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Abstract: To conduct extensive research on the application of ionic liquids as collectors in mineral flotation, ethanol (EtOH) was used as
a solvent to dissolve hydrophobic ionic liquids (ILs) to simplify the reagent regime. Interesting phenomena were observed in which EtOH
exerted  different  effects  on  the  flotation  efficiency  of  two  ILs  with  similar  structures.  When  EtOH was  used  to  dissolve  1-dodecyl-3-
methylimidazolium chloride (C12[mim]Cl) and as a collector for pure quartz flotation tests at a concentration of 1 × 10−5 mol·L−1, quartz
recovery increased from 23.77% to 77.91% compared with ILs dissolved in water. However, quartz recovery of 1-dodecyl-3-methylim-
idazolium  hexafluorophosphate  (C12[mim]PF6)  decreased  from  60.45%  to  24.52%  under  the  same  conditions.  The  conditional  experi-
ments under 1 × 10−5 mol·L−1 ILs for EtOH concentration and under 2vol% EtOH for ILs concentration confirmed this difference. After
being affected by EtOH, the mixed ore flotation tests of quartz and hematite showed a decrease in the hematite concentrate grade and re-
covery for the C12[mim]Cl collector, whereas the hematite concentrate grade and recovery for the C12[mim]PF6 collector increased. On the
basis of these differences and observations of flotation foam, two-phase bubble observation tests were carried out. The EtOH promoted
the foam height of two ILs during aeration. It accelerated static froth defoaming after aeration stopped, and the foam of C12[mim]PF6 de-
foaming especially  quickly.  In  the  discussion  of  flotation  tests  and  foam observation,  an  attempt  was  made  to  explain  the  reasons  and
mechanisms behind the diverse phenomena using the dynamic surface tension effect and solvation effect results from EtOH. The solva-
tion effect was verified through Fourier transform infrared (FT-IR), X-ray photoelectron spectroscopy (XPS), and Zeta potential tests. Al-
though EtOH affects the adsorption of ILs on the ore surface during flotation negatively, it holds an positive value of inhibiting foam mer-
ging during flotation aeration and accelerating the defoaming of static foam. And induce more robust secondary enrichment in the mixed
ore flotation of the C12[mim]PF6 collector, facilitating effective mixed ore separation even under inhibitor-free conditions.

Keywords: ionic liquid; ethanol; flotation foam; solvation; dynamic surface tension

  

1. Introduction

Ionic liquids (ILs) are contemporary chemical agents de-
veloped within the framework of green chemistry. They are
salts composed of organic cations and either inorganic or or-
ganic  anions,  with  melting  points  below 100  or  150°C [1].
They  evolved  from  traditional  elevated-temperature  molten
salts  but  are  quite  different  from  conventional  ionic  com-
pounds.  The  electrostatic  attraction  between  anions  and
cations in ILs is weak, allowing them to have smaller lattice
energies and exist in a liquid state at or near room temperat-
ure [2]. ILs possess unique and excellent chemical and ther-
modynamic stability, a wide liquid range, great solubility for
organic and inorganic substances, good electrical conductiv-
ity, high ion mobility and diffusion speed, nonflammability,
odorlessness, and other advantages [3–5]. As a new type of
environmentally friendly liquid material with promising ap-

plications,  the  research  and  application  of  ILs  have  pro-
gressed rapidly [6–8]. A notable unique feature of ILs is their
designability.  The  physical  and  chemical  properties  of  ILs
can be tuned and improved by using different combinations
of  anions  and  cations  or  by  fine-tuning  the  alkyl  chains  of
cations. They are called “green designable solvents” [9].

In the field of mineral flotation research, quartz is a com-
monly  encountered  gangue  mineral.  The  use  of  amine  col-
lectors in reverse flotation to separate quartz from target min-
erals  has  become  a  viable  option [10–12].  However,  tradi-
tional amine collectors, such as dodecylamine and etheram-
ine, have disadvantages such as high foam viscosity, challen-
ging  defoaming,  and  poor  selectivity [13–14].  To  enhance
flotation  performance,  ongoing  research  has  explored  new
cationic collectors [15–17].  In recent  years,  ILs with excel-
lent  chemical  properties,  environmental  friendliness,  and
good controllability have been studied for application in flot- 
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ation.  Certain  ILs  with  strong  collecting  ability,  good  se-
lectivity, and excellent flotation performance were screened
and synthesized.

