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ABSTRACT. 

Froth flotation represents one the most important technologies for the development of the modern 

era, as it has enabled a steady and affordable flow of mineral raw materials. Recent studies show 

an increasing demand for more environmentally friendly processes, resulting in stricter regulations 

and the need to gain social license to operate by mining operations. As the demand of raw materials 

keeps growing, and ore grades decline, there is an urgent need to improve the efficiency of flotation 

as well as reducing the environmental impact of enrichment processes.  
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The work hereby presented explores a novel type of frother chemistry, where commercial frothers 

are partially substituted with a biodegradable molecule produced from sustainable sources 

(namely, hydroxypropyl methyl cellulose) to form polymer-surfactant (PS) mixtures. In the second 

part of this series, the unique froth stabilization of this PS-mixture is tested in a bench-scale 

flotation study on chalcopyrite model ore. The use of PS-mixtures results in a robust system 

capable of maintaining separation efficiencies (SE) at ca. 90% even under conditions of low pH 

(i.e., 5.5) and low collector concentration (i.e., 5 g/ton). In comparison, benchmark commercial 

frothers had a significant decrease in SE under these conditions (ca. 78%). The advantageous 

performance of the PS-mixture frother is further tested in a short case study made with Cu-bearing 

sulfidic tailings. The outcome of this study demonstrates for the first time various advantages of 

the PS-mixtures in froth flotation, including: i) the generation of a stable, yet selective froth phase 

with sustainable reagents; ii) a robust flotation performance, able to withstand changes in pH and 

collector concentration, and iii) the ability to selectively float minerals with low hydrophobicity, 

such as those found in tailings deposits. 

1. Introduction 

For over a century, froth flotation has remained one of the major operations for the processing of 

minerals, offering an efficient, cost-effective technique for the production of concentrates. 

However, the current trends in the mineral industry will likely force the development of new froth 

flotation technologies capable of addressing complex needs, such as environmental impact 

awareness and decreasing ore grades in operating sites [1, 2]. For example, it has been mentioned 

by Nagaraj and Farinato [3] that froth flotation is entering a historical development age that has 

been labeled as the “emerging period”, in which flotation practices will require to address their 

sustainability and societal impact. 
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While various strategies are currently under exploration to improve the efficiency of mineral 

concentrators, an aspect that remains largely unexplored is the use of green chemical reagents in 

froth flotation. As a general definition, green chemistry can refer to reagents that have minimum 

environmental impact, lower toxicological and hazardous effects, or that can be produced from 

sustainable sources [4]. As it is well known, froth flotation is aided by a wide variety of reagents, 

among which surfactants are used for the hydrophobization of surfaces (i.e., collectors) and as 

froth stabilization agents. The latter category is currently dominated by organic nonionic surfactant 

molecules such as methyl isobutyl carbinol and oligomeric glycol ethers. Extensive work has been 

dedicated to the study of such frother molecules, and the literature on the subject matter is so vast 

that a full reference list would be impractical here. The interested reader is referred to the recent 

Review articles on frother technologies by Khoshdast and Sam[5], Farrokhpay [6], Drzymala and 

Kowalczuk [7] and the references therein. In general terms, the main goal of frothers is to decrease 

bubble size and aid in the formation of a stable froth, both aspects associated with improved 

separation performance [8]. Evidently, commercial frother molecules have proven efficient under 

the current demands of the industry, but the need for improvements in the field of flotation 

chemistry are beginning to be acknowledged [3].  

Based on the forecasted needs of the mining industry described above, the present study showcases 

a green chemical alternative to improve the performance of the flotation process. The proposed 

solution is to use a polymer-surfactant (PS) mixture as froth stabilization agent, particularly using 

sustainable cellulose derivatives as their macromolecular component, an approach unlike that of 

current commercial frother chemistries. PS-mixtures have been used effectively in other industries 

such as the food, oil and pharmaceutical industries, as they have consistently reported a high 

stabilization performance in two-phase foams and emulsions [9, 10, 11]. Such remarkable stability 
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has been explained with various hypothesis, but it is typically attributed to an enhanced viscous 

rigidity of the foams resulting in a slower liquid drainage [12]. In a recent study dealing with 

surfactant mixtures containing functionalized nanocellulose, drainage prevention was further 

explained by the formation of hydrogen bonds between water and hydroxyl groups in the cellulose 

structure [10]. Although a stable froth may be attractive in mineral flotation [13], to the best of the 

authors’ knowledge, no reports on studies of PS-mixtures as flotation frothers have been published 

in the literature, apart of the authors’ own research efforts [14, 15]. 

The PS-mixture explored in the present study was carefully chosen to provide an increased level 

of control over froth stability while at the same time offering a more sustainable alternative for 

flotation reagents. In the first place, a commercially available polyethylene glycol ether frother 

(NF240) was chosen as the surfactant fraction, as it represents a popular type of reagent in the 

flotation of sulfidic minerals [16]. As the polymeric component of the mixture, it was decided to 

use hydroxypropyl methyl cellulose (HPMC). The choice of this non-ionic cellulose surfactant 

followed two main reasons: i) reportedly, the mixture of non-ionic surfactants and uncharged 

polymers interact moderately, whereas the strong interaction in oppositely charged polymer-

surfactant pairs results in reduced foaminess, which might be detrimental for flotation [12, 17, 18]; 

ii) HPMC is a biodegradable cellulose derivative [19] and thus offers the potential to substitute 

chemicals derived from non-renewable fossil sources by alternatives produced sustainably; and 

iii) HPMC is a readily available molecule with a wide range of applications in industry that is 

specifically designed to have foam stabilizing, water holding and viscosity enhancing effects on 

aqueous-gas interfaces [20]. Furthermore, the polymeric species of the proposed PS-mixture, 

HPMC, is not expected to be significantly more expensive compared to current commercial 

formulations [15]. 
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Indeed, the use of cellulose-based materials has drawn the attention of various chemical-

consuming industries due to its sustainable origins and for having a polymeric backbone that can 

be functionalized to target specific applications [21]. The mineral industry is no stranger to the use 

of cellulose additives, although it has mostly used them as depressants [22, 23, 24, 25]. 

