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ISSN: 2582-3353 Abstract: In this paper, a review of published articles related to nanoparticles applications in mineral flotation has 

been presented. Nanoparticles have found numerous applications in mineral flotation such as collector, depressant, 
froth stabilizer as well as modifier. It is evident that nanoparticles can successfully enhance or fully replace novel 
synthetic chemical surfactants currently in use as additives in flotation of valuable minerals. Nanoparticles that are 
sufficiently hydrophilic or hydrophobic and colloidally stable in high ionic strength with varying pH solutions are 
capable of promoting flotation performance. Factors influencing nanoparticles deposition on mineral particles, such as 
nanoparticle dosage, type, size and conditioning time have significant influence on flotation performance. Mechanisms 
and key parameters like nanoparticles hydrophobicity, selectivity and nanoparticle-bubble interactions along with the 
challenges in nanoparticles induced flotation have also been highlighted and discussed. Overall, this review has shown 
great advances in nanoparticle applications in minerals flotation processes. 
 

Keywords: Nanoparticles; Flotation; Hydrophobic; Collector; Froth stability 

 
 

 

 

 

 

Publication details 

Received: 26th October 2020 

Revised:    23rd December 2020 

Accepted: 23rd December 2020 

Published: 09th January 2021 

 

1. Introduction 

Froth flotation is a very important method for separation of mineral 

particles based on the differences in their ability to attach air bubbles 

in a slurry.
[1]

 Flotation efficiency is determined by the collision 

efficiency, attachment efficiency and stability of the bubble-particle 

aggregate efficiency.
[2]

 Therefore, the science of froth flotation can 

be defined as a sequence of events: 1) Surface modification of 

minerals by collectors; 2) Collision between the bubbles and the 

hydrophobic valuable minerals; 3) Adherence of the required mineral 

to the bubble and; 4) Transport to the surface of the bubble-particle 

aggregates to join the froth layer.
[3]

 

Moreover, three closely associated components are usually 

investigated in any flotation system to improve the separation 

efficiency with respect to the recovery and the grade of the final 

concentrate: chemical (reagents and pH), mechanical (e.g. cell 

design), and operational (e.g. temperature, pulp density). Among all 

the factors listed above, more attention has been paid to chemical 

reagents.
[4-6]

 To facilitate the flotation of desired minerals and to 

reduce the recovery of the undesirable minerals, the use of chemical 

reagents is important. The most common additives used for flotation 

include collectors, depressants, frothers and modifiers. Collectors are 

needed to increase the hydrophobicity at the surface of the valuable 

mineral and allow a selective separation.
[7]

 The collectors most 

widely used in froth flotation include alkyl dithiocarbonates 

(xanthates), dixanthogens, xanthogen formates, thionocarbamates, 

alkyl dithiocarbamates, and dithiophosphates.
[8]

 Frothers are non-

ionic chemical additives, which are added to the flotation cell to form 

and enhance the froth phase by reducing the interfacial tension at 

the water-air interface, allowing the bubbles to agglomerate and 

become stable in the flotation buffer. Poly-propylene glycol 

derivatives, such as Unifroth series and methyl isobutyl carbinol are 

the most common frothers used in sulfide mineral processing.
[9]

 Also, 

depressants allow separating the gangue from wanted minerals by 

depositing onto the most hydrophilic materials. Typically used 

depressants are polysaccharides such as sodium carboxymethyl 

cellulose or starch.
[10]

  

The continued use of these reagents in general and xanthates in 

particular has caused growing environmental issues, as 

carbon disulfide is easily released from decomposition of xanthate 

and the discharge of excess xanthate is a potential threat to the 

environment, both humans and aquatic life.
[11-14]

 Consequently, 

engineers and scholars have embarked on a quest for sustainable 

replacement of these synthetic chemical additives.
[15,16] 

Therefore, new technologies are required to enhance froth 

flotation in mineral processing. With recent advancements in 

materials science and nanotechnology, nanoparticles (NPs) have 

been used to induce superhydrophobicity and highly hydrophilicity
[17]

 

as demonstrated in   Fig. 1. NPs have significant potential as new 

candidates for generating new types of flotation reagents
[18]

 with 

unique performance for wettability design and control.
[19,20] 
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For example, unlike chemical collectors, partial covering of glass 

surface with cationic polystyrene NPs up to 10% reduced the surface 

tension to a favorable level of hydrophobicity for flotation, and it was 

found that the hydrophobic NPs adsorbing onto solid surface gave a 

high contact angle.
[21]

 Also, the presence of NPs can enhance the 

surface activity and surface adsorption of the surfactants through 

electrostatic forces or formation of nanostructures.
[22]

 

This article reviews novel applications of several organic and 

inorganic NPs as froth flotation additives. The use of NPs as 

collectors, depressants and froth stabilizers as well as modifiers have 

been extensively discussed to address challenges and future outlook 

of NP reagents in minerals flotation.  

 

2. Nanoparticles in Froth Floatation 

2.1. Nanoparticles as Collectors 

Xanthates are the most commonly used collectors for recovering Cu, 

Ni, and Zn from sulphide ores. However, xanthates are fossil-based 

and toxic to the environment. Also, though xanthates are typically 

successful collectors, when they are associated with complex 

sulphide ores, they sometimes have poor selectivity between various 

sulfide minerals.
[23]

 In recent years, several types of collectors 

including NPs have been used and evaluated as flotation collectors. 

To qualify as NP flotation collector, NPs should be hydrophobic 

enough and colloidally stable in high ionic strength solutions suitable 

for commercial flotation.
[24]

 Yang et al.,
[21]

 reported for the first time 

describing this new technology where hydrophobic NPs adsorbed 

onto much larger, hydrophilic mineral particle surfaces which 

facilitated the attachment to air bubbles in flotation. 46 nm cationic 

polystyrene NPs adsorbed onto glass beads (43 μm), acting as a 

mineral model, enabled almost complete removal of the beads. 

Interestingly, as little as 5% coverage of the bead surfaces with NPs 

promoted high flotation efficiencies. 