Li et al. [18] used a phosphonium-nitrogen-based ionic li-
quid  for  rare  earth  flotation  and  evaluated  the [N2222]
[EHEHP] ionic liquid for REM flotation. They found that the
[EHEHP] moiety can be adsorbed onto hematite and bastnas-
ite, likely by chemisorption, with no clear evidence showing
reagent adsorption on the quartz surface [18]. Azizi et al. [19]
used  tetrabutylammonium  bis(2-ethylhexyl)-phosphate  for
rare earth flotation and monazite recovery; it was explored as
a collector for the flotation of model monazite and bastnasite
minerals of complex REE-bearing ores. They compared the
selectivity and collecting power of this collector with those of
conventional  hydroxamic  acid-containing  collectors.  Zhu
et al. [20] prepared  and  synthesized  IL  microemulsion  col-
lector for coal flotation and studied the interfacial composi-
tion and thermodynamic parameters of [Cnmim]Cl (n  =  12,
14,  or  16)/n-alcohol  (C4–C6)/n-dodecane/water  microemul-
sion systems by using Schulman’s titration. Qiu et al. [21] in-
vestigated  different  ILs  in  the  flotation  of  LiAlO2 and  its
gangue  mineral  melilite  s.s.  A  significant  influence  of  the
hardness of the counter anions chloride and bromide of the
ILs is observed during flotation. Sahoo et al. [22] used qua-
ternary  ammonium  ionic  liquid  for  flotation  experiments.
TOMAS,  a  newly  synthesized  quaternary  ammonium  salt
ionic  liquid  with  salicylic  acid  as  a  ligand,  achieves  prom-
ising results in the flotation separation of quartz and hematite
[22].  The  application  of  the  three-carbon  chain  quaternary
ammonium  salt  336  in  hematite  beneficiation  was  studied
[23],  as  well  as  the  flotation  behavior  of  the  four-carbon
chain  quaternary  ammonium  salt  influenced  by  the  carbon
chain [24]. A simple comparison was conducted between tra-
ditional  flotation  reagents,  quaternary  ammonium salts,  im-
idazole,  pyridine  and  other  IL  flotation [25].  Li et  al. [26]
studied quaternary ammonium salt-based ionic liquid collect-
ors.  Compared  with  tricaprylmethyl  ammonium  salicylate
(TOMAS),  lengthening  the  carbon  chain  enhances  the  col-
lection performance and reduces the reagent dose,  resulting
in significantly better separation. Zhou et al. [27] studied the
combination of tetradecyl dimethyl benzyl ammonium chlor-
ide and sodium isobutyl xanthate to prepare ILs, which were
applied to the desiliconization and desulfurization of bauxite.
Yuan et  al. [28] synthesized  sulfur-containing  ionic  liquids
(SCILs)  from  quaternary  ammonium  cations  and  xanthate
anions and applied them as collectors.  They concluded that
SCILs  have  excellent  collecting  ability  and  selectivity  for
pyrrhotite  flotation  against  magnetite  flotation  compared
with  the  traditional  collector  of  sodium  isobutyl  xanthate
(SIBX). Cheng et al. [29] used four types of imidazole ILs as
collectors for the separation flotation of quartz and hematite.

ILs have better collector properties and selectivities than tra-
ditional  amine  collector  dichlorodiphenyl-ducgloroethane
(DDA) owing to the strong overall charge of ionic liquid ad-
sorbent semimicelle, but the local charge is weak. Wu et al.
[30] used ionic liquid 1-dodecyl-3-methylimidazolium chlor-
ide as a collector to recover Y2O3 from phosphors using flota-
tion.

In this study, C12[mim]Cl and C12[mim]PF6 were used as
collectors, and the effect of ethanol (EtOH) on the flotation
separation of  quartz  and hematite  was investigated.  For  the
first time, differences in the effects of ethanol on the flotation
efficiency of C12[mim]Cl and C12[mim]PF6 were discovered.
At  a  specific  concentration  of  ethanol,  C12[mim]PF6 can
achieve  good  separation  efficiency  in  mixed  flotation  of
quartz  and  hematite  without  using  inhibitors.  In  addition,  a
certain concentration of ethanol can reduce foam merger dur-
ing  flotation  and  expedite  defoaming  after  the  foam  is  re-
moved. This study analyzed the influence of ethanol on these
phenomena through dynamic surface tension and the solva-
tion effect. This research holds significant value in exploring
the  flotation  rules  of  IL  collectors,  analyzing  the  flotation
performance  differences  between  hydrophilic  and  hydro-
phobic  ILs,  and  promoting  the  application  of  ethanol  as  an
adjuster to improve flotation bubbles. 

2. Experimental 

2.1. Materials

The quartz samples used in the tests were purchased from
Heyuan  City,  Guangdong  Province,  China.  After  crushing,
sieving, and selecting, they were ball-milled to a size below
106 µm using a planetary ball mill under corundum medium.
The samples were washed with hydrochloric acid to remove
all  contamination,  then  washed  with  ultrapure  water  and
dried for later use. The hematite was from South Africa, with
all  magnetic  parts  removed  by  magnetic  separation.  The
samples were also prepared to below 106 µm. The raw ore
used in the artificial mixed ore flotation tests was made from
hematite  and  quartz  in  a  mass  ratio  of  2:1.  This  ratio  was
chosen  to  approximate  the  grade  of  banded  hematite  in
nature. In all flotation experiments, only particles with a size
range of 37–106 µm were used for flotation, and those below
37 µm were screened out. This study aimed to exclude the in-
fluence of fine mud on the adsorption and bubble generation
to facilitate the analysis of the underlying mechanisms. The
compositions of quartz and hematite are listed in Table 1.

The  Lanzhou  Institute  of  Physics,  Chinese  Academy  of
Sciences, provided two types of ILs used in the experiments
and other reagents needed in the experiment were purchased
from the Sinopharm Group. All reagents were analytically or
spectrally  pure.  The  two  ILs  used  in  the  experiments  were

 

Table 1.    Chemical compositions of the minerals wt%

Minerals TFe SiO2 Na2O Al2O3 CaO MgO P2O5

Quartz 0.05 99.840 0.009 0.050 0.0012 0.013 0.004
Hematite 69.29 0.402 0.059 0.239 0.0400 0.047 0.067
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C12[mim]Cl and C12[mim]PF6, and their brief information is
presented in Table 2. MP indicates the melting point of the
substance, lgP represents the oil–water partition coefficient,
and PSA denotes the polar surface area. Both are collectors
and frothers in the flotation experiments. These two reagents
were  diluted  with  ultrapure  water  and  EtOH  to  a  specified
concentration and added to the pulp in proportion to the flota-
tion. C12[mim]PF6 has strong hydrophobicity, and its aqueous
solution  must  be  heated  during  preparation  and  used  after
cooling. No heating is required when using EtOH to prepare
the C12[mim]PF6 solution. 

2.2. Flotation

The flotation cell, named XFG-5, used in all the flotation
experiments  was  a  hanging-trough  flotation  machine  pro-
duced by Wuhan Prospecting Machinery Factory with a rated
capacity of 60 mL. Various conditions for the flotation test
were determined through preliminary exploratory tests. The
pulp concentration was 10wt%. The float was rotated at 1300
r/min, and the stirring time was 3 min. Stirring was contin-
ued for 3 min after adding the ILs, followed by scraping the
bubbles for  3 min after  turning on the aeration device.  The
resulting tailings and concentrates were filtered and dried us-
ing a suction filter and oven, and the iron composition was
analyzed by standard titration. All flotation experiments were
performed using ultrapure water. 