Nonetheless, by modifying its functional groups, cellulose molecules can present widely different 

behaviors. Consequently, some efforts in the literature describe attempts at using cellulose-based 

molecules as additives in the mineral industry, from adsorbents of metallic ions [26] to flocculants 

[27, 28] and collectors [29, 30, 31]. Nevertheless, the exploration of cellulose derivatives as froth 

stabilization agents remains vastly unexplored. 

Table 1. D32, foam depth and stability of the frother systems in the total frother concentrations used 

in this study. 

Frother system  D32 (mm)  Foam depth (mm) Foam half-

lifetime (s) 

NF240 32ppm (48ppm) 1.88 (1.76) 4 (5) 0 (0) 

HPMC 10k (32 ppm) 1.94  10 12.3 

PS-mix 10k (Mix10k-

N16-H16) 

1.13  10 14 

HPMC 22k (48 ppm) 2.12 17 24.7 

PS-mix 22k (Mix22-

N32-H16) 

0.98 12 26.6 

 

In the first part of this study [32], a detailed characterization of the bubble formation and foam 

stabilization behavior of the HPMC-NF240 mixture was presented. It was demonstrated that the 

use of PS-mixtures results in synergistic adsorption effects that manifested as smaller bubble sizes 

and superior foam stability compared to pure commercial frothers, as summarized in Table 1. 

Consequently, in this second part of the study, the flotation performance of pure HPMC and its 



6 

 

mixture with NF240 in a three-phase mineral flotation are explored for the first time. Two mineral 

case studies were hereby chosen. In the first place, a synthetic model ore consisting of chalcopyrite 

(CuFeS2) and quartz (SiO2) was used to gain a specific understanding on the tendencies of flotation 

performance in the presence of the studied frother systems. The applicability and limits of each 

frother system were first studied with a design of experiments, where pH and collector 

concentration were varied. The second case study consists of a brief experimental set conducted 

with Cu-bearing sulfidic tailings. The use of froth flotation for the treatment of sulphidic tailings 

has been proposed to prevent acid mine drainage [33, 34, 35] and for the recovery of residual 

valuables in tailings ponds [36, 37]. The current study thus represents both an effort on the use of 

a new type of frother system and an exploration on the recovery of Cu from a real sample of mining 

waste. 

2. Materials and methods 

2.1 Materials 

2.1.1 Chemicals 

Two different HPMC-molecules were purchased from Sigma-Aldrich: i) Product No. H8384 

(hereby labeled as HPMC22k), with an average and molecular weight of 22 kDa, a methoxyl 

content of 28-30% and a hydroxypropoxyl content of 7-12%; and ii) Product No. 423238 (hereby 

referred to as HPMC10k) with an average molecular weight of 10 kDa, a methoxyl content of 29% 

and a hydroxypropyl content of 7%. The commercial frother used was Nasfroth 240 (NF240), 

which is a polyethylene glycol ether supplied by Nasaco International LLC. The collector was an 

industrial-grade sodium isobutyl xanthate (SIBX). pH was regulated with Ca(OH)2 purchased from 

VWR Chemicals Belgium (Catalog No. 470300-588), with a purity of >98 %. 
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All chemicals were used without any further purification. The water used in all aspects of this 

study was purified with an Elga Purelab Option-R 7/15 to a resistance of 15 MΩ.  

2.1.2 Mineral samples 

The model ore consisted of a mixture of chalcopyrite (CuFeS2) and quartz (SiO2). Chalcopyrite 

samples were ordered from Ward’s Science (Catalog No. 470025-376), originating from Durango, 

Mexico, with an approximate Cu grade of 27.14 % according to induced coupled plasma (ICP) 

analyses conducted in-house. The gangue mineral in the synthetic ore sample was quartz (SiO2) 

provided by Sibelco Nordic Oy Ab. The declared nominal purity of the quartz was 99.2 % and the 

nominal particle size was 0.1-0.6 mm. This quartz was also used in the entrainment behavior 

studies presented in Section 3.2.1.  

The tailings were obtained from First Quantum Minerals Ltd.’s Pyhäsalmi mine located in Central 

Finland. The sample was obtained in the form of a wet cake with moisture content determined 

experimentally to be 2.8% and did not undergo any further processing before use. To properly 

assess their flotation behavior, it is important to mention that the tailings produced by the 

Pyhäsalmi concentrator are the result of the sequential flotation of chalcopyrite, sphalerite and 

pyrite. Therefore, the tailings have undergone conditioning for pyrite flotation as the last flotation 

stage before reaching the tailings pond. In previous studies, the main components of the tailings 

have been reported as pyrite (FeS2), Barite (BaSO4), plagioclase [(Na,Ca)Al(Al,Si)Si2O8], quartz 

(SiO2), hornblende [(Ca,Na)2-3(Mg,Fe,Al)5(Al,Si)8O22(OH,F)2] as well as residual sphalerite 

([Zn,Fe]S) and chalcopyrite (CuFeS2) [35].  

An initial x-ray fluorescence (XRF) analysis of the tailings used in this study showed a negligible 

amount of Ba (< 0.5 %), high concentration of Fe (> 30 %) and intermediate amounts of Ca (ca. 6 
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%). Tailings samples were also characterized by induced coupled plasma (ICP) analysis, which 

reported an average Fe content of 36.7% and a Cu content of 0.10 (± 0.01) %.  