The hydrophobic polystyrene NPs as collectors for pentlandite 

flotation were evaluated in another research by Yang et al.,
[25]

  

Polystyrene NPs with imidazole groups were found to precisely 

bind nickel ions and facilitated the flotation of pentlandite. The NPs 

were considerably more able to facilitate the attachment of air  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

bubbles and more significantly, the attachment was greater for softer 

NPs. The contact region diameters were determined to be higher in 

soft particles than in harder Polystyrene NPs.
[24]

 These observations 

led to the hypothesis that weakly adhering NPs can be dislodged 

from the glass bead surfaces during flotation, leaving footprints.
[26]

 It 

was therefore shown that high NP/glass bead adhesion can minimize 

NP removal by bead/bead collisions during mixing and flotation.
[27]

 

Also, these polystyrene NPs were measured as a function of NPs 

diameter,
[28]

 and in all cases, smaller NPs were more effective 

flotation collectors, even when compared at constant NPs 

concentration. In cases where NP deposition kinetics was the rate-

determining, it was understood that the smaller particles deposited 

more quickly resulting in effective flotation. As the mean distance 

between neighbouring NP surfaces decreases with particle diameter, 

larger and harder polystyrene NPs flotation collectors were shown to 

be ineffective.
[11]

  

It was further reported that the ability of these polystyrene NPs 

to facilitate the froth flotation of glass beads correlated well to the 

hydrophobicity of the NPs. The minimum NP water contact angle 

that gave high flotation recovery was in the range of 51° < θnpmin ≤ 

85°.
[21]

 Finally, based on the accumulated evidence, effective 

polystyrene NP flotation collectors are likely to be ∼50 nm in 

diameter, with a soft hydrophobic polymer shell and with surface 

functional group densities in the order of magnitude of 0.1 nm
−2

.
[29]

  

Hydrophobic polystyrene NPs as a collector for coal flotation was 

as well investigated.
[30]

 The polystyrene NPs were used to achieve 

clean concentrate from floating high ash coal fines. The NPs 

improved the combustible recovery substantially while retaining the 

concentrate ash content at a low level. Although clean concentrates 

were collected, the coagulation of the NPs provided a high dose of 

NPs. This indicates that it is necessary for practical applications to 

increase NP colloidal stability and enhance NP deposition selectivity. 

Tetrahydrofurfuryl-functional polystyrene NP collector in low-rank 

coal flotation was studied in a similar paper by An et al.,
[31]

 

Comparatively, tetrahydrofurfuryl-functional polystyrene NPs gave a 

higher recovery than polystyrene NPs and diesel oil, with the smaller 

sized tetrahydrofurfuryl-functional polystyrene NPs being more 

effective flotation collectors. 

 

 
Fig. 1. Illustrates the influence of NP hydrophobicity on the 

ability to facilitate air bubble attachment.  

 

 
Fig. 2. SEM image of talc NPs in different size (white color) on the 

quartz mineral surface (quartz size; -250, +38, dark color in the 

background)
[35] 
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In another study, spherical and anionic polystyrene NPs with 

thiazole groups were used as collector to selectively enhance 

microfine chalcopyrite recovery in flotation. The findings of flotation 

testing revealed the proper collector for the flotation of chalcopyrite 

was polystyrene NPs. Especially, in neutral and acidic media, the 

recovery of chalcopyrite exceeded 95%.
[32]

 Hajati et al.,
[33]

 introduced 

natural hydrophobic talc NPs (Fig. 2) as a collector in quartz flotation. 

The talc NPs size and flotation time influenced the dosage 

requirement of the collector. The quartz particle size reduction 

improved the flotation recovery and talc size reduction from 567 nm 

to 235 nm also decreased the amount of required talc from 45 to 1.7 

kg/t within 30 min of the flotation time, and achieved a recovery of 

more than 90%. This observation is also well supported by a recent 

study that reports that the flotability of malachite increased as the 

size of talc NPs, used as a collector decreased.
[34]

 The smaller talc NPs 

deposited more on the surface of malachite, which altered the extent 

of the hydrophobicity that induces interactions with bubbles.
[34]

 The 

dosage of NPs also affects flotation recovery as there was an 

effective actual recovery (30%) in quartz showed in Figure 4 when 8 

kg/t talc NPs were used in comparison with no talc NPs application. 

The recovery also increased from 41% to 56% after 30 min by 

increasing the talc NPs dosages from 2 to 8 kg/t at a -250 +38 μm 

quartz size.
[35]

 As a hematite flotation collector, Ranjbar et al.,
[36]

 

synthesized SiO2-TiO2 hydrophobic nano-composite, which showed 

improved recovery and selectivity of hematite. 

In a recent study, γ-Al2O3, α-Fe2O3, SiO2, and TiO2 NPs have been 

reported to enhance the flotation performance through response 

surface methodology (RSM) optimization technique.
[37]

 The findings 

obtained from RSM showed that pH of 12 and the NP dosage of 6 

kg/t, through α-Fe2O3 and α-Al2O3-NP, gave the maximum 

percentage for Cu recovery and grade. The application of α-Al2O3 and 

α-Fe2O3 in particular improved Cu recovery substantially by 8-10% 

and grade by 3-6%. 

Improved coal flotation recovery was also observed when SiO2 

NPs were used in a flotation process as a collector.
[38]

 The flotation 

recovery of coal with SiO2 NPs was significantly higher than with the 

absence of SiO2 NPs. Also, strong selectivity as a flotation collector 

shown by lignin NPs towards Cu (Chalcopyrite), with total recoveries 

in Cu-Ni ore during rougher flotation tests exceeded 80%. Lignin NPs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

minimized xanthate usage by 50% when floating in Zn-Pb-Cu ore. 