2.3. Foaming study

Foam stability tests were performed in a foam-generating
column,  and  the  experimental  apparatus  was  independently
assembled using the gas flow method, which was assembled
following literature [31]. The main components were an in-
flation  apparatus,  a  gas  velocity  measurement  apparatus,  a
foam column, and a silicone tube. In the experiment, a peri-
staltic pump was chosen as the inflationary device, consider-
ing the inflation rate and stability. The gas velocity measure-
ment device used was a rotor flow meter. The foam column is
customized  on  the  basis  of  a  chromatographic  column  and
has a scale. To prevent leakage of the testing solution while
sufficiently separating the gas, a quartz sand core with a pore
size of 15–30 μm (G3 sand core) was selected at the bottom
of the foam column. A camera recorded changes in the foam
height.

During the tests, the gas flow velocity was maintained at
600 mL/min, and 50 mL preprepared ILs was poured into the
foam column as a frother. When the liquid was stabilized, the
air pump was turned on for aeration and stopped after 60 s.
The  foam  height  and  defoaming  time  were  then  observed.
After completing the experiment, the device was cleaned, and
the next set of tests was performed. 

2.4. Instrument characterization

The quartz samples used in the Fourier transform infrared
(FT-IR),  and  X-ray  photoelectron  spectroscopy  (XPS)  tests
were  prepared  by  stirring  the  IL  solution  with  quartz.  The
stirring  equipment  used  was  a  magnetic  stirrer,  and  the  IL
concentration was 4 × 10−5 mol·L−1. A sample with EtOH as
the solvent was equivalent to adding the corresponding con-
centration of EtOH. The rotational speed of the magnetic stir-
rer  was set  to  500 r/min,  and the stirring time was 30 min.
After stirring, the samples were suction filtered, washed, and
thoroughly  dried  at  room  temperature  in  a  vacuum  drying
oven.

The  device  used  in  the  XPS  study  was  the  ESCALAB
250Xi/ESCALAB  250Xi  manufactured  by  Thermo  Fisher
Scientific. Polyvinyl alcohol (PVA) was used as the sample
preparation binder. The test pressure was kept below 5 × 10−6

Pa with a single 500 μm X-ray spot. The anode was selected
as aluminum, and the monitoring values were approximately
14.2 kV and 11.3 mA, respectively. The instrument used for
the  FTIR  analysis  was  a  Nicolet  6700  FT-IR  with  a  test
wavenumber  range  of  400–4000  cm−1.  The  sample  was
mixed  with  KBr  at  a  weight  ratio  of  1:100,  ground  to  less
than 5 μm, and post-stamped. Malvern Zeta Sizer Zeta-Nano
(ZS90, Malvern, UK) was used to test the Zeta potential of
quartz after IL adsorption. Mineral samples were ground to
less than 5 µm, and 100 mg of the sample was added to 100
mL of 5% EtOH solution.  The concentration of the IL col-
lector to the target concentration was adjusted and then tested
after ultrasonic dispersion. The Zeta potential test was com-
pleted using the Scientific Compass. 

3. Results and discussion 

3.1. Flotation test results

Two ILs were dissolved using ultrapure water and EtOH

 

Table 2.    ILs used and the phychemical property

Name Structure Molecular mass / (g·mol–1) MP / °C lgP PSA / nm2

1-dodecyl-3-methylimidazolium chloride
(C12[mim]Cl)

CH3

N

Cl−

N

CH2(CH2)10CH3

286.88 96 1.24 8.81

1-dodecyl-3-methylimidazolium
hexafluorophosphate(C12[mim]PF6)

CH3

N
PF6

N

CH2(CH2)10CH3

−

396.40 50 7.62 22.40

Note: P represents the oil–water coefficient.

Q. Cheng et al., Impact of ethanol on the flotation efficiency of imidazolium ionic liquids as collectors: Insights ... 2647



as solvents and utilized as collectors for the flotation tests of
pure quartz and hematite. Fig. 1 presents the flotation results
of pure quartz and high-purity hematite. The error bar repres-
ents the standard deviation between the results of more than
three experiments, and the t-test presented in Table 3 shows
the  differences  in  the  quartz  recovery  between  EtOH  and
H2O. The flotation results of high-purity hematite were obvi-
ously different; therefore, the data were not analyzed for dif-
ferences.

In Fig.  1(a)–(b),  EtOH  improved  the  quartz  recovery  of
the C12[mim]Cl collector with the IL concentrations of 0.01
and 0.02 mM. When the concentration was increased, quartz
recovery remained above 90%, but it was lower than that ob-
tained under water solvent conditions. The C12[mim]PF6 col-
lector  differed  from  C12[mim]Cl.  When  the  C12[mim]PF6

concentrations  were  0.01  and  0.02  mM,  quartz  recovery  in
the EtOH solvent  decreased.  When the collector  concentra-
tion increased, quartz recovery increased closely to that of the
water solvent. In the higher IL concentration range, the quartz
recovery rate of C12[mim]Cl (EtOH) was always lower than
that  of  C12[mim]Cl  (H2O),  and  the  quartz  recovery  of
C12[mim]PF6(EtOH) did not decrease as in water due to mul-
tilayer  adsorption  when  the  reagent  concentration  was  too
high. In Fig. 1(c)–(d), the disparities between the two types of
ILs were more pronounced. Throughout the entire concentra-
tion  range,  EtOH  resulted  in  greater  flotation  of  hematite
when using C12[mim]Cl as a collector. Conversely, the pres-

ence  of  EtOH  decreased  the  flotation  recovery  of  hematite
when C12[mim]PF6 was used.