2.2 Experimental Methods 

2.2.1. Flotation experiments 

For the preparation of synthetic ore, chalcopyrite rocks were crushed first in a laboratory-scale jaw 

crusher (Wedag MN 931/1 with a 200125 mm gap and a minimum opening of 12 mm) followed 

by a laboratory-scale roller crusher (Wedag) to reach a nominal particle size of <4 mm. The 

crushed samples were divided into representative samples of approximately 50 g. The quartz 

samples were divided into representative samples of 550 g. Similarly, the tailings were divided 

into representative samples of 600 g. The separation into representative samples was conducted 

with a Retsch rotary sampling machine. The mass of each sample was verified with a Precisa XB 

6200D laboratory scale.  

The grinding procedure of the synthetic ore included separate grinding for chalcopyrite and quartz 

due to differences in the hardness of the minerals. Chalcopyrite was dry-ground with a Fritsch 

Pulverisette 9 ring mill for 12 seconds, with tungsten carbide rings as grinding media, whereas 

quartz was ground in a laboratory scale ball mill (Technical research center of Finland, type 

14MK3/9) with a volume of 5.67 l using a ball charge of 5.5 kg and a solids content of 50 % for 

45 minutes. The target particle size of both species was d80 = 100 µm (See Supplementary 

Information S1 for details). The water used in the ball mill already had its pH adjusted to the level 

used in the flotation experiments. 
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A different approach was chosen for the tailings sample since the extent of their remnant 

hydrophobicity is unknown and their particle size are within ranges acceptable for flotation. It was 

decided to run flotation tests in the presence of untreated tailings in the first place, followed by a 

set of experiments where a short (i.e., 7.5 minute) regrinding procedure in the ball mill was applied 

with the goal of liberating chalcopyrite surfaces. The particle size characterization of the samples 

was performed with a Mastersizer 3000 in an aqueous suspension. The particle size results of 

tailings are presented in Supplementary Information (S2). 

The three frother systems compared throughout this study were the following: i) pure commercial 

frother (NF240); ii) pure amphiphilic polymer (HPMC); and iii) PS-mixture (HPMC+NF240). The 

flotation experiments were conducted in a 1.5 l Outokumpu laboratory-scale flotation cell.  The 

operational parameters used in all aspects of the study are presented in Table 2.  

Table 2. Operating conditions of flotation experiments. 

Parameter Value 

Air flow rate 4 l/min 

Impeller speed 1300 rpm 

Mass of solids 600 g 

Solids content 33% 

Total volume of suspension 1.5 l 

 

The following conditioning procedures were conducted before each flotation experiment. The 

minerals were dispersed in water with pH adjusted using Ca(OH)2 when needed. For the synthetic 

ore, an initial wetting period of 3 minutes with an impeller speed of 1300 rpm was followed by the 

sequential addition of collector and frother under a decreased impeller speed of 900 rpm, allowing 

a 3 min stirring period in between. For the tailings sample, the conditioning included an initial 

wetting period of 10 minutes, since it has been recently found that a longer initial stirring period 
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has an improved flotation response in tailings [35]. Furthermore, only frother (i.e., no collector) 

was added in the case of tailings flotation.  

Once the conditioning time was over, the impeller speed was increased to 1300 rpm and the air 

flow was turned on. This was regarded as the starting point of the flotation experiment. During the 

flotation tests, froth fractions were collected during the following time periods: 0-3 min, 3-6 min, 

6-10 min, 10-14 min, 14-20 min for the synthetic ore and an additional sixth time fraction of 20-

30 min for the tailings. After sampling of each froth fraction, the pulp volume was restored to its 

original level by adding make-up water with the same frother concentration corresponding to the 

experiment. At the end of each flotation experiment, the collected froth fractions and tailings were 

initially dewatered with a vacuum filter through a 0.45 µm filter paper and dried in a convection 

oven at 50 °C. 

The design of experiments used for studying the flotation performance of chalcopyrite model ore 

is presented in Table 3. The higher collector concentration and pH values represent those typically 

used in industrial applications. The lower factor values were chosen to evaluate the performance 

of each frother system under operating conditions considered detrimental for froth stability and 

flotation performance according to previous studies [38]. 

Table 3. Factorial Design of synthetic ore 

Factor Factor value 1 Factor value 2 Factor value 3 Factor value 4 

Collector (g/t) 30 10 5 2 

pH 12 10a 5.5 - 

Frother systemsb NF240 HPMC 10k PS-mix 10k - 

a Used in measurements evaluating reproducibility of experiments 

b Total frother concentration 32 ppm and 1:1 ratio for the PS-mixtures when used 
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The conditions studied in the presence of tailings are presented in Table 4. As seen, tailings 

flotation consists of experiments exploring the flotation performance with the three frother systems 

for untreated and re-ground tailings without the use of additional collector. 

Table 4. Experimental design of the flotation tests (NF: NF240, HP: HPMC 22k, Mix: PS-mixture 

22k, AI: as-is, i.e., not re-ground, RG: re-ground, F: frother only, 5: pH 5.5, 10: pH 10) 

Experiment 

Name 

Frother type and concentration pH Re-grinding 

NF-AI-F-5 NF240 48ppm 5.5 No 
HP-AI-F-5  HPMC 48ppm 5.5 No 

Mix-AI-F-5 NF240 32ppm + HPMC 16ppm 5.5 No 

NF-AI-F-10 NF240 48ppm 10 No 

HP-AI-F-10 HPMC 48ppm 10 No 

Mix-AI-F-10 NF240 32ppm + HPMC 16ppm 10 No 

NF-RG-F-5 NF240 48ppm 5.5 Yes 

HP-RG-F-5 HPMC 48ppm 5.5 Yes 

Mix-RG-F-5 NF240 32ppm + HPMC 16ppm 5.5 Yes 

NF-RG-F-10 NF240 48ppm 10 Yes 

HP-RG-F-10 HPMC 48ppm 10 Yes 

Mix-RG-F-10 NF240 32ppm + HPMC 16ppm 10 Yes 

 

The composition of the dried samples was characterized with an Oxford Instruments, X-Met5100 

XRF gun with a specific setting for high sulfur grade mineral samples. A selected group of samples 

were analyzed by ICP elemental analysis and a correction factor based on these results was applied 

to the XRF analysis to improve its accuracy (See Supplementary Information, S3 for details). The 

average Cu head grade of the synthetic ore was also verified by ICP-analysis and was of 2.2% in 

average.  