Moreover, the lignin NPs outperformed xanthates alone, with total 

recoveries of 91%, 85%, and 98%, respectively, for Cu, Pb, and Zn.
[16]

 

It is reported
[39,40]

 that amphiphilic nanocrystalline celluloses 

promoted the recovery serving as a collector for hematite and quartz 

flotation. The nanocelluloses were shown to work at the same 

degree at least as an ether amine collector for quartz. In another 

study, carboxyl-functionalized carbon black NPs acted as collectors in 

a hydrodynamically simplified Hallimond tube.
[41]

 The black carbon 

NPs influenced malachite flotation greatly, with an increase in 

malachite floatability even at low concentrations of carbon black 

NPs. However, at a high carbon black NP concentration (over 2 kg/t), 

malachite floatability decreased sharply. It was reported that bulk 

carbon black NPs aggregation decreased the kinetic rate of 

interaction between the bubbles and malachite. 

The capabilities of Fe/Ca/CaO NPs coating and microbubble-

integrated froth flotation process for recovery of precious metals was 

documented.
[42]

 The precious metals recovery rate in the 

flotation process was around 83-89% with Fe/Ca/CaO NP addition. 

Moreover, the impacts on flotation recovery were studied for various 

concentrations of Polystyrene/Dodecyl Trimethylammonium 

bromide latex NP and the immersion time of mineral surfaces. 20-30 

min time of immersion was adequate to complete the 

surface coverage and to ensure the maximum recovery of 

the flotation process.
[43]

 In another work, hexyl amine cellulose 

nanocrystals were studied regarding its effect on flotation operations 

under a turbulent system as a sustainable and environmentally safe 

reagent for quartz flotation. Increased cellulose nanocrystals 

concentrations (i.e. concentrations of 0.667 mgHAC/m
2

QRZ) produced 

sufficiently hydrophobic quartz.
[44]

 In a similar research, a safe green 

renewable reagent, butyl-amine nanocrystals were synthesized from 

hardwood kraft pulp, for selective flotation of chalcopyrite and 

sphalerite. In the analysis, butyl-amine nanocrystals were found to be 

selective for chalcopyrite, i.e. a collector for this mineral rather than 

sphalerite when chalcopyrite was mixed with sphalerite.  This study 

provided a positive performance of new nanocrystals-based collector 

than that of industrial flotation reagents.
[23,45] 

 

 

 
Fig. 3. Malachite floatability as a function of the median diameter 

of talc NPs (TN (1-4) ranging from 178 to 1462 nm in size). The 

flotation tests were performed with 1500 g/t talc NPs 

concentration at pH 6. 

 

 
Fig. 4. Flotation recovery of quartz size -250+38 μm at various 

dosage of talc NPs versus flotation time at pH 1.5. (Reproduced 

from
[35]

) 
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Overall, the development of NP flotation collectors
[24]

 has been 

designed and applied in higher throughput screening techniques. 

Automatic screening for the critical concentration of coagulation and 

contact angle have proven successful in obtaining flotation domain 

maps in identifying the most promising froth flotation NP collectors.  

The road to commercially applicable NP flotation collectors leads to 

an improvement in colloidal NP stability alongside impartation of 

hydrophobic effects.
[25]

 

 

2.2. Depressing Activities of Nanoparticles 

Highly hydrophilic NPs have yielded good results as depressants in 

flotation processes. In order to increase the recovery of 

phosphorous-bearing minerals, new in-house produced hybrid 

polyacrylamide-grafted NPs were used to selectively depress silicates 

from plant tailings by the flotation process.
[46]

 Sodium oleate and 

methyl isobutyl carbinol (MIBC) were used as a collector and frother, 

respectively. The findings revealed that in the first 4 min and without 

the need of a pH modifier, P2O5 content in the plant tailings 

was enriched from 21.6% to 28.6% at a recovery value of 80.5%. 

In another study, dicarboxylic acid nanocelluloses were used to 

efficiently depress hematite. Though the nanocelluloses were found 

to effectively depress hematite, their depressing activities on quartz 

were not very effective. According to the authors, the nanocelluloses 

were also confirmed to have functioned at least the same level as a 

hematite commercial starch depressant.
[39]

 

 

2.3. Nanoparticles as Froth Stabilizers 

In a froth flotation process, hydrophobic particles and frothers are 

essential to maintain a stable froth. In defining the quality of the 

structure of the froth, NPs have played crucial roles in several 

studies
[47-50]

 including enhanced oil recoveries.
[51-54]

 It is found that  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the flotation performance (i.e. recovery and grade) strongly depends 

on the froth stability, bubble distribution, bubble mobility, and froth 

properties.
[55,56]

 If the froth is too stable, then the detachment of 

affixed material from the froth is difficult, otherwise, the floated 

material is lost due to the bubble coalescence in the froth. Because 

of NPs distinct properties and their high surface to volume ratio, they 

are able to promote froth stability and enhance flotation 

performance.
[57]

 

Interestingly, low concentrations of NPs appeared to improve the 

foaminess of frothers in flotation columns.
[47,58]

 Hydrophobic silica 

NPs, for example, were dispersed to form very stability foams in 

water via adsorbing particulate aggregates at the surfaces of 

micrometer-bubbles
[59]

 The optical microscope image displays 

bubbles in pure water that are stabilized only by hydrophobic SiO2 

NPs (Fig. 5). Fig. 6 also shows stabilized foam with the addition of 

(<0.05 wt%) nano ash (100-200 nm) in an alpha olefin sulfonate 

surfactant.
[58]

 

In a study by Hu et al.,
[60]

 the static foam stability of two 

surfactants, cetyltrimethylammonium bromide and sodium anionic 

dodecyl sulfate, was enhanced with silica NPs (20, 100 and 500 nm). 

For both cetyltrimethylammonium bromide and sodium dodecyl 

sulfate, the order of increasing the stability of the foams was: 20 > 

100 > 500 nm and 500 > 100 > 20 nm, respectively. Sodium dodecyl 

sulfate NPs stabilized foams retained their dynamics stability. These 

observations support theoretical use of NPs in practical flotation. 