In  flotation  tests  of  low  concentration  of  C12[mim]PF6

(EtOH), whether quartz or hematite was present in the pulp,
the froth was more numerous, brittler, and smaller compared
with  C12[mim]PF6 (H2O).  Stable  mineralized  bubbles  were
almost  unobservable,  which should be the direct  reason for
the decrease in quartz recovery. Simultaneously, the flotation
recovery  of  hematite  with  C12[mim]PF6 (EtOH)  decreased
greatly across all concentrations. However, the natural float-
ability of quartz surpasses that of hematite. Therefore, as the
concentration  of  C12[mim]PF6 (EtOH)  increases,  the  recov-
ery of quartz approaches that of C12[mim]PF6 (H2O). The dif-
ference was that well-mineralized foam had already been ob-
served  with  C12[mim]Cl  (EtOH)  in  the  low-concentration
range. Although the bubble life was shorter, it was due to the
low IL concentration.  The stability of  these foams was still
higher than that of C12[mim]PF6 (H2O) and sufficient to float
quartz and hematite.

Reverse flotation tests of mixed ore were also carried out
using 2:1 mass ratio of hematite and quartz as raw ore. No in-
hibitors were used in the experiments. The flotation test res-
ults are shown in Fig. 2.

EtOH resulted in a decrease in the concentrate grade and
recovery  of  the  C12[mim]Cl  collector  compared  with  the
C12[mim]Cl (H2O) collector in the mixed ore flotation. At a
C12[mim]Cl concentration of 0.16 mM (EtOH concentration
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Fig. 1.    Variation of quartz and hematite flotation recovery with different IL concentration: (a, c) C12[mim]Cl; (b, d) C12[mim]PF6.
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of 16%), the concentrate recovery decreased to 20%. During
the experiments,  the addition of EtOH had a positive effect
on the bubbles of C12[mim]Cl. Considering the results of flot-
ation  tests  of  quartz  and  hematite,  the  preliminary  specula-
tion was that more bubbles caused additional hematite to be
entrained,  resulting  in  a  decrease  in  selectivity,  concentrate
grade, and recovery.

However,  the  performance  of  C12[mim]PF6 (EtOH)
differed  from  C12[mim]Cl.  Previous  studieshave  discussed
that  C12[mim]PF6 (H2O) exhibits  excessively strong collect-
ing capacity, causing both quartz and hematite to float, which
then leads to low flotation efficiency [29].  However,  in  the
experiments  with  the  C12[mim]PF6 (EtOH)  collector,  the
grade and recovery of the concentrate increased at the same
time. The froth during the C12[mim]PF6 (EtOH) flotation was
fine  and  fragile,  consistently  forming  and  breaking  rapidly.
The scraping of foam also led to quick defoaming. Consider-
ing  the  results  of  the  flotation  tests  of  quartz  and  hematite,
EtOH  was  speculated  to  cause  the  flotation  bubbles  of
C12[mim]PF6 to become fragile under the action of a certain
mechanism.  The  secondary  enrichment  effect  was  streng-
thened,  and  the  flotation  efficiency  of  the  C12[mim]PF6

(EtOH)  collector  was  improved  in  the  absence  of  an  in-
hibitor.

As  EtOH  participated  in  flotation  in  the  form  of  IL
solvents,  the  amount  of  EtOH  actually  increased  when  the
number  of  ILs  was  increased.  Therefore,  the  above  experi-
ments  have  two  variables:  IL  collector  concentration  and

EtOH concentration.  EtOH affects the flotation,  but the ex-
perimental results cannot be analyzed from the perspective of
single-factor experiments. Two additional pure quartz flota-
tion tests were thus conducted. In the first experiment, the IL
collector concentration was fixed at 0.01 mM, and the EtOH
concentration was used as a variable. For another set of ex-
periments, the EtOH concentration was fixed at 2%, and the
IL  concentration  was  variable.  These  two  concentrations
were  chosen  to  create  a  substantial  contrast  in  the  flotation
results of these two IL collectors, facilitating convenient ana-
lysis. The results are illustrated in Fig. 3.

The flotation results in Fig. 3(a) imply that the quartz re-
covery of the C12[mim]Cl collector showed stability at EtOH
concentrations  of  1%–3% but  decreased slowly after  EtOH
increased more than 3%. For C12[mim]PF6 of low concentra-
tion,  the  addition  of  EtOH  significantly  weakened  the  col-
lecting  capacity.  As  the  EtOH  concentration  increased,  the
quartz recovery improved slightly, but the maximum recov-
ery was only approximately 40%. When the EtOH concen-
tration  exceeded  4%,  the  quartz  recovery  of  C12[mim]PF6

also entered a declining stage similar to that of C12[mim]Cl.
In Fig.  3(b),  the  quartz  recovery  of  low-concentration

C12[mim]PF6 was lower than that of C12[mim]Cl. As the con-
centration  of  C12[mim]PF6 increased,  the  quartz  recovery
gradually improved, and finally close to C12[mim]Cl reached
more than 90%. Through the analysis of these two groups of
tests combined with pure quartz flotation tests, EtOH appar-
ently has a negative impact on the flotation efficiency of the
C12[mim]PF6 collector. Even C12[mim]PF6 of high concentra-
tions  could  not  exceed  the  quartz  recovery  of  C12[mim]Cl
when EtOH was maintained at 2%. 