The chemical composition of the floated fractions and tailings were used to determine the 

Separation Efficiency (SE) and flotation kinetics. The results of the synthetic ore studies were also 

processed with MODDE™ software to create a Pearson correlation matrix and a partial least 
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squares (PLS) model in order to study the influence of pH and collector concentration in the 

flotation performance of each frother system. Details of these analytical methods used are found 

in the Supplementary Information (S4). 

3. Results and discussion 

In the first part of this article series, it was found that the mixtures of NF240 and HPMC presented 

a synergistic behavior that resulted in increased initial diffusion rate of species that promoted the 

formation of smaller bubbles, better bubble coalescence prevention and consequently higher 

stabilization of foams [32]. The subsequent logical step was to carry out a series of flotation 

experiments to answer the initial question of whether HPMC or its PS-mixture offer any 

comparative advantage on the selective separation of minerals. Thus, the present section is first 

dedicated to flotation studies carried out with a synthetic chalcopyrite ore, to help the comparative 

analysis on the performance of each frother system. In light of the findings made with the synthetic 

ore, Section 3.2 evaluates these frothers with a more complex system, i.e., the flotation of tailings.  

3.1 Flotation of a chalcopyrite model ore 

The main results of the flotation experiments of chalcopyrite model ore are summarized in Table 

5. The analysis of experiment reproducibility is found in the Supplementary Information (S5). The 

first finding worth mentioning is that HPMC and PS-mixtures produce stable froths that allow the 

selective separation of chalcopyrite, as reflected by the values of grade and SE obtained. 

Table 5. Results of synthetic ore flotation experiments  

Col/pH 
Final mass 

pull Final Grade 
Final 

Recovery Max SE 

Time for 
Max SE 
(min) k (s-1) 

NF240 

30/5.5 20.07 % 11.47 % 92.04 % 79.63 % 10 0.011443 
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10/5.5 19.45 % 9.98 % 93.62 % 78.89 % 20 0.008719 

5/5.5 21.84 % 10.13 % 93.48 % 78.93 % 6 0.012313 

2/5.5 15.84 % 13.40 % 90.34 % 79.93 % 20 0.007275 

30/12 13.71 % 17.22 % 99.33 % 95.06 % 3 0.026423 

10/12 16.02 % 14.18 % 99.15 % 92.84 % 6 0.021607 

5/12 16.48 % 12.69 % 98.17 % 90.23 % 6 0.016764 

HPMC 10k 

30/5.5 17.65 % 11.45 % 95.07 % 82.81 % 14 0.010008 

10/5.5 16.38 % 15.28 % 93.40 % 83.48 % 20 0.008863 

5/5.5 15.89 % 12.78 % 96.79 % 86.64 % 10 0.013620 

30/12 20.04 % 10.64 % 99.02 % 88.04 % 3 0.025434 

10/12 17.13 % 12.42 % 98.87 % 91.36 % 6 0.018723 

5/12 16.74 % 13.40 % 98.94 % 89.81 % 6 0.016740 

PS-mix 10k 

30/5.5 15.06 % 13.90 % 97.29 % 89.69 % 10 0.012670 

10/5.5 14.99 % 14.84 % 97.43 % 88.53 % 14 0.011621 

5/5.5 14.05 % 14.48 % 98.71 % 92.96 % 6 0.016878 

2/5.5 17.62 % 11.26 % 96.57 % 87.92 % 6 0.014813 

30/12 12.40 % 17.24 % 99.29 % 95.98 % 3 0.026725 

10/12 13.95 % 15.48 % 99.17 % 95.07 % 6 0.024164 

5/12 13.48 % 15.28 % 98.50 % 92.33 % 6 0.019076 

 

Upon further examination, it was noticed that the use of each frother system results in a different 

flotation behavior when conditions are modified. These differences are most clearly observable 

from the grade-recovery curves of each frother system (Figures 1-3). Based on Figure 1, NF240 

performed well in conditions close to current industrial practices (i.e., pH = 12 and 30 g/ton 

collector), with a separation efficiency up to 95%. Under these highly alkaline conditions, the 

reduction in collector concentration has a minor, but quantifiable, effect in performance, reflected 

by a slight shift of the grade-recovery curves towards lower separation efficiencies (Figure 1). This 

is an expected result as the bulk collector concentration is responsible for the hydrophobization of 

chalcopyrite particles. The biggest impact on the performance of NF240 was observed when pH 

was reduced to 5.5. In acidic pH, Cu recovery was significantly decreased while grade was 

negatively affected in most cases. The influence of pH in flotation performance using polyglycol-
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based frothers has been documented by other research groups and it is generally acknowledged 

that pulp pH has a substantial impact on flotation performance. A reduction in pH has been 

documented to have positive [39] and negative [38] impact on froth stability, likely depending on 

the frother and mineral under study.  Indeed, the efficiency of collector adsorption on minerals 

depends on pulp pH, and in the particular case of chalcopyrite, with the formation of iron hydroxide 

on its surface at pH <6 [40]. In turn, it is commonly accepted that the hydrophobization of mineral 

particles is relevant for the formation of a stable froth when using state-of-the-art frothers [41].  

