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a b s t r a c t

The transition towards cleaner production of primary minerals demands technologies that improve
productivity while lowering their environmental impact. The present study explores a novel approach to
support this transition by partially substituting a commercial froth stabilization reagent in mineral froth
flotation (DowFroth200) with an amphiphilic cellulose derivative (namely, hydroxypropyl methyl cel-
lulose) that is nontoxic, biodegradable and can be produced from sustainable sources. The performance
of the cellulose-frother mixture is explored using sphalerite as case study.

In the first place, the interaction between the two frother molecules was studied from the perspective
of two-phase foam characteristics. The use of the polymer-surfactant (PS) mixture studied reported an
increased foam stability and small bubble sizes, attributed to a combination of liquid film drainage
prevention and steric effects of cellulose macromolecules. As a result, when used as frothers in the
flotation of sphalerite, the PS-mixture exhibited a robust behavior resulting in advantages such as: i)
improved separation efficiencies; ii) consistent recovery values, even under highly alkaline pH, iii)
maintaining high recoveries when the collector dosage was reduced down to 25% of typical values used
in the industry; and iv) faster flotation kinetics. The results obtained aim to demonstrate that properly
designed green chemical systems can have a positive impact in the mining sector.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The need for practices with low environmental impact in the
field of mineral processing is becoming evident, fueled by the
awareness of the public and the commitments of governments to
reduce hazardous emissions (Aznar-S�anchez et al., 2019). As a
consequence, themining industry is facing the challenge to develop
processes that will ensure its continuous social licence to operate.
According to Nagaraj and Farinato (2016), for example, the evolu-
tion of mineral froth flotation is currently ongoing a so-called
“emerging period”, where researchers should focus their efforts
into finding solutions that improve the resource efficiency of the
flotation process to match the strict environmental regulations of
the future. Not surprisingly, concepts like “circular economy” have
captured the attention of academics and industrial sectors dedi-
cated to the production of raw materials alike (Kinnunen and
uerrero).

Ltd. This is an open access article u
Kaksonen, 2019; van Schalkwyk et al., 2018). The popularity of
circular economy is based on its premise of value preservation
throughout the life cycle of materials, thus avoiding waste gener-
ation and the unnecessary consumption of natural resources
(Stahel, 2016; Vel�azquez Martínez et al., 2019). Interestingly, an
approach that remains largely unexplored is the use of green
chemistry to support mineral processing operations, although
some recent studies have already explored alternatives with an aim
to improve the sustainability of the flotation process (Huang et al.,
2018, 2019 Peçanha et al., 2019). According to its definition, green
chemicals should be less hazardous, (bio)degradable, or sustainably
produced alternatives to State-of-the-Art technologies (Keijer et al.,
2019). One can find macromolecules, which fulfill several of the
aforementioned characteristics, among the wide variety of cellu-
lose derivatives, for example. Admittedly, green chemistry in the
mineral processing field will likely be implemented only when
comparative advantages over currently used reagents are
demonstrated.

With the aim to support the sustainable development of mining
operations, the present work proposes a novel approach on the use
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of cellulose derivatives to support mineral froth flotation opera-
tions. In this exploratory work, a formulation based on the partial
substitution of commercial froth stabilization agents (a.k.a., frother)
with hydroxypropyl methyl cellulose (HPMC) is proposed. The
result is a mixed polymer-surfactant system, in which amphiphilic
cellulose acts as the polymeric component, while commercial
oligomeric glycol-based frothers represent the surfactant counter-
part. While the ecotoxicity of the studied commercial frother is
minor, HPMC is a nontoxic and biodegradable molecule that can be
produced from sustainable sources, i.e. plants and trees (Sannino
et al., 2009).

The interest behind the use of polymer-surfactant (PS) mixtures
stems from the positive results obtained in other industries where
stabilization of foams is of interest, such as food, fuel, cosmetics,
and pharmaceutical (Bureiko et al., 2015; Sannino et al., 2009; Wei
et al., 2018). However, froth stabilization with PS-mixtures has not
been explored in the field of mineral processing, to the best of the
authors’ knowledge. An additional reason why transition towards
using chemicals such as HPMC may be of interest, is that it is
already being produced on an industrial scale (Dickinson, 2003;
Sannino et al., 2009). Although a detailed economic analysis of
flotation using the proposed formulations is beyond the scope of
this work, it can be mentioned that, according to prices available
from wholesale traders, the cost of HPMC is comparable with
molecules used as commercial frothers.