Four separate nanomaterials, namely SiO2, TiO2, Fe2O3, and Al2O3, 

were examined on a pure barite sample to determine the usefulness 

of these NPs as a froth stabilizer in mineral flotation process. The 

findings of the froth column experiments revealed that the 

coalescence of the froth bubbles or surface bursting can be greatly 

minimized with the use of the NPs, despite the rise in froth height. By 

using the NPs, the negative effect of increasing the froth height on 

froth recovery became negligible. The nano-sized Fe2O3 and Al2O3 

greatly improved the recovery of the flotation by 7-11% at the deep 

froth.
[61]

 Thus, it is important to select the right type of NPs to be 

used during flotation. Xiao,
[62] 

also reaffirmed that selecting the 

correct type of NPs can help increase dynamic froth stability and 

flotation performance for a specific ore. Froth stability and improved 

 
Fig. 5. Optical microscopy images of aqueous foams stabilized by 

silica NPs that contain 32% SiOH on their surfaces. Conditions 

and time after formation by homogenization: a) no salt, 3 wt/v% 

particles, 40 h, b) 8.5 mm NaCl, 0.86 wt/v% particles, 5 min, and 

c) 1m NaCl, 0.37 wt/v% particles, 5 min. Also shown in d) is the 

image of a planar monolayer of silica NPs (with 50% SiOH) at the 

air–water surface after compression to a surface pressure of 70 

mNm
1
. The corrugations are parallel to the trough barriers. All 

scale bars:50 mm (Reproduced from ref.
[59]

) 

 
Fig. 6. Samples of 0.03 wt % alpha olefin sulfonate foam with 

(right) and without (left) nano ash (<0.05 wt %) after addition of 

1 mL of Shell Ondina 919 to the generated foam (Reproduced 

from Eftekhari et al., 2015). 
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flotation performance was observed in the flotation of complex 

sulfide ores using Al2O3 and SiO2 NPs. With the addition of Al2O3, 

froth stability increased by about 20%. It also increased Pb grade and 

recovery by 40% and 4%, respectively. However, in this study, SiO2 

did not help in increasing the froth stability.
 

According to a study by Cilek and Uysal,
[63]

 Al2O3 NPs were the 

best, followed by Fe2O3 and SiO2 concerning froth stability and the 

flotation performance. Furthermore, the flotation recovery improved 

from 83% to 91%, and the concentrate grade also improved by the 

usage of Al2O3 NPs from 44% to 60%. The findings of the experiment 

also revealed that by using the Al2O3 NPs, the dynamic froth stability 

and maximum froth depth can be improved 1.2 to 2 folds. 

In another research by Legawiec et al.,
[64]

 SiO2 NPs (prepared 

with cationic surfactant – Cetrimonium bromide) application as foam 

modifiers successfully increased foamability. The NPs introduced into 

the foam system modified most of the parameters, especially the 

stability which is necessary for the flotation mechanism. The results 

demonstrate that there is the possibility to minimize the use of 

synthetic surfactants, which provides a more environmentally 

sustainable opportunity when NPs are implemented. SiO2 and TiO2 

NPs in foam stability of non-ionic surfactant Tween-20 was also 

investigated.
[65]

 Foam stability and Half-life of foam were assessed 

and compared with and without SiO2 and TiO2 NPs usage. Also 

examined was the combined effect of the NPs and ethanol on foam 

stability. For 3 g L
-1

 surfactant concentration: foam Half-life of 120 

min for SiO2 NPs and 78.2 min for TiO2 NPs were obtained.
[65]

 

 

2.4. Nanoparticles as Modifiers 

Modifiers typically referred to as regulators, are often used to control 

interactions between pulp collectors and individual minerals. 

Inorganic colloidal NPs were used as a replacement of caustic soda 

for the separation of bitumen from ore in flotation process. 

Kuznetsov et al.,
[66]

 stated that biwettable ores in aqueous phase 

could be stabilized by hydrophilic NPs adsorbing to fine surfaces. Fine 

solids then shift away from the interfaces between oil and water 

which reduced the volume of slime coating on liberated bitumen 

droplets. The reduction in slime coating, which is a significant 

phenomenon in froth flotation,
[67]

 therefore improved bitumen 

recovery by more than 5% during flotation of low-grade ore. In 

naphthenic and paraffinic froth processes, addition of NPs had no 

negative impact on froth quality, as well as on the separation of oil, 

water, and solids. 

Further, in the presence of Al(OH)3-polyacrylamide NPs fine coal 

particles (+38–75 μm) with 25.12 wt% of ash were floated, which 

demonstrated the NPs played a positive role in both coal recoveries 

and ash rejection. The increase in the dosage of NPs, however, 

resulted in a decrease in the coal recovery. This problem may be due 

to the hydrophobic interactions of adsorption of polymer on a coal 

surface which results in hydrophilic groups being oriented towards 

the solution and thus, the flotation efficiency decreased.
[68]

 

 

3. Nanoparticles-bubble attachment 

A bubble-particle attachment mechanism is the control step for 

effective flotation.
[69-71]

 Electrostatic attraction facilitates the natural 

deposition of NPs on glass surfaces raising the effective contact angle 

to promote the adhesion of beads to air bubbles.
[28,72]

 Stable NP-

bubble attachments occur at particle-bubble distances in the range 

of tens of micrometers (between 25 and 50 µm). This shows that NPs 

can be attached to bubbles in an uncompressive phenomena, while 

pure particles only, particularly, quartz can be attached to air bubbles 

under substantial compression.
[40,73,74]

 Interestingly, the distances for 

the successful attachment of hexyl amine cellulose nanocrystal-

coated quartz particles exceeded the range of interactions 

documented to date in literature
[75,76]

 and it implies the existence of 

structural or hydrodynamic phenomena acting between NPs and 

bubble surfaces.
[71]

 There was a major increase in the floatability of 

the quartz, where recoveries were obtained up to 90%, in the 

presence of so-called non-compressive particle-

bubble attachments.
[44]

 Additionally, the bubble-particle attachment 

time has shown to reduce as NP dosage is increased in coal 

flotation.
[38]

 

 

4. Conclusions 

Numerous applications of NPs have been reported and this review 

has shown that up to now, much progress has been seen in the 

application of NPs as efficient additives (collector, depressant, 

modifier and froth stabilizer), with smaller NPs sizes performing 

better in froth flotation systems.  