Interestingly, studies with two-phase foam systems produced with polyglycol-based frothes also 

reported an influence of pH in their stability [38], suggesting that the surfactant molecules used 

commercially are sensitive to changes in pH. 
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Figure 1. Grade-recovery curve of NF240. Each measurement point represents the chronological 

flotation time i.e. 3, 6, 10, 14 and 20 minutes (from left to right)  

Regarding the performance of pure HPMC (Figure 2), it offers a less attractive performance than 

NF240 at pH = 12. However, the final grade and recovery were less affected by the reduction in 

collector concentration under alkaline conditions. Additionally, the performance of pure HPMC 

was less affected when pH was reduced to 5.5, reflecting a main difference between amphiphilic 

cellulose derivatives and commercial frothers. One of the most attractive features of polymeric 

surfactants such as HPMC in other applications has been its reportedly high degree of tolerance 
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towards changes in pH [21]. In the present context, such tolerance seems to cause a more consistent 

flotation performance under varying conditions. However, from a separation efficiency point of 

view, the best performing conditions of pure HPMC are admittedly unable to match the best overall 

performance of NF240.  
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Figure 2. Grade-recovery curve of HPMC 10k. Each measurement point represents the 

chronological flotation time i.e. 3, 6, 10, 14 and 20 minutes (from left to right and from up to 

down) 

 

On the other hand, the most attractive flotation performance was obtained in the presence of the 

PS-mixtures, as seen in Figure 3. In the first place, PS-mixtures were able to match the best 
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performance of pure NF240 in alkaline conditions, opening the possibility of the partial 

substitution of commercial frothers by more sustainable alternatives. A further advantage observed 

is that reducing the collector concentration had a comparatively lower impact on recovery and 

grade. The robustness associated with PS-mixtures also becomes evident at pH = 5.5, as the 

maximum separation efficiency remained invariably close to 90 %. To the best of the authors’ 

knowledge, this is the first time such a remarkable tolerance to changes in pulp chemistry is 

reported in chalcopyrite flotation. A further observation of significance is the superior performance 

of PS-mixtures over the other frother systems in terms of SE under all studied conditions. The 

observed robust performance in terms of SE is predominantly a result of consistently high levels 

of Cu recovery. The froth properties that lead to improved recoveries are smaller bubble sizes 

which facilitates bubble-particle collisions due to increased surface-area and a higher froth stability 

which results in an increased froth recovery and consequently a higher recovery of collected 

hydrophobic particles [8]. Both of these properties were improved in the presence of the PS-

mixture in Part 1 of this study [32]. 
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Figure 3. Grade-recovery curve of Mix 10k. Each measurement point represents the chronological 

flotation time i.e. 3, 6, 10, 14 and 20 minutes (from left to right and from up to down) 

 

As seen in Figure 4, under benchmark conditions (i.e., pH = 12 and 30 g/ton collector), the 

performance of the commercial frother and the PS-mixture are comparable. This is already a 

positive finding, considering that it opens the possibility to partially substitute commercial frothers 

with sustainable alternatives without a negative impact on flotation performance. Yet, one of the 

identified shortcomings of State-of-the-Art frothers is that they are sensitive to changes in flotation 

conditions [6]. This is also corroborated by the results in Figure 4, where low pH has a weightier 

impact on the values of grade and recovery when using NF240 than with PS-mixture. The 
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implications of a highly stable, yet selective system, can be associated with various potential 

benefits in concentrator plants. For example, process water has a dynamic character with 

fluctuating levels of pH and dissolved species, that are difficult to control, particularly when water 

is recycled. 
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Figure 4. Comparison of selected experiments between different frothers, highlighting the effect 

of pH 

An additional metric that is not evident from the grade-recovery curves is flotation kinetics. Fast 

kinetics are attractive since they represent higher productivity of flotation operations. As seen in 



20 

 

Table 5, PS-mixtures produced consistently faster flotation kinetics, that are likely associated with 

the combination of small bubble sizes and improved foam stability of the PS-mixture reported in 

the first article of this series [32]. Furthermore, the kinetics of pure NF240 were slowed as the 

particles became less hydrophobic, either due to low collector concertation or acidic pH. In 

contrast, the kinetics of the mixtures were less affected by these unfavorable conditions for 

hydrophobization. This seems to be a by-product of the self-stabilizing nature of PS-mixtures, 

resulting in a lower dependency on the presence of highly hydrophobic minerals [10, 41].  

The robustness of the PS-mixtures is highlighted when the experimental results are mathematically 

treated with separate PLS models for each frother. The PLS model created equations whose 

coefficient values represents the tolerance towards changes on each operating variable (i.e. 

collector concentration, pH and their interaction) for each frother system. In other words, a smaller 

coefficient value indicates a higher tolerance to variability in operating conditions. These 

coefficients are compiled in Figure 5 and the corresponding equations are found in the 

Supplementary Information (S4). 
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Figure 5. Coefficient values of each frother system for recovery, grade, maximum SE and kinetic 

constant 

 

Figure 5 provides statistical validity to the earlier observations of robustness towards changes in 

operating conditions. It is clear that pH is the factor with the strongest effect on the flotation 

parameter responses, particularly in the case of NF240. Figure 5 shows that the change in pH has 

a statistically relevant influence on recovery, maximum SE and kinetics for NF240 as the 

coefficient values are larger than the experimental error. While some trends can be elucidated from 

the coefficient values for HPMC and PS-mixtures, strictly speaking, only the influence of pH on 

HPMC kinetics can be considered statistically relevant. The change in collector concentration, 

within the range used in this study, presented a low impact for all frother systems, although PS-
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mixtures were consistently less affected. These observations are further validated using the 

Pearson’s correlation values in Table 6. According to the values obtained, the only strong 

correlations (>0.9) correspond to the influence of pH on recovery and SE with pure NF240. A high 

correlation between pH and k is also observed for NF240 and HPMC. On the other hand, only 

moderate correlation values were obtained for PS-mixtures. 