A vast amount of literature (Langevin, 2009; Nahringbauer,
1997; Guzm�an et al., 2016), to name a few, discuss interactions of
PS-mixtures in bulk solutions at high concentrations, which may
affect bulk properties. However, it has also been reported that in-
teractions at the air-liquid interface may occur in dilute solutions
(Nikas and Blankschtein, 1994; Petkova et al., 2012; Taylor et al.,
2007). Using dilute concentrations may be beneficial in terms of
froth flotation, as such concentrations are not expected to affect
bulk properties. Additionally, frother dosages are often close to
their respective critical coalescence concentrations (CCC), which
usually lie within the range of dozens of parts per million (J�avor,
2014; Wills and Finch, 2015).

According to the literature (Bain et al., 2010; Goddard and
Anathapadmanabhan, 1993; Guzm�an et al., 2016), the observed
effects of PS-mixtures at the air-liquid interface can be either
synergistic, antagonistic or non-interactive. The type of interaction
has an effect on the properties of the interface, e.g., surface vis-
cosity, surface elasticity, surface tension, film thickness and film
stability (Fauser et al., 2015; Petkova et al., 2012; Schulze-Zachau
and Braunschweig, 2017). Additionally, it has been claimed that,
in the presence of surfactants, the adsorption behavior of polymers
is linked to its capability of accessing trapped/non-equilibrium
states (Bain et al., 2010). Indeed, the prospect of modifying inter-
facial properties, without affecting the bulk properties of the
aqueous phase, by using dilute solutions of PS-mixtures is an
interesting premise from the flotation point of view. Consequently,
a major challenge is choosing a PS-mixture with properties spe-
cifically beneficial for flotation.

The PS-mixture chosen for this study consists of a non-ionic
surfactant (DowFroth 200, in this study referred to as DF200) and
a neutral amphiphilic polymer (HPMC). This system was carefully
selected as its components are expected to have a weak interaction
(Brackman, 1990), since strong interactions from oppositely
charged molecules are documented to result in a reduced foam-
ability, which may be detrimental to flotation (Petkova et al., 2012).
On the other hand, the less intense interaction between non-ionic
species is expected to offer a controlled increase in froth stability
(Petkova et al., 2012). The hypothesis hereby posed is that the su-
perior level of froth stability offered by PS-mixtures may be bene-
ficial for the flotation process (Ahmed and Jameson, 1989; Ata,
2012).
This exploratory study consists, in the first place, on the char-

acterization of two-phase (air and liquid) foams produced with
aqueous solutions of the above-mentioned amphiphilic species and
their 1:1 mixture. The study of foam stabilization properties in-
cludes dynamic surface tension (DST), bubble size, foam height and
foam stability measurements. Secondly, a set of froth flotation ex-
periments for the separation of a sphalerite model ore are pre-
sented, with the goal of evaluating:

i. the use of cellulose-based amphiphilic derivatives as frothers
in the flotation of a sphalerite, using a commercial frother
(DF200) as benchmark

ii. the differences in flotation performance with HPMC of two
molecular sizes

iii. the limits of HPMC and its mixtures as flotation frothers

The choice of sphalerite as case-study mineral system is due to
the economic relevance of Zn production. The current study is part
of a larger research project whose aim is to thoroughly evaluate the
possibility of using cellulose-based derivatives to support the
introduction of green chemicals in mineral processing.

2. Materials and methods

2.1. Materials

The frothers used in this study were DF200, a commercial pol-
yglycol ether-based frother, supplied by Nasaco International LLC
and two different HPMC molecules supplied by Sigma-Aldrich
(Product No. H8384 and 423238) (Fig. 1). The HPMC molecules
are hereby referred to as HPMC 22k and HPMC 10k, referring to
their average molecular weights according to their product speci-
fication. In addition, the supplier states that HPMC 22k has an
average methoxyl content of 28e30% and an average hydrox-
ypropyl content of 7e12%, while in the case of HPMC 10k these
values are 29% and 7%, respectively.

Sodium ethylxanthate (SEX) was used as the collector and was
obtained from TCI (Product No. E0195) with a purity of >95%.
Copper Sulfate Pentahydrate (CuSO4 , 5H2O) was used as activator
and was purchased from VWR Chemicals Belgium (Catalog No.
23165.298) with a purity of >98%. Finally, pH was regulated using
Ca(OH)2 purchased from VWR Chemicals Belgium (Catalog No.
470300-588), with a purity of >98%.

The model ore consisted of a mixture of sphalerite and quartz.
Sphalerite samples were ordered from Ward’s Science (Catalog No.
470025-804), originating from Piedras Verdes, Chihuahua, Mexico,
with an approximate Zn grade of 54% 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 0.1e0.6 mm. The mineralogy of
these samples was further corroborated with XRD-analyses con-
ducted in house. The results presented in the Supplementary In-
formation (S1), confirm that both minerals are of high purity.

All chemicals and materials were used as received, without any
further purification. Additionally, the water used in all aspects of
the study was Pure Water (PW) with a resistivity of 15 MU cm and
was generated with an Elga Purelab Option-R 7/15.