The use of NPs in minerals flotation process can lead to a 

substantial reduction of chemical reagent consumption. More so, 

suitable NPs can be identified to function both as a collector and 

froth stabilizer.  Besides, the NPs are reusable,
[77,78]

 and therefore 

would minimize operation cost.  

However, more work should be done before its real industrial 

applications, such as the techniques for generating more and 

stabilized NPs in flotation at a low cost and scalable production. 

Furthermore, the mechanisms in the NP-bubble attachment, 

selecting the right and more selective NPs for a specific ore as well as 

efficient recovery of the NPs for reuse needs to be well examined. 

 

Conflicts of Interest 

The author declares no conflict of interest. 

 

References 

1 Ata S. Phenomena in the Froth Phase of Flotation - A Review. Int. J. 
Miner. Process., 2012, 102–103, 1–12. [CrossRef] 

2 Ralston J.; Fornasiero D.; Hayes R. Bubble-Particle Attachment and 
Detachment in Flotation. Int. J. Miner. Process., 1999, 56, 133–164. 
[CrossRef] 

3 Wang G.; Nguyen A.V.; Mitra S.; Joshi J.B.; Jameson G.J.; Evans G.M. A 
Review of the Mechanisms and Models of Bubble-Particle 
Detachment in Froth Flotation. Sep. Purif. Technol., 2016, 170, 155-
172. [CrossRef] 

4 Herrera Urbina R. Recent Developments and Advances in 
Formulations and Applications of Chemical Reagents used in Froth 
Flotation. Miner. Process. Extr. Metall. Rev., 2003, 24, 139–182. 
[CrossRef] 

5 Marabini A.M.; Ciriachi M.; Plescia P.; Barbaro M. Chelating Reagents 
for Flotation. Miner. Eng., 2007, 20, 1014–1025. [CrossRef] 

https://doi.org/10.1016/j.minpro.2011.09.008
https://doi.org/10.1016/S0301-7516(98)00046-5
https://doi.org/10.1016/j.seppur.2016.06.041
https://doi.org/10.1080/08827500306898
https://doi.org/10.1016/j.mineng.2007.03.012


 

 
6 

Alex Kwasi Saim  

Chem. Sci. Eng. Res., 2021, 3(6), 1-7. 

 

 

Chemical Science & Engineering Research 

6 Liu G.; Yang X.; Zhong H. Molecular Design of Flotation Collectors: A 
Recent Progress. Adv. Colloid Interface Sci., 2017, 246, 181–195. 
[CrossRef] 

7 Wen B.; Xia W.; Sokolovic J.M. Recent Advances in Effective Collectors 
for Enhancing the Flotation of Low Rank/Oxidized Coals. Powder 
Technol., 2017, 319, 1–11. [CrossRef] 

8 Pearse M.J. An Overview of the Use of Chemical Reagents in Mineral 
Processing. Miner. Eng., 2005, 18, 139–149. [CrossRef] 

9 Khoshdast H. Flotation Frothers: Review of Their Classifications, 
Properties and Preparation. Open Miner. Process. J., 2011, 4, 25–44. 
[Link] 

10 Mu Y.; Peng Y.; Lauten R.A. The Depression of Pyrite in Selective 
Flotation by Different Reagent Systems – A Literature Review. Miner. 
Eng.  2016, 96–97, 143–156. [CrossRef] 

11 Dong X. Soft Nanoparticle Flotation Soft Nanoparticle Flotation. 
(McMaster University, 2017).  

12 Nagaraj D.R.; Farinato R.S. Evolution of Flotation Chemistry and 
Chemicals: A Century of Innovations and the Lingering Challenges. 
Miner. Eng. 2016, 96–97, 2–14. [CrossRef] 

13 Chockalingam E.; Subramanian S.; Natarajan K.A. Studies on 
Biodegradation of Organic Flotation Collectors using Bacillus 
Polymyxa.  Hydrometallurgy, 2003, 71, 249–256. [CrossRef] 

14 Shen Y. Chemical Fate Studies of Mining Reagents: Understanding the 
Decomposition Behavior under Various Conditions (Doctoral 
dissertation, Columbia University), 2016. [Link] 

15 Reyes-Bozo L.; Higueras P.; Godoy-Faúndez A.; Sobarzo F.; Sáez-
Navarrete C.; Vásquez-Bestagno J.; Herrera-Urbina R. Assessment of 
the Floatability of Chalcopyrite, Molybdenite and Pyrite using 
Biosolids and their Main Components as Collectors for Greening the 
Froth Flotation of Copper Sulphide Ores. Miner. Eng., 2014, 64, 38–43. 
[CrossRef] 

16 Hrůzová K.; Matsakas L.; Sand A.; Rova U.; Christakopoulos P. 
Organosolv Lignin Hydrophobic Micro- And Nanoparticles As A Low-
Carbon Footprint Biodegradable Flotation Collector In Mineral 
Flotation. Bioresour. Technol., 2020, 306, 123235. [CrossRef] 

17 Al-Shatty W.; Lord A.M.; Alexander S.; Barron A.R. Tunable Surface 
Properties of Aluminum Oxide Nanoparticles from Highly Hydrophobic 
to Highly Hydrophilic. ACS Omega, 2017, 2, 2507–2514. [CrossRef] 

18 Naderizand B. Studies of Inorganic Nanoparticles as Collector for 
Flotation. (Mc Master University, 2011).  

19 Mabudi A.; Noaparast M.; Gharabaghi M.; Vasquez V.R. Polystyrene 
Nanoparticles as a Flotation Collector: A Molecular Dynamics Study. J. 
Mol. Liq., 2019, 275, 554–566. [CrossRef] 

20 Peng W.; Chang L.; Li P.; Han G.; Huang Y.; Cao Y. An Overview on the 
Surfactants used in Ion Flotation. J. Mol. Liq., 2019, 286 110955. 
[CrossRef] 

21 Yang S.; Pelton R.; Raegen A.; Montgomery M.; Dalnoki-Veress K. 
Nanoparticle Flotation Collectors: Mechanisms behind a New 
Technology. Langmuir, 2011, 27, 10438–10446. [CrossRef] 