Table 6. Pearson’s correlation matrix 

 
Grade Recovery Max SE k 

NF240 

Col 0,401714 0,202726 0,263936 0,4501 

pH 0,72719 0,950312 0,980205 0,88706 

Col*pH 0,199206 -0,18926 -0,12123 -0,04679 

HPMC 10k 

Col -0,722 -0,05208 -0,37674 0,24815 

pH -0,34497 0,891554 0,872248 0,845033 

Col*pH 0,036471 -0,12876 -0,16117 0,214323 

PS-mix 10k 

Col 0,4432 0,329655 0,262022 -0,03251 

pH 0,577868 0,744304 0,684931 0,465163 

Col*pH -0,08023 -0,03613 0,004345 0,114359 

  

The presented results show a clear advantage on the use of the PS-mixture by allowing a selective 

separation of valuable minerals under conditions where flotation with commercial frother was 

negatively affected. This statement is further emphasized when considering the good 
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reproducibility of the measurements presented in the Supplementary Information (S5). The 

observed behavior of the PS-mixtures also introduces the possibility of utilizing atypical chemical 

conditions in certain flotation scenarios due its ability of separating less hydrophobic particles.  

A first explanation to the observed phenomena regarding froth stability and its impact on solids 

recovery in the presence of different frothing agents can be found in the work of Tan et al. [41], 

dealing with poly propylene glycol (PPG) systems. According to this study, particles of 

intermediate hydrophobicity increase the froth lifetime and decrease the drainage of the liquid 

film, whereas the effect of hydrophilic particles on froth stability ranged from negligible to 

detrimental. A similar same behavior could also be expected with NF240, as it is a polyethylene 

glycol. This implies that, in the presence of hydrophilic or weakly hydrophobic particles, NF240 

was unable to create a froth phase stable enough to recover solid particles. On the other hand, there 

have been reports [20, 21] of HPMC having the capacity of stabilizing foams, even in dilute 

concentrations, which was also confirmed by the authors in part 1 of this study [32]. Furthermore, 

in a recent study by Wei et al. [10], the use of a nonionic surfactant and surface-grafted nano-

cellulose mixture resulted in improved foam stability. A similar tendency was observed in the 

presence of PS-mixtures in part 1 of this study, where the mixtures generated a self-stabilizing 

foam, unlike NF240. This tolerance to low particle hydrophobicity may also be an explanation on 

the robustness presented by the PS-mixtures towards changes in operating conditions observed in 

section 3.1. 

3.2 Recovery of Cu from Tailings 

Considering the robust behavior of the PS-mixtures shown in Section 3.1, it was decided to explore 

their use to recover Cu from tailings ponds. This idea follows the rationale that tailings have a low 
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remnant hydrophobicity and may be found under variable, uncontrolled conditions of pH. 

Consequently, flotation with PS-mixtures may be suitable for tailings treatment without 

complicated chemical or mechanical conditioning. The following discussion on tailings flotation 

is divided in three sub-sections. To allow a systematic study of the flotation experiments, the first 

section focuses on the froth properties of the different frothing agents. The second part compares 

the flotation performance of frother systems for the recovery of Cu from tailings, while flotation 

kinetics are discussed in the third section.  

3.2.1 Froth stabilization phenomena 

One of the most striking differences between the frother systems was their froth characteristics 

upon simple visual examination (Figure 6). Indeed, a different texture, froth height and color were 

identified in the presence of NF240 compared to that of HPMC or the PS-mixture. The brighter 

and shallow froth phase of NF240 reflects a lower stability and mineral content and is likely the 

result of a significant dependence on hydrophobicity of particles for froth formation. On the other 

hand, when HPMC was present either alone or as a mixture, a stable, mineral rich froth was 

generated. For the interested reader, video recordings of the flotation experiments are available as 

Supplementary Information. 
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Figure 6. Images of flotation froths of the studied frother systems (NF-RG-F-10, HP-RG-F-10 & 

Mix-RG-F-10 respectively) 

 

As seen in Table 7, with the use of HPMC, vast amounts of solids reported to the froth phase under 

all conditions in this study. This behavior was particularly distinctive from NF240 in experiments 

without re-grinding, as only negligible amounts of minerals were floated using the commercial 

frother (NF-AI-F-5, NF-AI-F-10). In experiments treating re-ground material (RG-F-5 & RG-F-

10), the mass pull with HPMC remained significantly larger compared to that of NF240, even 

though in this case there was also a quantifiable mass pull using the commercial frother. The use 

of PS-mixtures resulted in a mass pull with an intermediate value between the two pure frothers. 

Considering the negligible amount of minerals obtained with pure NF240, the presence of HPMC 

is considered the main contributor in the mass pull increase of PS-mixtures, which can be 

connected to the self-stabilizing properties of HPMC and its mixtures presented in Section 3.1. At 

this point, it is worth reminding the reader that the floated tailings may present some inherent 

hydrophobicity, as they have been conditioned in the concentrator plant before being directed to 

the tailings pond. This behavior is thus in line with the observations gathered with synthetic ores, 

and the perceived mechanisms behind these phenomena are discussed in detail later in this section.  