3.2. Froth observation and analysis

After  EtOH  affected  the  C12[mim]Cl  and  C12[mim]PF6

collectors,  the  changes  in  the  flotation  results  showed  con-
tradictions.  The  most  significant  difference  between  these
two ILs was observed in their flotation froth when EtOH was
used. Both showed enhanced froth volume during the flota-
tion  when  EtOH  was  present.  The  difference  was  that
the  froth  of  C12[mim]Cl  maintained  viscosity  and  could

 

Table 3.    Results of the t-test of statistics about quartz recov-
ery in Fig. 1(a)–(b)

Collector concentration /
(10−5 M)

Results of the t-test of statistics
C12[mim]Cl C12[mim]PF6

1 0 0
2 0.0001 0
4 0.6067 0.0028
8 0.0140 0.3917

12 0.0347 0.7262
16 0.0159 0
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Fig.  2.     Variation  of  hematite  and  quartz  mixed  ore  flotation  separation  results  with  IL  concentration:  (a)  C12[mim]Cl;  (b)
C12[mim]PF6.
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float ore, whereas the froth of C12[mim]PF6 at low concentra-
tion  became  brittle,  constantly  generated  and  broke,  and
could  not  be  scraped  stably.  Its  froth  became  stable  only
when  the  concentration  of  C12[mim]PF6 increased,  which
can  be  attributed  to  the  fact  that  C12[mim]PF6 stabilized
the foam. The phenomenon of brittle froth like this is obvi-

PF−6

ously  related  to  EtOH.  Considering  that  the  froth  of
C12[mim]Cl under the same concentration did not exhibit this
behavior, speculating that  played a key role was easy. To
analyze more changes in the froth, experiments were conduc-
ted for two-phase foam observation. The results are shown in
Fig. 4.
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Fig.  4.     Two-phase  foam as  a  function  of  EtOH concentration  with  ILs  at  a  concentration  of  10  ×  10−5 mol·L−1:  (a)  C12[mim]Cl;
(b) C12[mim]PF6.
 

ILs were used as frothers at a concentration of 10 × 10−5 M
to obtain more froth for observation. The bar graph in Fig. 4
shows the froth height after 60 s of aeration, corresponding to
the left axis. The line chart shows the defoaming time after
the air pump was turned off, corresponding to the right axis.

C12[mim]PF6 has  better  foaming power  than C12[mim]Cl
in water solvent. When EtOH was added, the froth height of
C12[mim]Cl  increased but  gradually  decreased as  the  EtOH
concentration exceeded 3%. At the same time, the static de-
foaming  time  gradually  decreased  after  the  air  pump  was
turned off,  which meant that the stability of the static foam
decreased. For C12[mim]PF6, the foam height exhibited minor
changes at low EtOH concentrations. With the continuous in-
crease in EtOH concentration, the dynamic foam height ini-
tially  increased  and  then  decreased.  In  addition,  after  aera-
tion was stopped, the defoaming time for the static foam was
significantly  shortened  compared  with  that  for  no  EtOH.
With the increase in EtOH concentration, the defoaming time
showed a slight  increase before entering a  decreasing trend

again.
In summary,  the dynamic foam represented by the foam

height  showed  little  difference  between  the  two  ILs.  EtOH
promoted  foam  froth  before  the  concentration  exceeded
3%–4%.  A  higher  concentration  of  EtOH caused  the  foam
height to decrease, but it remained higher than the dynamic
foam  height  without  EtOH.  However,  the  defoaming  time
showed that  the  static  foam stability  was  different  between
the two ILs. The defoaming time for static foam after aera-
tion was stopped was negatively affected by EtOH for both
ILs,  but  the  static  foam of  C12[mim]PF6 was  more  affected
than C12[mim]Cl, consistent with the phenomenon observed
in the flotation experiments.

Studies have analyzed the bubble behavior of water solu-
tions of EtOH in a bubble column [32–33]. Andrew was the
first to propose a dynamic surface tension model to explain
how  EtOH  affects  bubbles  in  water [34].  The  stability  of
bubbles ultimately depends on the rheological  properties of
the liquid film and the interbubble mechanics, whether they
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are affected by EtOH or by IL surfactants [35]. The surface
chemistry  fundamental  revealed  that  EtOH would  accumu-
late at the gas–liquid interface when it is added to a solution
[36]. The dynamic surface tension model indicated that EtOH
adsorption  on  the  bubble  surface  differed  from  that  of  the
conventional  frother  and  was  not  firmly  adsorbed.  As  the
solution was agitated, the bubbles moved, deformed, and ex-
panded  within  the  liquid,  which  caused  the  density  of  ad-
sorbed EtOH on the bubble surface to decrease and the sur-
face tension of the gas–liquid interface to increase dynamic-
ally. Consequently, a surface tension gradient was created at
the gas–liquid interface, which caused the liquid to move un-
der the influence of this gradient, increasing the thickness of
the liquid film and stabilizing it. This process is illustrated in
the left half of Fig. 5.

Compared with the “EtOH + H2O” system studied in the
above studies, in the flotation pulp, IL surfactants could sta-
bilize bubbles, and minerals could be adsorbed on the bubble
surface, enhancing the strength of the three-phase foam [37].
Assisted  by  the  dynamic  surface  tension  effect  induced  by
EtOH,  even  at  a  concentration  as  low  as  1  ×  10−5 M,
C12[mim]Cl could strongly inhibit bubble coalescence during
the  perturbed  ascent,  leading  to  significant  froth  formation
and  maintaining  foam  viscosity  during  flotation.  However,
the foam enhanced by EtOH does not exhibit adsorptive se-
lectivity like the foam stabilized by ILs. This indiscriminate
foam enhancement caused significant entrainment in the re-
verse flotation tests of mixed ores, resulting in the flotation of
a large amount of hematite [38]. This deteriorated the flota-
tion separation effect of the mixed ores with the C12[mim]Cl

collector.