2.2. Methods

2.2.1. Bubble and foam properties
Bubble size measurements were run in a 10 l flotation column

made from plexiglass®, manufactured in-house (Fig. 2).



Fig. 1. Chemical structures of the studied frothers.
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Amore detailed description of the methodology can be found in
Nuorivaara and Serna (2016). In short, the bubbles were formed by
blowing air through a sparger with 5 mm openings and collecting
the bubbles from the column to a bubble viewing chamber via a
bubble collecting tube. Digital images were captured with a high-
resolution digital camera through a glass window in the viewing
Fig. 2. Schematics of the bubble s
chamber using red backlight. The images thus obtained were
analyzed with a Matlab® image analysis routine to determine the
minimum and maximum diameters (dmin and dmax respectively) of
each bubble and consequently the equivalent diameter of each
bubble according to Eq. (1) (J�avor et al., 2015)
ize measurement equipment.
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deq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2maxdmin

3
q

(1)

The bubble diameters from all bubbles in a single measurement
were used to calculate the Sauter mean diameter (D32) (J�avor et al.,
2015) of the specific measurement as:

D32 ¼
P

d3eqP
d2eq

(2)

After each bubble size measurement, foam height and foam
stability measurements were conducted in the same flotation col-
umn. Foam height was determined as the average of the highest
and lowest points of the foam height around the column. The foam
stability was determined as the time required by the foam to reach
half of its original height after the air flow was turned off.

Foam stability measurements were performed under conditions
resembling the subsequent flotation experiments, with pH stabi-
lized at 11.1. The measurements were run in duplicates or tripli-
cates. The complete set of experiments is presented in Table 1.

20 ml samples were taken from each bubble size measurement
(Table 1) for DST measurements. The DST of the samples were
analyzed with a BPA-800, according to the maximum bubble
pressure method. The equipment was provided by Attension
(former KSV-instruments).
2.2.2. Flotation experiments
The ore samples used for flotation experiments were a synthetic

combination of the two mineral samples described in the Section
2.1, i.e., quartz and sphalerite. The sphalerite rocks were crushed in
two stages: first, with a laboratory scale jaw crusher (Wedag MN
931/1 with a 200 � 125 mm gap and a minimum opening of
12 mm) and second, with a laboratory-scale roller crusher (Wedag)
to a nominal particle size of <2.8 mm. The crushed sphalerite
sample was divided into representative samples of approximately
90 g. The initial Zn concentration of the sphalerite sample was
determined with an X-ray fluorescence (XRF) portable analyzer (X-
Met 5100), and verifiedwith induced coupled plasma (ICP) analysis.
Meanwhile, quartz was divided into representative samples of
approximately 510 g. Both groups of samples were prepared with a
Retsch rotary sampling device and their masses were verified using
a Precisa XB 6200D laboratory scale.

Due to differences in the hardness of the selected minerals, the
samples were ground separately in order to obtain comparable
particle sizes. The sphalerite samples were dry-ground in a ringmill
(Fritsch Pulverisette 9) for 25 s, with tungsten carbide rings as
grinding media, while the quartz sample was ground in a labora-
tory scale ball mill (Technical research center of Finland, type
14MK3/9), with a volume of 5.67 l. The grinding was conducted
with a ball charge of 5.5 kg and with a 1:1 solid-to-water ratio for
50 min. The target d80 particle size for each mineral was of 90 mm,
which was verified with laser diffraction particle size analysis
Table 1
Experimental conditions for bubble size, foam stability and dynamic surface ten-
sion measurements.

Frother system (repetitions) Concentration (ppm)

DF200 (x3) 30
HPMC 22k (x3) 30
HPMC 10k (x2) 30
DF200 þ HPMC 22k (x2)a 15 þ 15
DF200 þ HPMC 10k (x2)b 15 þ 15

a Referred to as Mix 22k from hereon.
b Referred to as Mix 10k from hereon.
(Mastersizer 3000).
After comminution, the samples were combined in an Out-

okumpu 1.5 l laboratory scale flotation cell (presented in Fig. 3). The
sphalerite samples were paired with quartz samples with a goal to
match a target head grade of 8.1% as closely as possible. The total
mass of model ore used in each flotation experiment was of ca. 600
g. For reference, the actual masses used in each flotation experi-
ment can be found in the Supplementary Information (S2).

Before each flotation experiment, an initial wetting and condi-
tioning procedure was conducted. First, the sample was stirred
with an impeller speed of 1300 rpm for 5 min, after which the
impeller speed was reduced to 900 rpm during addition of re-
agents. The conditioning procedure consisted of three consecutive
additions of flotation reagents with a 3 min conditioning time in
between. The sequence of reagents addition was i) activator
(CuSO4); ii) collector (SEX); and iii) frother (i.e., DF200, HPMC 22k,
HPMC10k, Mix 22k or Mix 10k). In the case of frother mixtures,
DF200 was added first and the respective HPMC (22k or 10k)
immediately afterwards. After the final 3 min conditioning period,
the impeller speed was increased to 1300 rpm and an air flow of 4 l/
min (monitored with a rotameter) was turned on. This was regar-
ded as the beginning of the flotation experiment (i.e., t ¼ 0). The
operating conditions for the flotation experiments are presented in
Table 2.