Table 7. Cumulative mass pull of flotation experiments 

Not ground Final mass pull (%) 

NF-AI-F-5 0.27  

HP-AI-F-5  38.35  

Mix-AI-F-5 27.29  

NF-AI-F-10 0.45  

HP-AI-F-10 27.52  

Mix-AI-F-10 4.94  

Re-ground 

NF-RG-F-5 2.41  

HP-RG-F-5 10.14  

Mix-RG-F-5 4.50  
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NF-RG-F-10 3.69  

HP-RG-F-10 14.34  

Mix-RG-F-10 6.24  

 

Although the experiments with model ores demonstrated that flotation with HPMC and PS-

mixtures can be selective, the high mass pull obtained may also suggest the possibility of 

entrainment in a significant extent. There are, however, a few observations that are contradictory 

to the generally accepted characteristics of entrainment. Indeed, entrainment is often associated 

with operating characteristics like recovered water in the froth phase, particle size, pulp density, 

or mineral specific gravity [42, 43], but these were not dissimilar between the experiments hereby 

conducted with different frothers. Furthermore, a main contradiction is the larger mass pull in 

experiments without grinding (i.e. HP-AI-F-5, HP-AI-F-10) compared to their re-ground 

analogous (HP-RG-F-5, HP-RG-F-10; see Supplementary Information, S2 for details), since the 

classical entrainment theory states that the probability of entrainment increases as the particle size 

decreases [43, 44, 45].  Nevertheless, it was deemed important to estimate the extent of entrainment 

with HPMC and PS-mixtures since they showed and increased tolerance in the flotation of less 

hydrophobic material. 

As a first approach to understand the entrainment behavior of the froth in the presence HPMC, a 

set of flotation experiments was carried out with quartz particles. The behavior of quartz is 

assumed to represent pure entrainment in all frother systems since hydrophilic silica exhibits 

repulsive van der Waals forces and a tendency to remain suspended in water, both events 

preventing bubble-particle attachment [46]. The recovery of quartz obtained with HPMC, NF240 

and PS-mixture (i.e., 32 ppm NF240 and 16 ppm HPMC) as a function of water recovery (Figure 

7) illustrates the behavior of systems where only pure entrainment is expected, as can be assumed 

with unmodified quartz. It has been well established that in the case of pure entrainment, there is 
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a linear correlation between the recovery of water and entrained particles [47, 48]. Notably, only 

two points were available for HPMC since no quartz was recovered after 6 min. As seen in Figure 

7, the behavior of each frother system with quartz fits in the classical model of entrainment, but 

the values of mass pull obtained with quartz are significantly lower than those obtained in the case 

of tailings (Table 7). These results further indicate that the high mass pulls obtained were not solely 

due to entrainment. 
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Figure 7. Degree of entrainment in quartz flotation experiments  



28 

 

Another observation regarding entrainment was made when studying the XRF-results of 

experiments run in RG-10-F, compiled in Table 8. Upon investigation of the grades of Fe and Ca 

(species representing sulfides and non-sulfidic gangue, respectively) in the presence of NF240, the 

grades of Fe and Ca are similar for all floated fractions, which well describes the unselective 

recovery of species characteristic of entrainment. Alternatively, in the case for HPMC and PS-

mixture, the grade of Fe decreases while that of Ca increases with flotation time. This implies that 

during the first fractions, recovery favors a faster floating species, a phenomenon that does not 

follow classical entrainment. 

Table 8. XRF-results of entrainment experiments 

 NF240 HPMC 22k PS-mix 22k 

Flotation time Fe Ca Fe Ca Fe Ca 

0-3 min 30.99 % 2.23 % 33.77 % 0.36 % 34.02 % 0.30 % 

3-6 min 29.31 % 3.19 % 32.28 % 1.60 % 33.33 % 1.08 % 

6-10 min 30.41 % 3.05 % - - 32.21 % 2.11 % 

10-14 min 30.09 % 3.20 % - - 32.49 % 2.40 % 

14-20 min 30.57 % 2.92 % - - 32.04 % 2.90 % 

20-30 min 30.49 % 3.07 % - - 29.68 % 3.57 % 

 

Tailings             33.21 % 0.57 % 31.84 % 0.75 % 31.70 % 0.66 % 

 

It is also worth noting the seminal work of Schulze et al. [49] related to rupture in the air-liquid 

interface in the presence of moderately hydrophobic materials. They noticed that the rupture of the 

wetting film required for particle attachment is also possible when attractive electrostatic double 

layer forces are acting. Thus, a possible explanation to the high mass pull observed by HPMC and 

its mixtures may be also associated with steric effects, with large cellulose surfactant molecules 

acting as a bridge between surface electrostatic forces responsible of film rupture [18].  

While the effect of entrainment is not further studied within this manuscript, these results suggest 

that the high mass pulls obtained with pure HPMC and PS-mixtures are the result of true flotation 
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in a significant extent. In this context, it is also worth mentioning a study by McFadzean et al. [50] 

where frother blends were capable of decreasing the degree of entrainment, even when their froth 

stability was higher. 

3.2.2 Flotation selectivity 

In terms of selective flotation of Cu, the results in Table 9 clearly show the need of regrinding to 

obtain any enrichment (RG-F-5 and RG-F10 in Table 9). Although stable froths were obtained for 

unground tailings with HPMC and PS-mixtures as discussed above, it is likely that their low degree 

of liberation was not enough for a selective separation to take place. This is understandable since 

the minerals reporting to the tailings are likely locked minerals of low hydrophobicity. 