PF−6
PF−6

PF−6
PF−6

PF−6 PF−6
PF−6

PF−6

PF−6

The  situation  of  C12[mim]PF6 differed  from  that  of
C12[mim]Cl.  As  analyzed  in  the  first  paragraph  of  this  sec-
tion, that  played a crucial role in this different flotation
performance could be easily speculated.  is a strongly hy-
drophobic anion, and studies have shown that the hydrogen
bond  binding  energy  between  and  water  is  positive
[39–40].  in  an  aqueous  solution  can  only  exist  in  the
cavities  of  water  molecules.  When  preparing  C12[mim]PF6

solution with water as a solvent, stable solution could only be
achieved by heating and stirring and only exists at low con-
centrations [29]. This low solubility still exists because of the
slight  hydrophilicity  of  the  cationic  head  group.  However,
when  preparing  a  C12[mim]PF6 solution  using  EtOH as  the
solvent  and adding it  to  the flotation pulp,  EtOH aggregate
near ,  connecting  one  end  to  and  the  other  end  to
water molecules, thereby integrating  into the hydrogen
bond network  of  water  molecules [41].  Combined with  the
flotation tests phenomenon, when  was adsorbed near the
bubble surface by the electrostatic  force with the imidazole
IL cation, EtOH around  would integrate into the bubble
surface, causing local abnormal aggregation of EtOH at the
bubble surface, leading to a decrease in surface tension in this
area and producing a surface tension gradient. The direction
of the force generated by this surface tension gradient is ex-
actly opposite to the tension gradient caused by EtOH when it
enhanced  the  froth.  Therefore,  the  surface  tension  of  the
bubble was unbalanced, the liquid film became thinner, and
the  froth  broke.  This  process  is  shown on  the  right  side  of
Fig. 5.
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Fig. 5.    Diagram of ethanol affecting flotation bubbles.
 

According  to  the  flotation  fundamental [37],  various
factors such as dehydration of the froth layer, bubble coales-
cence,  reduction of  the  gas–liquid  interface,  and turbulence
caused by bubble wall rupture can cause mineral particles ad-
hered to  the gas–liquid interface to  compete for  attachment
on the bubble surface based on their adhesion strength. This
phenomenon is the secondary enrichment effect.

PF−6

In the mixed ore flotation, the surface tension gradient ef-
fect of EtOH enhanced the stability of the froth, whereas the
aggregation  of  EtOH on  the  bubble  surface  driven  by 
reduced the  stability  of  the  froths,  causing them to  become
brittle and rupture. These two processes accelerated the cyc-
lic  process of  the “generation and breaking” dynamic equi-
librium of flotation frothing. This phenomenon was signific-
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antly beneficial  for  the occurrence of the secondary enrich-
ment  effect.  As  two  kinds  of  minerals  with  similar  hydro-
philicity and negative surface potential, hematite has a high-
er surface potential than quartz, making it less floatable than
quartz  when  using  cationic  collectors [42].  Therefore,  after
the secondary enrichment effect was strengthened by EtOH,
C12[mim]PF6 was used as a collector in the mixed ore flota-
tion test without using any inhibitor to achieve good mixed
ore separation results.

PF−6

In addition, as the concentration of EtOH in the flotation
pulp increased, the EtOH distribution in the pulp tended to be
homogeneous.  The  EtOH  concentration  on  the  bubble  sur-
face stabilized. Although the dynamic surface tension effect
was weakened and the promoting effect of EtOH on bubble
stabilization was reduced, the bubble annexation was still less
than that  without  EtOH. When the EtOH concentration ex-
ceeded 3% and 4%, the froth height decreased, which indic-
ated  an  increase  in  bubble  mergers.  This  concentration  is
consistent  with  some  research  results  on  the  behavior  of
bubbles in the bubble column of ethanol-water solutions [32].
The froth height reached a maximum of 4% for C12[mim]PF6

and 3% for C12[mim]Cl. This difference may be due to EtOH
aggregated around , resulting in a decrease in the amount
of  EtOH  involved  in  the  formation  of  the  surface  tension
gradient, and more EtOH was needed to maximize the froth
height  of  C12[mim]PF6.  Nonetheless,  more  evidence  is
needed to make a definite conclusion regarding this detail.

PF−6

PF−6

This dynamic surface tension effect depended on the dis-
turbance of the pulp and had little effect on the static foam
after  aeration  was  stopped.  However,  the  anomalous  accu-
mulation of EtOH on the bubble surface caused by  and
the resulting bubble rupture process were not influenced by
the pulp being stationary or disturbed. As shown in Fig. 4, the
defoaming time of static bubbles of C12[mim]PF6 rapidly de-
creased at an EtOH concentration of 1%. This corresponded
to the weak collecting capacity of C12[mim]PF6 in Fig. 3(a) at
the same concentration and the consistently lower quartz re-
covery of C12[mim]PF6 than C12[mim]Cl at an EtOH concen-
tration  of  2%  in Fig.  3(b).  As  the  EtOH  concentration  in-
creased to 3%–4%, EtOH gradually became homogeneous in
the pulp, and the effect of bubbles became brittle caused by

 weakened.  In Fig.  4,  the  defoaming  time  slightly  in-
creased  for  the  static  foam,  corresponding  to  a  partial  im-
provement in the quartz recovery of C12[mim]PF6 in Fig. 3(a)
at EtOH concentration of 3%.

As the EtOH concentration increased to 5%–6%, the de-
foaming time for C12[mim]PF6 decreased again. At the same
time,  for  C12[mim]Cl,  as  the  EtOH concentration  increased
from 2%, the defoaming time shortened, and the stability of
its  static  bubbles  worsened.  The  quartz  recovery  of
C12[mim]Cl  (EtOH)  in  the  high  concentration  range  of  the
pure quartz tests in Fig. 1 was lower than that of C12[mim]Cl
(H2O). This phenomenon was speculated to be due to the ex-
cessive solvation of the IL cations in the solution caused by
EtOH. Further discussion on this topic will be conducted in
the following section. 