The froth was collected into 4 different fractions based on
flotation times: 0e3, 3e6, 6e10 and 10e14min. For the first 10min,
the froth was scraped 10 times every 30 s and for 10e14 min 15
times every 60 s. Throughout the experiment, additional aqueous
solution of frother at the target concentration was added to
maintain the original pulp level.

After each flotation experiment, the collected froth fractions, as
well as the final tailings, were dewatered, first by filtration and
finally by heating overnight in a convection oven at 50 �C. The dry
samples were subsequently weighted, and their elemental
composition was analyzed by XRF. In addition, a selected group of
samples were sent to ICP analysis. A linear regression model was
used to correlate the XRF and the ICP data, which was consecutively
applied as a correction factor to the rest of the XRF results. The use
of two complementary analytical methods was performed since
XRF is a quick measuring technique but analyzes elements only at
the mineral surfaces. On the other hand, ICP analysis has a higher
accuracy as the sample is dissolved into strong acid to determine
the composition of the whole sample.

The accurate head grade of each experiment was determined
after the flotation experiments by usingmass balances based on the
XRF results and the correction factor obtained from the ICP mea-
surements. With this method, the average Zn grade of the feed was
determined as 8.27 ± 0.26% with a 95% confidence. The exact head
grade of each experiment was used when calculating the separa-
tion efficiencies (SE).

In order to properly study the goals mentioned in the Intro-
duction, the experimental set up was divided into three different
Campaigns. Each Campaign explored different pH and collector
concentrations, as described in Table 3. As mentioned above, rep-
etitions of selected experiments were carried out to determine the
reproducibility of the experimental data (Supplementary Material,
S3).

The different frother systems studied in each of Campaigns A-C
were 1) DF200, 2) HPMC 22k 3) HPMC 10k 4) Mix 22k
(DF200 þ HPMC 22k as a 1:1 mixture) 5) Mix 10k (DF200 þ HPMC
10k as a 1:1 mixture). In all cases, the total frother concentration
was of 30 ppm (Table 2).

The flotation test results were studied in terms of mass pull,
recovery, grade, SE and kinetics. SE was calculated according to Eq.
(3) (Wills and Finch, 2015):



Fig. 3. Picture and schematic of the Outokumpu 1.5 l flotation cell used in this study.

Table 2
Constant conditions of flotation experiments.

Parameter Value

Air flow rate 4 l/min
Impeller speed 1300 rpm
Flotation time 14 min
Mass of solids 600 g
Solids content 33%
Total volume of suspension 1.5 l

Reagent Dose

Activator 1565 g/t
Total frother concentration 30 ppm

Table 3
Experimental set up of the flotation experiments.

Campaign pH Collector (g/t)

A 11.1 80
B 12.3 80
C 12.3 20
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SE¼Rm �Rg ¼ 100 C m ðc� f Þ
ðm� f Þ f (3)

where SE is the separation efficiency, Rm is the % recovery of the
valuable mineral, Rg is the % recovery of the gangue into the
concentrate, C is the fraction of total feed weight that reports to the
concentrate, f is the % of metal in the feed, c is the % of metal in the
concentrate, andm is the % of metal content in the valuable mineral
(for simplicity assumed to be exclusively ZnS in this study).

Additionally, the flotation kinetics were modelled following the
first-order flotation rate (Wills and Finch, 2015):

R¼Rmax½1� expð�ktÞ� (4)

where R is the total recovery at time (t), Rmax is the maximum
theoretical recovery, k is the kinetic constant, and t is time in
seconds. The equationwas solved by utilizing the Microsoft Excel™
solver applicationwhich iteratively determined values of k and Rmax

that best fit experimental data.
Finally, the experimental results for each frother system were

analyzed with MODDE™ software to create a partial least squares
(PLS) model for each frother system. The goal of the models was to
determine the sensitivity of each frother system towards changes in
experimental conditions (i.e., collector concentration and pH). This
could be achieved by comparing the values of the coefficients of
each factor in the model. The model created by MODDE follows the
form presented in Equation (5):

Y ¼C0 þ C1*CpH þ C2*CCol þ C3*CpH*pH þ C4*CCol*Col
þ C5*CCol*pH (5)

Where Y is the response (e.g. recovery or grade of the froth prod-
uct), C0-5 are model coefficients, CpH is the pH level and CCol is the
collector concentration. As seen, the model also considers a square
response to the influence of pH and collector concentration, and
their interaction.