22 Esmaeilzadeh P.; Bahramian A.; Fakhroueian Z. Adsorption of Anionic, 
Cationic and Nonionic Surfactants on Carbonate Rock in Presence of 
ZrO2 Nanoparticles. Physics Procedia, 2011, 22, 63–67. [CrossRef] 

23 Lopéz R.; Jordão H.; Hartmann R.; Ämmälä A.; Carvalho M.T. Study of 
Butyl-Amine Nanocrystal Cellulose in the Flotation of Complex 
Sulphide Ores. Colloids Surf. A Physicochem. Eng. Asp., 2019, 579, 
123655. [CrossRef] 

24 Abarca C.; Yang S.; Pelton R.H. Towards High Throughput Screening of 
Nanoparticle Flotation Collectors. J. Colloid Interface Sci. (2015), 460, 
97–104. [CrossRef] 

25 Yang S.; Pelton R.; Abarca C.; Dai Z. Montgomery M.; Xu M.; Bos J.A. 
Towards Nanoparticle Flotation Collectors for Pentlandite 
Separation. Int. J. Miner. Process., 2013, 123, 137-144. [CrossRef] 

26 Dong X.; Price M.; Dai Z.; Xu M.; Pelton R. Mineral-Mineral Particle 
Collisions During Flotation Remove Adsorbed Nanoparticle Flotation 
Collectors. J. Colloid Interface Sci. (2017), 504, 178–185. [CrossRef] 

27 Dong X.; Marway H.S.; Cranston E.D.; Pelton R.H. Relating 
Nanoparticle Shape and Adhesiveness to Performance as Flotation 
Collectors. Ind. Eng. Chem. Res., 2016, 55, 9633–9638. [CrossRef] 

28 Yang S.; Pelton R.; Montgomery M.; Cui Y. Nanoparticle Flotation 
Collectors III: The Role of Nanoparticle Diameter. ACS Appl. Mater. 
Interfaces, 2012, 4, 4882–4890. [CrossRef] 

29 Abarca C.; Ali M.M.; Pelton R.H. Choosing Mineral Flotation Collectors 
from Large Nanoparticle Libraries. J. Colloid Interface Sci., 2018, 516, 
423–430. [CrossRef] 

30 An M.; Liao Y.; Gui X.; Zhao Y.; He Y.; Liu Z.; Lai Q. An Investigation of 
Coal Flotation using Nanoparticles as a Collector. Int. J. Coal Prep. 

Util., 2020, 40, 679-690. [CrossRef] 
31 An M. Liao Y.; Cao Y.; Zhao Y.; Qiu Y. Tetrahydrofurfuryl-

Functionalized Polystyrene Nanoparticles as Collectors for Low Rank 
Coal Flotation. Physicochem. Probl. Miner. Process., 2019, 55, 516–
527. [CrossRef] 

32 He G.C.; Ding J.; Huang C.H.; Kang Q. Synthesis of Nanoparticle 
Emulsion Collector HNP and its Application in Microfine Chalcopyrite 
Flotation. IOP Conference Series: Materials Science and Engineering 
2018, 292, 012029. [CrossRef] 

33 Hajati A.; Shafaei S.Z.; Noaparast M.; Farrokhpay S.; Aslani S. Novel 
Application of Talc Nanoparticles as Collector in Flotation. RSC Adv., 
2016, 6, 98096–98103. [CrossRef] 

34 Choi J.; Seo J.; Kim S.B.; Kim W. Flotation Behavior of Malachite Using 
Hydrophobic Talc Nanoparticles as Collectors. Minerals, 2020, 10, 756. 
[CrossRef] 

35 Hajati A.; Shafaei Z.; Noaparast M.; Farrokhpay S.; Aslani S. 
Investigating the Effects of Particle Size and Dosage of Talc 
Nanoparticles as a Novel Solid Collector in Quartz Flotation. Int. J. 
Min. Geo-Engineering, 2019, 53, 1–6. [CrossRef] 

36 Ranjbar M.; Taher M.A.; Sam A. Single-Step Synthesis of SiO2–TiO2 
Hydrophobic Core–Shell Nanocomposite by Hydrothermal Method. J. 
Clust. Sci., 2016, 27, 583–592. [CrossRef] 

37 Nasirimoghaddam S.; Mohebbi A.; Karimi M.; Reza Yarahmadi M. 
Assessment of pH-responsive Nanoparticles Performance on 
Laboratory Column Flotation Cell Applying a Real Ore Feed. Int. J. Min. 
Sci. Technol., 2020, 30, 197–205. [CrossRef] 

38 Lai Q.; Liao Y.; An M.; Liu Z. The Enhanced Flotation of Coal by 
Nanosilica Particles. Int. J. Coal Prep. Util., 2018, 1–13. [CrossRef] 

39 Laitinen O.; Kemppainen K.;  mm l  A.; Sirvi   .A.; Liimatainen H.; 
 iinim ki J. Use of Chemically Modified Nanocelluloses in Flotation of 
Hematite and Quartz. Ind. Eng. Chem. Res., 2014, 53, 20092–20098. 
[CrossRef] 

40 Laitinen O.; Hartmann R.; Sirviö J.A.; Liimatainen H.; Rudolph M.; 
Ämmälä A.; Illikainen M. Alkyl Aminated Nanocelluloses in Selective 
Flotation of Aluminium Oxide and Quartz. Chem. Eng. Sci., 2016, 144, 
260-266. [CrossRef] 

41 Kim H.; You J.; Gomez-Flores A.; Solongo S.K.; Hwang G.; Zhao H.; Lee 
B.C.; Choi J. Malachite Flotation Using Carbon Black Nanoparticles as 
Collectors: Negative Impact of Suspended Nanoparticle 
Aggregates. Miner. Eng., 2019, 137, 19-26. [CrossRef] 

42 Mallampati S.R.; Lee B.H.; Mitoma Y.; Simion C. Sustainable Recovery 
of Precious Metals from End-of-Life Vehicles Shredder Residue by a 
Novel Hybrid Ball-Milling and Nanoparticles Enabled Froth Flotation 
Process. J. Clean. Prod., 2018, 171, 66–75. [CrossRef] 