 

Table 9. Cumulative recovery and maximum grade of flotation experiments 

Not ground Final recovery (%) Maximum grade (%) 

NF-AI-F-5 0 0 

HP-AI-F-5  11.1  0.02 

Mix-AI-F-5 6.6  0.03 

NF-AI-F-10 0 0 

HP-AI-F-10 4.9  0.02 

Mix-AI-F-10 11.5  0.15 

Re-ground 

NF-RG-F-5 18.8  0.87 

HP-RG-F-5 35.6  0.29 

Mix-RG-F-5 27.8  0.72 

NF-RG-F-10 16.4  0.69 

HP-RG-F-10 33.2  0.24 

Mix-RG-F-10 29.1  0.48 

 

The results from experiments in the RG-F-5 and RG-F-10 series imply that selective separation of 

weakly hydrophobic particles in the presence of HPMC and PS-mixtures is possible, reflecting the 

results discussed in Section 3.1. The grade-recovery curves of Cu in these experiments are 
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presented in Figure 8.  It is worth noting that Figure 8 shows a profile that, at first glance, may not 

reflect the typical behavior expected in grade-recovery curves since the lower recoveries also show 

low grades. However, the tailings used are a complex mixture of various minerals and, due to its 

high concentration, pyrite was the dominant floating species. As a consequence, the early stages 

of flotation were governed by a pyrite-rich fraction that eventually led to the enrichment of Cu. 
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Figure 8. Cu grade-recovery curves and Separation Efficiency (SE) for flotation with re-ground 

samples using NF240 (NF-RG-F-5, NF-RG-F-10), HPMC (HP-RG-F-5, HP-RG-F-10) and 

HPMC-NF240 mixture (Mix-RG-F-5, Mix-RG-F-10) at pH = 5.5 (white) and pH = 10 (black)  
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As seen in Figure 8, PS-mixtures appear to offer advantages in the recovery of Cu, since the highest 

reported efficiency was obtained when the frother mixture was used (Mix-RG-F-5). The robustness 

of PS-mixtures observed in Section 3.1 is hereby demonstrated to have a positive impact on the 

flotation of natural minerals. The maximum grade obtained with the frother mixture was of 0.7 % 

in Mix-RG-F-5, which perhaps approaches values suitable for reprocessing in scavenging flotation 

stages. The HPMC-frother mixtures thus represent a chemical system which may be attractive for 

mineral tailings flotation under a wider range of operating conditions as hypothesized from the 

results of the synthetic ore.  

3.2.3 Flotation kinetics 

Among the main differences observed with HPMC-aided experiments was their accelerated 

flotation rate. Such faster kinetics are especially intriguing, as increased froth height has been 

linked with reduced flotation kinetics in previous studies [51]. A possible explanation to these two 

opposing observations is likely connected to the differences in froth stabilization mechanisms 

between the commercial frother reagents and those explored in the present study.  

 

Table 10. First order kinetic constant of flotation experiments 

Not ground  k (s-1) 

NF-AI-F-5 0 

HP-AI-F-5  0.0096 

Mix-AI-F-5 0.0015 

NF-AI-F-10 0 

HP-AI-F-10 0.0051 

Mix-AI-F-10 0.0013 

Re-ground 

NF-RG-F-5 0.0012 

HP-RG-F-5 0.0079 

Mix-RG-F-5 0.0021 

NF-RG-F-10 0.0017 

HP-RG-F-10 0.0100 
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Mix-RG-F-10 0.0031 

 

As presented in Table 10, the kinetic constants calculated in all experiments using HPMC were 

close to one order of magnitude higher than those in the presence of pure NF240. This is very well 

exemplified in Figure 9, where the kinetics of the flotation experiments with the best separation 

efficiency are compared. As seen, most of the Cu recovery is achieved within the first five minutes 

of flotation with HPMC. Comparatively, less than a quarter of the maximum theoretical Cu 

recovery was obtained within the same time frame with NF240.  

0 5 10 15 20 25 30
0%

5%

10%

15%

20%

25%

30%

35%

40%

C
u 

R
ec

ov
er

y

Flotation time (min)

 Cu - NF-RG-F-5
 Cu - HP-RG-F-5
 Cu - Mix-RG-F-5

 

 



33 

 

Figure 9. Cumulative recovery of Cu for re-ground material using NF240 (NF-RG-F-5), HPMC 

(HP-RG-F-5) and HPMC-NF240 mixture (Mix-RG-F-5) at pH = 5.5, without the addition of 

collector  

Finally, it is seen that the PS-mixture also rendered a significantly faster flotation than that of pure 

NF240. This final observation further confirms the advantage on the use of PS-mixtures, since 

their use resulted both in the best flotation efficiency (Figure 8) and in superior flotation kinetics 

compared to NF240 (Figure 9). 

4. Conclusions 

The present study represents the first ever published work on the use of amphiphilic cellulose 

derivatives as a sustainable alternative to commercial frothers for the flotation of chalcopyrite and 

Cu-containing tailings. The results with the synthetic chalcopyrite ore showed that the PS-mixture 

is capable of matching the performance of commercial frothers, with the advantage of a robust 

flotation performance and faster kinetics throughout a wide variety of conditions. The consistent 

efficiency of PS-mixtures is attributed to a combination of fine bubbles and a froth stabilization 

ability that it less dependent on the hydrophobicity of minerals. The present work thus opens a 

new avenue of study on polymer-surfactant mixtures for the stabilization of three-phase froths, 

with the particular possibility of incorporating sustainable reagents 

Similar tendencies were observed in the presence of Cu-bearing tailings. HPMC and its mixtures 

were capable of producing a stable froth without further chemical modification of tailings. The use 

of PS-mixtures produced a unique froth flotation behavior that resulted in the best separation 

efficiency among the studied frother systems in flotation of tailings.  

While admittedly further research of the subject is necessary to determine the optimal usage of 

HPMC in froth flotation (including e.g., variation of molecular chain length of HPMC, and 
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optimization of HPMC-surfactant ratio), the behavior hereby reported opens a wide range of 

possibilities in industrial practice. Indeed, the higher SE and faster kinetics of the HPMC-NF240 

system may be translated in higher throughputs and a more consistent flotation performance that 

could result in an economic recovery of tailings and the improvement of froth flotation of Cu in 

general. 
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