3. Results and discussion

3.1. Effects on bubble and foam properties

3.1.1. Bubble coalescence prevention
The first property studied was the bubble size distribution of

each frother system, presented in Fig. 4. As seen, at 30 ppm, DF200
and the PS-mixtures form a unimodal distribution of relatively
small bubbles, whereas the distributions in the presence of pure
HPMC are of bi-modal nature with HPMC 10k showing a larger
spike of smaller bubbles. In previous works, a bi-modal bubble size
distribution has been reported at concentrations lower than the
corresponding critical coalescence concentration (CCC) of the
frother, however transforming into unimodal as the frother con-
centration approaches its CCC (Finch et al., 2008; J�avor, 2014).

A further observation was that the bubble size distribution of
HPMC remains bi-modal in concentrations exceeding its CCC (as
seen in Supplementary Information, S4). This phenomenon reflects
a different interfacial behavior of cellulose macromolecules
compared with the regular frothers. With traditional frothers,
bubble formation and coalescence prevention has been attributed
to a combination of lower surface tension and electrostatic repul-
sion between molecules adsorbed at air-liquid interface. In the case
of HPMC however, its large molecular size appears to offer an
additional steric hindrance to coalescence. The exact nature of the
coalescence prevention admittedly requires efforts beyond the
scope of the current manuscript and will be the topic of a future
work. Nevertheless, this coalescence prevention may be influential
in the production of small bubbles with PS-mixtures since they do



Fig. 4. Bubble size distributions of pure water and 30 ppm aqueous solutions of each studied frother system.
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not impact surface tension in the same extent as DF200, as will be
discussed in Section 3.1.3.

Based on the average D32 values in Table 4, the bubble size
reducing properties of pure HPMC seem not as efficient as those of
pure DF200 or the PS-mixtures. While this is partly a result of the
inability of D32 to differentiate betweenmonomodal or multimodal
distributions, there is an undeniable presence of a significant
Table 4
D32 of studied frother systems with standard error in
parentheses.

Frother D32

Water 3.26 (0.05)
DF200 1.02 (0.05)
HPMC 22k 2.01 (0.004)
HPMC 10k 1.81 (0.02)
Mix 22k 1.05 (0.04)
Mix 10k 1.04 (0.08)

Since small bubbles increase the total bubble surface
area and consequently the probability of bubble-
particle collisions (Wills and Finch, 2015), flotation in
the presence of PS-mixtures can be expected to
perform at least as well as DF200 based on their bubble
size reduction properties.
population of large bubbles with HPMC. This could be attributed to
a combination of slower adsorption kinetics of larger macromole-
cules such as HPMC (Nahringbauer, 1997) and a comparatively
weaker surfactant behavior. Nevertheless, the population of smaller
bubbles obtained with pure HPMC molecules could provide a
flotation response that is worth exploring further. Indeed, combi-
nations of small and large bubbles have been considered as ad-
vantageous by some authors (Tao, 2005) through a combination of
better attachment of small bubbles and better levitation of larger
bubbles.

3.1.2. Liquid film drainage prevention
As seen in Table 5, no stable foam was obtained in the presence

of pure DF200, and thus, it was not possible to quantify foam height
or its stability. It is likely that, in the case of DF200, the presence of
hydrophobic solid particles is necessary to produce a stable froth
phasewith ameasurable depth (Tan et al., 2010). On the other hand,
both pure HPMC molecules and PS-mixtures were capable of
forming a two-phase foam with a quantifiable stability. HPMC 22k
had a more significant influence on the foam height in pure form
than its 10k counterpart. Considering that the only significant dif-
ference between the two HPMC species hereby studied is their
molecular weight, this suggests that foam formation is favored by
the steric coalescence prevention offered by larger molecules (Hill



Table 5
Foam height and stability results.

Frother Average Foam height (cm) Foam stability (s)

DF200 0 0
HPMC 22k 2.35 60
HPMC 10k 1.7 20
Mix 22k 1.9 35
Mix 10k 2.35 40
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and Eastoe, 2017; P�erez et al., 2006). There were no significant
differences between PS-mixtures regarding foam collapsing time
(i.e., stability). This implies that film drainage is similarly inhibited,
and the rate defining condition is the use of PS-mixtures and not
the molecular weight of the polymer fraction, at least with the
systems hereby studied.