43 Razavizadeh B.M. Influence of Immersion Time and Cationic Latex 
Nanoparticles Concentration on Flotation Recovery. Sep. Sci. Technol., 
2019, 54, 1204–1210. [CrossRef] 

44 Hartmann R.; Serna-Guerrero R. A Study on the Electric Surface 
Potential and Hydrophobicity of Quartz Particles in the Presence of 
Hexyl Amine Cellulose Nanocrystals and Their Correlation to Flotation. 
Front. Mater., 2020, 7. [CrossRef] 

45 Krivoshapkina E.F.; Mikhaylov V.I.; Perovskiy I.A.; Torlopov M.A.; 
Ryabkov Y.I.; Krivoshapkin P.V. The Effect of Cellulose Nanocrystals 
and Ph Value on the Flotation Process for Extraction of Minerals. J. 
Sol-Gel Sci. Technol., 2019, 92, 319–326. [CrossRef] 

46 Alsafasfeh A.; Khodakarami M.; Alagha L.; Moats M.; Molatlhegi O. 
Selective Depression of Silicates in Phosphate Flotation Using 
Polyacrylamide-Grafted Nanoparticles. Miner. Eng., 2018, 127, 198–
207. [CrossRef] 

47 Bournival G.; Du Z.; Ata S.; Jameson G.J. Foaming and Gas Dispersion 
Properties of Non-Ionic Frothers in the Presence of Hydrophobized 
Submicron Particles. Int. J. Miner. Process., 2014, 133, 123–131. 
[CrossRef] 

48 Hunter T.N.; Wanless E.J.; Jameson G.J. Effect of Esterically Bonded 
Agents on the Monolayer Structure and Foamability of Nano-Silica. 
Colloids Surf. A Physicochem. Eng. Asp., 2009, 334, 181–190. 
[CrossRef] 

https://doi.org/10.1016/j.cis.2017.05.008
https://doi.org/10.1016/j.powtec.2017.06.030
https://doi.org/10.1016/j.mineng.2004.09.015
https://www.911metallurgist.com/blog/wp-content/uploads/2016/07/MIBC-Frother.pdf
https://doi.org/10.1016/j.mineng.2016.06.018
https://doi.org/10.1016/j.mineng.2016.06.019
https://doi.org/10.1016/S0304-386X(03)00163-4
https://academiccommons.columbia.edu/doi/10.7916/D8WS8T57
https://doi.org/10.1016/j.mineng.2014.04.004
https://doi.org/10.1016/j.biortech.2020.123235
https://doi.org/10.1021/acsomega.7b00279
https://doi.org/10.1016/j.molliq.2018.11.062
https://doi.org/10.1016/j.molliq.2019.110955
https://doi.org/10.1021/la2016534
https://doi.org/10.1016/j.phpro.2011.11.009
https://doi.org/10.1016/j.colsurfa.2019.123655
https://doi.org/10.1016/j.minpro.2013.05.007
https://doi.org/10.1016/j.jcis.2017.05.050
https://doi.org/10.1021/am301215h
https://doi.org/10.1016/j.jcis.2018.01.080
https://doi.org/10.1080/19392699.2017.1402767
http://dx.doi.org/10.5277/ppmp18163
https://iopscience.iop.org/article/10.1088/1757-899X/292/1/012029/pdf
https://doi.org/10.1039/C6RA19276A
https://doi.org/10.3390/min10090756
https://dx.doi.org/10.22059/ijmge.2018.245520.594705
https://doi.org/10.1007/s10876-015-0953-z
https://doi.org/10.1016/j.ijmst.2020.01.001
https://doi.org/10.1080/19392699.2018.1479261
https://doi.org/10.1021/ie503415t
https://doi.org/10.1016/j.ces.2016.01.052
https://doi.org/10.1016/j.mineng.2019.03.025
https://doi.org/10.1016/j.jclepro.2017.09.279
https://doi.org/10.1080/01496395.2018.1526193
https://doi.org/10.3389/fmats.2020.00053
https://doi.org/10.1007/s10971-019-04983-8
https://doi.org/10.1016/j.mineng.2018.08.009
https://doi.org/10.1016/j.minpro.2014.08.010
https://doi.org/10.1016/j.colsurfa.2008.10.039


 

 
7 

Alex Kwasi Saim  

Chem. Sci. Eng. Res., 2021, 3(6), 1-7. 

 

 

Chemical Science & Engineering Research 

49 Bournival G.; Ata S.; Jameson G.J. Bubble and Froth Stabilizing Agents 
in Froth Flotation. Miner. Process. Extr. Metall. Rev., 2017, 38, 366–
387. [CrossRef] 

50 AlYousef Z.A.; Almobarky M.A.; Schechter D.S. The Effect of 
Nanoparticle Aggregation on Surfactant Foam Stability. J. Colloid 

Interface Sci., 2018, 511, 365–373. [CrossRef] 
51 Wu Y.; Fang S.; Zhang K.; Zhao M.; Jiao B.; Dai C. Stability Mechanism 

of Nitrogen Foam in Porous Media with Silica Nanoparticles Modified 

by Cationic Surfactants. Langmuir, 2018, 34, 8015–8023. [CrossRef] 
52 Yang W.; Wang T.; Fan Z.; Miao Q.; Deng Z.; Zhu Y. Foams Stabilized by 

in Situ-Modified Nanoparticles and Anionic Surfactants for Enhanced 

Oil Recovery. Energy Fuels, 2017, 31, 4721-4730. [CrossRef] 
53 Hu N.; Li Y.; Yang C.; Wu Z.; Liu W. In-situ Activated Nanoparticle as an 

Efficient and Recyclable Foam Stabilizer for Enhancing Foam 

Separation of LAS. J. Hazard. Mater., 2019, 379, 120843. [CrossRef] 
54 Babamahmoudi S.; Riahi S. Application of Nano Particle for 

Enhancement of Foam Stability in the Presence of Crude Oil: 

Experimental Investigation. J. Mol. Liq., 2018, 264, 499–509. 
[CrossRef] 

