mm) 

Pure frothers NF240 HPMC 10k HPMC 22k 

8 ppm 3 (2) 7 3 (14) 
16 ppm 4 (2) 9 9 (21) 

32 ppm 4 (1) 10 12 (30) 

48 ppm 5 (1) 12 17 (50) 

Mix10k Mix10k-N16-
H8/16/32 

Mix10k-
N8/16/32-H16 

Mix22k Mix22k-N16-
H8/16/32 

Mix22k-
N8/16/32-H16 

24 ppm 6 11 24 ppm 6 (11) 8 (19) 
32 ppm 8 11 32 ppm 9 (17) 9 (20) 

48 ppm 12 12 48 ppm 12 (43) 8 (19) 

 

Table 6. Foam stability in the presence of frothing agents at pH 5.5 and pH 10 in parentheses when 

applicable 

Total 
concentration 
concentration 

Foam stability (s) 

Pure frothers NF240 HPMC 10k HPMC 22k 

8 ppm 0 (0) 5.6 0 (18.9) 
16 ppm 0 (0) 8.3 10.7 (23.3) 

32 ppm 0 (0) 12.3 24.9 (33.0) 

48 ppm 0 (0) 16.6 24.7 (54.4) 

Mix10k Mix10k-N16-
H8/16/32 

Mix10k-
N8/16/32-H16 

Mix22k Mix22k-N16-
H8/16/32 

Mix22k-
N8/16/32-H16 

24 ppm 9.6 10.6 24 ppm 15.5 (18.8) 14.8 (25.7) 
32 ppm 11.3 17 32 ppm 20.6 (24.1) 17.7 (23.5) 

48 ppm 15.3 19.6 48 ppm 26.6 (46.1) 20.1 (25.1) 

 

According to the study by Wei et al. [23], the increased stability in the presence of polymer-surfactant 

mixtures rises from the possibility of the polymer forming hydrogen bonds with both the surfactant 



and water molecules in the solution. Consequently, liquid drainage is inhibited, improving foam 

stability. Admittedly, sufficient liquid drainage from the froth may be needed as it has been connected 

to reduced levels of entrainment [2].  

While the results hereby reported are indicative of a superior flotation behavior of the PS-mixtures by 

the means of increased interfacial stability, it is difficult to estimate the extent of the predicted 

benefits in actual mineral flotation. Therefore, the possible improvements resulting from the observed 

self-stabilization effect of these PS-mixtures need to be unequivocally established through 

experiments with mineral species. Thus, the froth flotation performance as well as the effect of 

entrainment in the presence of these PS-mixtures are the focus of the second part of this manuscript 

series [36].



4. Conclusions 

With the systematic study of a previously unexplored PS-system, this study aims to further improve 

flotation performance by producing interfacial behavior suitable for froth flotation and other relevant 

applications interested on stable foam formation. A thorough analysis of air-liquid properties of an 

environmentally friendly cellulose-based polymer (HPMC) and its PS-mixtures with a commercial 

frother (NF240) was conducted with an aim of evaluating the applicability of such formulations as 

flotation frothers. The obtained results represent the first available detailed characterization of the 

interfacial properties of a PS-mixture consisting of a nonionic amphiphilic polymer and nonionic 

surfactant system.  

The first characterization of the interface consisted of dynamic surface tension measurements whose 

results showed clear evidence of interactions between the components in the mixture. These 

interactions manifested as lower initial γ of the mixtures compared to their pure components as well 

as faster early stage diffusion rate. In subsequent bubble characterization, the identified synergistic 

effects of the studied PS-mixtures were responsible for promoting the formation of small bubbles 

while providing efficient coalescence prevention by steric repulsion. Furthermore, the interactions 

between the polymer and the surfactant promoted foamability and foam stability by efficient liquid 

drainage inhibition. 

All the above-mentioned characteristics offered by PS-mixtures have been recognized as possible 

benefits for froth flotation, provided an adequate level of control be enforced in the process. In the 

second part of this article series, these potential benefits are further studied using the flotation of 

chalcopyrite and Cu-containing tailings as case studies [36]. 
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