This phenomenon may be connected to an observation made by
Schulze-Zachau and Braunschweigh (2017). In their corresponding
PS-mixture, they found an optimal concentration ratio, which
resulted in synergistic effects that were observed as maximum
values of film thickness, foam stability and surface elasticity of in-
terfaces. According to the definition of the surface dilatational
modulus (J�avor, 2014), an increase in the surface elasticity also in-
creases the viscoelasticity of the interface. Consequently, increased
viscoelasticity has been connected to improved foam stability due
to reduced drainage of liquid from the lamellae (J�avor et al., 2018;
Wang et al., 2016) and is likely the mechanism behind the self-
stabilizing effect observed in the presence of the PS-mixture
hereby studied. Another aspect to consider in future studies is
whether the optimal PS-mixture ratio in terms of surface elasticity
is optimal in terms of flotation performance since the range for the
optimal ratio in the study of Schulze-Zachau and Braunschweigh
(2017) was relatively narrow and foam stability decreased signifi-
cantly outside this range.
3.1.3. Interactions at the gas-liquid interface
According to J�avor et al. (2010), DF200 has fast adsorption ki-

netics and a relatively weak effect on the surface tension at the air-
liquid interface at low concentrations. This is corroborated by the
DST measurements in Fig. 5, where the decrease in surface tension
in the presence of DF200 takes place within 2 s and then reaches a
plateau at about 70.5 mN/m. On the other hand, long macromole-
cules are known to present comparatively slower adsorption ki-
netics, which is reflected in the behavior of HPMC presented in
Fig. 5. As seen, the surface tension in the presence of both HPMC
species has a less steep decay than DF200, and does not appear to
reach stability after 12 s, set as maximum time for DST
Fig. 5. Dynamic surface tension of the studied frother systems at total frother con-
centration of 30 ppm and a PW reference (error bars are represented with standard
deviation).
measurements. Although slower, the final surface tension
measured with both HPMC species is lower than that of the com-
mercial frother, as is particularly observed in the case of HPMC 10k.

The dynamic surface tension of the 1:1 mixtures presents a
behavior that resembles the relatively slower kinetics of pure
HPMC, although with a higher value of surface tension at 12 s. The
comparatively higher values of surface tension with PS-mixtures
are indicative of the interaction of species, effectively inhibiting
the adsorption of all existing amphiphilic segments at the air-liquid
interface (Manousakis and Avranas, 2013). While at first glance this
may seem like a negative effect, one should keep in mind that the
film drainage prevention is a result of the polymer-surfactant in-
teractions, as mentioned above. Indeed, Petkova et al. (2012)
claimed that even weakly interacting systems are capable of
increasing foaminess and foam stability, in agreement with the
foam stability results presented in Section 3.1.2.

Furthermore, these results also corroborate previous claims that
surface tension cannot be directly correlated to foamability or foam
stability (Petkova et al., 2012; Pugh, 1996), requiring the charac-
terization of other properties such as height and lifetime, as pre-
sented above.

3.2. Flotation experiments

As the unique foam stabilization characteristics of PS-mixtures
have been identified, it is necessary to assess whether they trans-
late into advantages in mineral froth flotation. The flotation results
are presented for each individual Campaign (Table 6) with the goal
to compare first the performance of each frother system within a
certain set of operating conditions. Subsequently, the influence of
operating conditions on the performance of the frother systems is
analyzed, including its impact on recovery, grade, SE and flotation
kinetics.

The standard deviation of selected experiments is presented
between parenthesis in Table 6. The values show that the perfor-
mance tendencies arewithin confidence limits, as the differences in
measured values between frothers are in most cases larger than the
standard deviation. Further analysis on the reproducibility of the
experiments is presented in the Supplementary Information (S5).

3.2.1. Foam stabilization impact on flotation performance
When studying the results of Campaign A (Table 3, Fig. 6), a good

performance by DF200 could be expected, since these operating
conditions represent typical flotation environments in which this
frother is used and, being a synthetic ore, the sphalerite particles
are fully liberated. Comparatively, the flotation response was not as
efficient in the presence of pure HPMC with recoveries of only 83
and 84%. Yet, when HPMC was mixed with DF200, the flotation
performance was similar to that of the commercial frother in terms
of recovery, grade and SE. In the case of Mix 22k, for example, a
recovery of 98.65% was obtained with a slightly higher grade
(44.81%) than that measured for DF200 (40.60%). The measured
concentrate grades demonstrate, for the first time, that a suitable
degree of selectivity can be achieved using PS-mixtures. Addition-
ally, the maximum SE was obtained within a shorter flotation time
(6 min) with PS-mixtures than with DF200 (10 min), reflecting
comparatively faster kinetics.

When the pH was increased during Campaign B, a few addi-
tional trends were observed. Firstly, the flotation performance of
pure DF200 declined significantly, compared to Campaign A. On the
other hand, the performance of pure HPMC and PS-mixtures
remained unaffected, or presented slight improvements. This
observation was contradictory to the findings of Goryachev et al.
(2015), who reported a reduced recovery of sphalerite when pH is
increased to 12. It appears that the high tolerance towards changes



Table 6
Results of flotation experiments (Standard deviation in parentheses when available, based on data from Supplementary Information S5, Table S4).