3.3. Solvation

During  flotation,  the  ILs  served  both  as  collectors  and
frothers.  The  frothing  process  of  ILs  as  a  frother  and  the
modification of ore surface properties as collectors depend on
the adsorption of cationic moieties on the froth or ore surface
[43]. Electrostatic repulsion between the cationic head groups
decreases  the  adsorption  density  and  efficiency.  Stable
bubbles  or  complete  alteration  of  the  surface  properties  of
minerals can only be achieved through the formation of se-
mimicelle  adsorption,  where  the  cationic  groups  are  ad-
sorbed in clusters on the surface of minerals or bubbles [29].
The formation of semimicelle adsorption depends on the bal-
ance between two effects: electrostatic repulsion between the
cationic  head  groups  and  hydrophobic  interaction  between
the alkyl chains that induce attraction. Electrostatic repulsion
weakens  aggregation,  whereas  hydrophobic  interaction
strengthens the tendency to aggregate.

PF−6The Cl− or  anions can approach the cation under the
action of electrostatic force to form ion pairs, which weaken
the electrostatic repulsion, promote the formation of semimi-
celles, and enhance the adsorption of ILs on mineral or foam
surfaces. Our previous research has analyzed this phenomen-
on [29]. The addition of EtOH affected the hydrophobic in-
teraction  between  alkyl  chains.  EtOH  can  act  as  a  bridge
between alkyl chains and solvent water to enhance the solva-
tion of alkyl chains, promote the alkyl chain of the IL cation
to join the hydrogen bond network of water, and reduce the
system’s energy. The hydrophobic interaction between alkyl
chains is then reduced, resulting in a decrease in the self-as-
sembly  ability  of  the  IL  and  a  decrease  in  the  adsorption
density of IL cations on mineral or bubble surfaces.

Studies have analyzed the influence of EtOH on the self-
assembly  ability  of  ILs  in  water [44–46].  The  addition  of
EtOH  increases  the  critical  micelle  concentration  of  ILs  in
water  through “promoting solvation” and reduces  the  num-
ber  of  aggregates.  As  a “colloid  aggregation  phenomenon”
that occurs in the ore or bubble surface, semimicelle adsorp-
tion is also affected by this process, but it occurs at a much
lower concentration than critical micellization concentration
(CMC).

PF−6
PF−6

PF−6 PF−6

PF−6

In  the  foam  analysis  section,  the  aggregation  of  EtOH
around  was due to the hydrogen bond energy between

 and water being positive [39], which represents the ab-
solute hydrophobicity of .  is  often encapsulated in
“holes” formed by ordered water molecules in pure water and
easily bound to the carbon chain cation through an entropy-
driven process. This is also why it has good collecting capa-
city and foam ability in water solvents [29]. The addition of
EtOH also has a solvation effect on , so C12[mim]PF6 is
influenced by the “dual” solvation effect of EtOH on the an-
ion  and  cation.  However,  the  anion  Cl− of  C12[mim]Cl  has
better water solubility, so it can be roughly assumed that only
the cation is affected by the EtOH solvation. This process is
briefly described in Fig. 6.

Based  on  the  above  analysis,  with  the  increase  in  EtOH
concentration  in  the  pulp,  the “solvation  effect” gradually
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PF−6

strengthens,  leading  to  a  decrease  in  the  adsorption  of  the
cations of both ILs on the bubble surface and an acceleration
in the froth merging.  However,  in  the case of  C12[mim]PF6

froth,  this  process  interfered with low EtOH concentrations
due to the influence of .  When the collector  concentra-
tion was increased synchronously with the EtOH concentra-
tion in Fig. 1, the increase in collecting capacity due to con-
centration  weakened  the  solvent  effect  caused  by  EtOH.
Nevertheless, the t-test in Table 3 confirmed that the quartz
recovery of C12[mim]Cl (EtOH) remained lower than that of
C12[mim]Cl  (H2O)  in  the  high  concentration  range.  In
Fig.  3(a),  as  the  concentration  of  EtOH  continuously  in-
creased while the IL concentration remained unchanged, the
quartz  recovery  would  continuously  decrease.  This  was
caused by “foam viscosity decay” and “collection ability de-
cay,” both attributed to the influence of EtOH.

This weakening of the collecting capacity does not always
have  a  negative  impact.  For  example,  in  the  previous  re-
search [29], the selectivity of C12[mim]PF6 is poor due to its
excessive  collecting  power.  After  adding  EtOH,  its  collect-
ing  capacity  is  appropriately  reduced,  and  a  better  concen-
trate  grade  and  concentrate  recovery  rate  can  be  achieved
without a collector through the influence on the froth.

Compared with “foam viscosity decay,” “collector capab-
ility  decay” is  more  easily  validated  through  adsorption-re-
lated characterization tests. Therefore, FTIR, XPS, and Zeta
potential analyses were performed on quartz treated with ILs
(EtOH) to confirm that EtOH reduced the adsorption of ILs
on the surface of quartz. 

3.3.1. FT-IR results
The IR spectra of pure quartz and quartz treated with both

ILs are shown in Fig. 7. In contrast to pure quartz, the new
peaks around 2900 cm−1 were characteristic peaks of –CH2–

and –CH3,  which  were  the  absorption  peaks  of  the  carbon
chain  of  ILs,  indicating  the  adsorption  of  imidazolium  ILs
on the ore surface. According to the observations of the en-
larged  part,  after  the  ILs  were  adsorbed  on  the  quartz  sur-
face,  the  carbon  chains  of  the  alkyl  chains  of  the  collec-
tor molecules were affected by the van der Waals force and
approached each other, resulting in intermolecular forces. As
a  result,  the  stretching  vibration  of  the –CH2– peak
weakened, and the wave number decreased. Thus, more ad-
sorption  led  to  denser  alkyl  chains,  so  the  van  der  Waals
forces  between the  carbon chains  became stronger,  and the
stretching vibrations of the methylene peaks weakened. The
change in the wavenumber of the methylene absorption peak
indicates  the  degree  of  quartz  adsorption.  The  surface
methylene  groups  of  quartz  treated  with  C12[mim]Cl  and
C12[mim]PF6 in  EtOH  solvent  shifted  to  the  higher
wavenumber  direction.  This  phenomenon  indicates  that  the
adsorption of both ILs on the quartz surface decreases in the
presence of EtOH.
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Fig. 7.    FT-IR spectra of the IL-treated quartz.
  