Frother Final Mass Pull Final Recovery Final Grade Max SE Time for Max SE (min) k (s�1)

Campaign A

DF200 19.21% 98.71% 40.60% 91.26% 10 0.0111
HPMC 22k 17.45% 83.24% 38.50% 75.83% 10 0.0067
HPMC 10k 16.55% 84.32% 40.99% 78.04% 6 0.0107
Mix 22k 17.09% 98.65% 44.81% 93.28% 6 0.0160
Mix 10k 17.94% 94.74% 41.48% 89.89% 6 0.0202

Campaign B

DF200 14.21% (0.75%) 76.72% (2.97%) 45.90% (1.78%) 71.34% (2.74%) 14 0.0121 (0.0010)
HPMC 22k 15.93% 87.92% 43.13% 83.13% 6 0.0085
HPMC 10k 10.08% 81.75% 61.14% 80.74% 14 0.0098
Mix 22k 22.28% 96.37% 35.03% 91.10% 3 0.0204
Mix 10k 15.47% 98.81% 48.32% 96.48% 6 0.0186

Campaign C

DF200 14.21% (4.24%) 56.38% (0.77%) 37.85% (7.08%) 49.89% (1.83%) 14 0.0103 (0.0004)
HPMC 22k 13.15% 69.41% 47.23% 64.92% 14 0.0056
HPMC 10k 11.03% 71.26% 52.91% 68.60% 14 0.0101
Mix 22k 26.83% (4.17%) 97.45% (2.01%) 31.96% (4.53%) 88.81% (1.96%) 6 0.0136 (0.0005)
Mix 10k 19.08% 98.68% 39.94% 91.75% 6 0.0146

Fig. 6. Grade-recovery curves of Campaign A, all data points follow the same tendency
of time fractions as exemplified for HPMC 22k (the dotted lines are visual references
representing SE threshold values).

Fig. 7. Grade-recovery curves of Campaign B, all data points follow the same tendency
of time fractions as exemplified for HPMC 22k (the dotted lines are visual references
representing SE threshold values).

Fig. 8. Grade-recovery curves of Campaign C, all data points follow the same tendency
of time fractions as exemplified for HPMC 22k (the dotted lines are visual references
representing SE threshold values).
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in pH reported with foams stabilized with HPMC (Coffey et al.,
2006) also exists in flotation related phenomena. The authors
theorize that such tolerance is maintained when HPMC is part of a
PS-mixture. As a consequence, pure DF200 presented the worst SE
of the studied frother systems under conditions of elevated pH
(Fig. 7).

In Campaign C, the chemical environment was further modified
by reducing the collector dosage to one quarter of its initial con-
centration. As seen in Fig. 8 and Table 6, the performance of DF200
continued to decline with reduced collector dosage. Similar ob-
servations were made by Celic (2015) who studied the effect of a
less drastic reduction of xanthate collector concentration. The
flotation performance with HPMC also declined with lower col-
lector concentration. This may be an expected result, since collec-
tors are responsible of the surface modification of minerals and
thus are considered the main contributors to mineral recovery
(Bulatovic, 2007). Albeit, in the presence of PS-mixtures, sphalerite
recovery remained practically unaffected, with values of 96.03%
and 98.68% in Campaign C. A first explanation may be related to the
association between increased froth stability and improved recov-
ery of valuables in a selective flotation process (Ata, 2012). In
addition, this phenomenon can be connected to the unique ability
to produce self-stabilizing froths by PS-mixtures as mentioned in
Section 3.1.2.



T. Nuorivaara, R. Serna-Guerrero / Journal of Cleaner Production 261 (2020) 121143 9
In all Campaigns, the maximum SE with the PS-mixtures was
achieved within the first 6 min of the flotation experiment, being
consistently shorter than the time necessary for maximum SE with
the pure components (Table 6). This phenomenon is clearly
observable in the grade-recovery dependencies of Campaigns A-C
presented in Figs. 6-8. This finding reflects the faster kinetics ob-
tained with PS-mixtures and seem justified considering that
smaller bubble size and higher froth stability have been both con-
nected to improved flotation kinetics (Ahmed and Jameson, 1989;
Wills and Finch, 2015). As discussed in Section 3.1, the mixtures
produced bubbles with smaller size compared to pure HPMC and a
more stable foam compared to pure DF200 which indeed seems to
manifest as improved flotation kinetics in a three-phase flotation
system.

Admittedly, the use of model ores simplifies the flotation sep-
aration compared with natural ores as, e.g., the minerals are fully
liberated and the composition is well known. Nevertheless, the
tendencies observed in this manuscript are expected to be present
also in natural ores, as the studied PS-mixture acts mainly on the
properties of the air-liquid interface (Bain et al., 2010; Bulatovic,
2007). Studies on natural ores are a logical expansion on the pre-
sent research and are planned for future publications.
3.2.2. Advantages of the robustness of PS-mixtures as frother
systems

As mentioned above, the generation of froth with commercial
polyglycol-based frothers such as DF200 is known to be highly
dependent on the presence of sufficiently hydrophobic particles
(J�avor, 2014). Consequently, it is highly sensitive to changes in the
degree of hydrophobization of the mineral (Tan et al., 2010). On the
other hand, PS-mixtures are able to sustain attributes beneficial to
flotation on a wider scale of conditions, as they are able to produce
stable foams even in two-phase (air-liquid) systems, as seen in the
previous Sections discussing foam stability.

Especially, Mix 10k presented consistent results even when the
conditions were significantly altered throughout all Campaigns,
thus showing relatively small variations at a 95% confidence in-
terval (Table 7). Considering that the flotation experiment results
are sufficiently reproducible based on the standard deviation values
in Table 6 (see details in Supplementary Material, S5), these results
suggests that PS-mixtures are frother systems significantly more
robust than pure polyglycol ether frothers, at least within the
conditions studied in this manuscript.

This observation is further corroborated when the flotation re-
sults of each frother system are fit into independent PLS models,
and their corresponding response coefficients for experimental
variables (i.e., collector concentration and pH). The scaled-and-
centered coefficient values corresponding to C1-5 of Equation (5)
are presented in Fig. 9.

The value of the coefficient can be interpreted as the tolerance
towards changes in pH and collector concentration within the
studied conditions, with smaller coefficient values indicating a
higher tolerance and vice-versa. Upon analysis of Fig. 9, it is evident
Table 7
Performance of Mix 10k in changing operating conditions (Campaigns A-C).

Campaign Mass pull Recovery Grade Max SE

A 17.94% 94.74% 41.48% 89.89
B 19.81% 99.06% 37.82% 96.48
C 19.08% 98.68% 39.94% 91.75

Mean 18.94% 97.49% 39.75% 92.71
Standard error 0.54% 1.38% 1.06% 1.96
95% CI ±2.34% ±5.95% ±4.58% ±8.44
that for all performance parameters, except kinetics, DF200
demonstrated the lowest overall tolerance towards changes in the
studied conditions. HPMC was comparatively more tolerant, but
the PS-mixtures represent the most robust systems studied, in
particular Mix 10k.

Fig. 9 also indicates that in terms of flotation kinetics, the mix-
tures are more sensitive towards changes in chemical conditions.
However, PS-mixtures consistently reported higher values of k
(Table 6). Faster flotation was present with PS-mixtures even in
Campaign C, where their kinetics were comparatively slower than
in the other Campaigns. Therefore, it could be argued that the
apparently higher sensitivity of flotation kinetics to operating
conditions with PS-mixtures is a result of their comparatively
higher values of kinetic constants.

Evidently, there are advantages from a consistent performance
even under varying operating conditions. In the first place, the
possibility to decrease the consumption of collectors can obviously
translate into economic savings for the mineral processing opera-
tions. Secondly, the resilience to changes in pH for example, suggest
that flotation performance will not be affected even under fluctu-
ating conditions as a result of delays in process control response, for
example. The operation at pH > 12 also opens the possibility to use
conditions that favor the depression of mineral such as pyrite,
commonly found in sphalerite mining sites.

4. Conclusions

This manuscript presents a first proof-of-concept on the use of
amphiphilic cellulose derivatives as components of PS-mixtures in
froth flotation. The experiments conducted in an ideal, fully liber-
ated system revealed tendencies of remarkable potential for future
advances in mineral processing if harnessed properly. Unlike what
could be intuitively foreseen, the performance of the mixtures is
not an average value of its pure frother counterparts. The stabili-
zation mechanism in the presence of a weakly interacting PS-
mixture is a combination of faster adsorption of the surfactant at
the air-liquid interface combined with steric hindrance provided by
the cellulose derivative. It was found that these two-phase phe-
nomena result in properties beneficial for flotation. Indeed, the PS-
mixtures consistently outperformed their pure components in
most measured metrics during froth flotation of sphalerite, most
importantly recovery, SE and kinetics. Additionally, the presence of
the PS-mixture provided a robust flotation response even under
significant variations of pH and collector concentration.

The most influential difference found between the commercial
frother and the PS-mixtures was the latter’s apparent indepen-
dence from hydrophobic particles to stabilize the froth, which
resulted in the increased robustness towards changes in operating
conditions. Such improvements in efficiency and robustness of
operation provided may also be attractive in the study of chemical
systems or processing environments that were earlier deemed
impractical due to unstable froth.

Finally, it is worth mentioning that, in order to further develop
and understand this novel frother system, it is necessary to follow
up with a systematic approach, progressing towards more complex
mineralogies in model ore systems and ultimately testing the
proposed chemical system with real ore under conditions that are
closer to industrial practice.
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