3.3.2. XPS analysis

The  quartz  ore  samples  prepared  and  processed  in  the
same way as FT-IR were analyzed through XPS, and the cor-
responding spectrum was obtained. The peak spectrum of N
1s is listed in Fig. 8.

The N peak in the XPS spectrum at the quartz surface rose
entirely from the adsorption of nitrogen-containing ILs. The
more IL molecules were adsorbed, the larger the relative peak
area of N 1s. Observing the peak spectrum of N 1s in Fig. 8,
compared  with  the  N  1s  peak  under  the  aqueous  solution
condition, the two ILs under the ethanol solvent condition ex-
hibited a hardly noticeable N 1s peak. This illustrates the de-
crease in IL adsorption on the quartz surface under ethanol
conditions.

Table 4 lists the peak area ratios of N and Si in the XPS
peak spectra, and the N/Si atomic concentration ratio can be
viewed as an intuitive expression of the degree of IL adsorp-
tion on the quartz surface. Both collectors had higher N/Si ra-
tios in the water solvent condition, indicating that more ILs
(H2O) were adsorbed on the ore surface. The peak positions
of N 1s showed that the N 1s binding energies of the two ILs
(EtOH) were lower than those in the water solvent. After the
addition  of  EtOH,  the  solvation  effect  takes  place,  the  ad-
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sorbed  ILs  on  the  quartz  surface  are “screened,” and  the
weakly adsorbed ILs are detached. Only ILs under the action
of  super-strong  electrostatic  force  are  partially  adsorbed  to
the quartz surface, so ILs adsorbed on the quartz surface have
the characteristics of high electron density in the outer layer,
and the shielding effect is strengthened. Under the push elec-
tron effect, the electron combination of N 1s can be lower. 

3.3.3. Zeta potential results
During the Zeta potential test, the EtOH concentration was

maintained at 5%, and the IL concentration was adjusted for
testing. The results are shown in Fig. 9. In the range of low
collector  concentrations,  the  surface  Zeta  potential  of  IL
(EtOH)-treated quartz was already lower. With an increase in
the concentration of ILs, the Zeta potential of the quartz sur-
face  changed  rapidly.  EtOH  significantly  slowed  down  the
speed of this potential change, requiring a higher concentra-
tion of ILs to shift the quartz surface potential from negative
to positive. As the concentration of ILs continued to increase,
the  effect  of  EtOH  weakened.  The  concentration  of

C12[mim]PF6 (EtOH) required to change the Zeta potential of
the quartz surface from negative to positive was lower than
that of C12[mim]Cl (EtOH), which indicates that the collec-
tion property of C12[mim]PF6 (EtOH) was still stronger than
that of C12[mim]Cl (EtOH). However, the low concentration
of C12[mim]PF6 (EtOH) was poor in the pure mineral flota-
tion  test,  which  further  explained  that  the  relatively  stable
bubbles of C12[mim]Cl had a greater impact on the flotation
test results. 

4. Conclusions

This study found that the flotation results of two ILs with
similar  structures  are  quite  different  under  the  influence  of
EtOH and attempted to explain the reason through foam and
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Table 4.    N/Si peak area ratios in the XPS analysis

Solvent IL Collectors N/Si peak area
ratio (N × 100/Si) N

H2O
C12[mim]Cl 7.12 399.7
C12[mim]PF6 13.09 398.6

EtOH
C12[mim]Cl 1.92 398.08
C12[mim]PF6 4.22 398.28
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solvation analyses. The beneficial and unfavorable effects of
the addition of EtOH on the flotation with ILs as collectors
are discussed, providing possibilities for the reagent regime
of imidazolium ILs used as collectors for flotation.

In general, an appropriate concentration of EtOH can re-
duce bubble merger and enhance foam stability in the flota-
tion  for  hydrophilic  IL  collectors.  This  effect  is  most  pro-
nounced  when  the  EtOH  concentration  is  3%–4%.  This  is
caused by the dynamic surface tension gradient effect result-
ing from the dynamic desorption of  EtOH from the bubble
surface during pulp disturbance.

PF−6

For hydrophobic ILs, EtOH can expedite the “generation
and  breaking” cyclic  process  of  flotation  frothing,  promote
the occurrence of secondary enrichment, and improve its se-
lectivity  without  any  inhibitor.  The  abnormal  accumulation
of  driven EtOH on the flotation froth surface is the reas-
on for this phenomenon.

Moreover, EtOH can reduce the froth viscosity after it is
scraped out, thereby reducing the defoaming time. The solva-
tion effect of EtOH on the ILs causes such a reduction. In as-
sociation with the reduced bubble merger effect during aera-
tion, the benefit of enhancing the frothing in pulp and quickly
defoaming the scraped foam can be achieved.

The disadvantage caused by this solvation is that the ad-
sorption capacity of  ILs on the ore surface and bubble sur-
face weakens, resulting in less adsorption of ILs (EtOH) on
the ore surface, as observed in FT-IR, XPS, and Zeta poten-
tial  analyses.  However,  this  solvation  and  the  benefit  of
EtOH  in  the  flotation  froth  did  not  occur  within  the  same
concentration  range.  In  actual  production,  using  even  16%
EtOH  in  the  pulp,  as  in  the  flotation  tests,  is  impractical.
Therefore, an appropriate concentration of EtOH can effect-
ively regulate the flotation of hydrophilic and hydrophobic IL
collectors. 
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