55 Zanin M.; Wightman E.; Grano S.R.; Franzidis J.P. Quantifying 

Contributions to Froth Stability in Porphyry Copper Plants. Int. J. 
Miner. Process., 2009, 91, 19–27. [CrossRef] 

56 Farrokhpay S. The Significance of Froth Stability in Mineral Flotation - 

A Review. Adv. Colloid Interface Sci., 2011, 166, 1–7. [CrossRef] 
57 Ruby K.; Majumder S.K. Effect of Salt on the Stability of Microbubbles 

in the Presence of Micro-Nanoparticles: Substantial Adsorption in the 

Separation of Particles by Flotation. Ind. Eng. Chem. Res., 2019, 58, 
18881–18895. [CrossRef] 

58 Eftekhari A.A.; Krastev R.; Farajzadeh R. Foam Stabilized by Fly Ash 

Nanoparticles for Enhancing Oil Recovery. Ind. Eng. Chem. Res., 2015, 
54, 12482–12491. [CrossRef] 

59 Binks B.P.; Horozov T.S. Aqueous Foams Stabilized Solely by Silica 

Nanoparticles. Angew. Chemie Int. Ed., 2005, 44, 3722–3725. 
[CrossRef] 

60 Hu N.; Li Y.; Wu Z.; Lu K.; Huang D.; Liu W. Foams Stabilization by Silica 

Nanoparticle with Cationic and Anionic Surfactants in Column 
Flotation: Effects of Particle Size. J. Taiwan Inst. Chem. Eng., 2018, 88, 
62–69. [CrossRef] 

61 Cilek E.C.; Karaca S. Effect of Nanoparticles on Froth Stability and 
Bubble Size Distribution in Flotation. Int. J. Miner. Process., 2015, 138, 
6–14. [CrossRef] 

62 Xiao Z. Effect of Nanoparticles on Dynamic Froth Stability and 
Flotation Performance of Complex Sulfide Ore. Undergrad. Res. Conf. 
Missouri S&T, 2018. [Link] 

63 Cilek E.C.; Uysal K. Froth Stabilisation using Nanoparticles in Mineral 
Flotation. Physicochem. Probl. Miner. Process., 2018, 54, 878–889. 
[CrossRef] 

64 Legawiec K.J.; Polowczyk I. Synergic Nanoparticles-Cationic Surfactant 
Interactions For Controlling Foam Systems. Practical Aspects of 
Chemical Engineering, 2020, 216–222. [CrossRef] 

65 Ansari P.A.A.; Bathe G.A. Static Foam Stability and Nanoparticles 
Effects on Stability. Curr. Pharm. Res., 2019. [Link] 

66 Kuznetsov O.V.; Suresh R.; Agrawal D.K.; Mazyar O.A.; Feng X.; Behles 

J.A.; Khabashesku V.N. Enhancing bitumen flotation with colloidal 
nanoparticles. In OTC Brasil. Offshore Technology Conference. 
October 2015. [CrossRef] 

67 Yu Y.; Ma L.; Cao M.; Liu Q. Slime Coatings in Froth Flotation: A 
Review. Miner. Eng., 2017, 114, 26–36. [CrossRef] 

68 Khodakarami M.; Molatlhegi O.; Alagha L. Evaluation of Ash and Coal 

Response to Hybrid Polymeric Nanoparticles in Flotation Process: Data 
Analysis Using Self-Learning Neural Network. Int. J. Coal Prep. Util., 
2019, 39, 199–218. [CrossRef] 

69 Zhou Y.; Albijanic B.; Tadesse B.; Wang Y.; Yang J.; Zhu X. Surface 
Properties of Aged Coal and their Effects on Bubble–Particle 
Attachment During Flotation. Adv. Powder Technol., 2020, 31, 1490–

1499. [CrossRef] 
 
 

 

70 Zhou Y.; Albijanic B.; Tadesse B.; Wang Y.; Yang J. Investigation of 
Bubble–Particle Attachment Interaction during Flotation. Miner. Eng., 

2019, 133, 91–94. [CrossRef] 
71 Mishchuk N.A.; Koopal L.K.; Dukhin S.S. Microflotation Suppression 

and Enhancement Caused by Particle/Bubble Electrostatic Interaction. 

J. Colloid Interface Sci., 2001, 237, 208–223. [CrossRef] 
72 Zhang M.; Seddon J.R.T.; Lemay S.G. Nanoparticle–Nanobubble 

Interactions: Charge Inversion and Re-Entrant Condensation of 

Amidine Latex Nanoparticles Driven by Bulk Nanobubbles. J. Colloid 
Interface Sci., 2019, 538, 605–610. [CrossRef] 

73 Hartmann R.; Kinnunen P.; Illikainen M. Cellulose-Mineral Interactions 

Based on the DLVO Theory and their Correlation with Flotability. 
Miner. Eng., 2018, 122, 44–52. [CrossRef] 

74 Albijanic B.; Ozdemir O.; Hampton M.A.; Nguyen P.T.; Nguyen A.V.; 

Bradshaw D. Fundamental Aspects of Bubble-Particle Attachment 
Mechanism in Flotation Separation.  Miner. Eng., 2014, 65, 187–195. 
[CrossRef] 

75 Ducker W.A.; Xu Z.; Israelachvili J.N. Measurements of Hydrophobic 
and DLVO Forces in Bubble–Surface Interactions in Aqueous Solutions. 
Langmuir, 1994, 10, 3279–3289. [CrossRef] 

76 Xing Y.; Gui X.; Pan L.; Pinchasik B.E.; Cao Y.; Liu J.; Kappl M.; Butt H.J. 
Recent Experimental Advances for Understanding Bubble-Particle 
Attachment in Flotation. Adv. Colloid Interface Sci., 2017, 246, 105–

132. [CrossRef] 
77 Dickinson E.; Ettelaie R.; Kostakis T.; Murray B.S. Factors Controlling 

the Formation and Stability of Air Bubbles Stabilized by Partially 

Hydrophobic Silica Nanoparticles. Langmuir, 2004, 20, 8517–8525. 
[CrossRef] 

78 Hu N.; Liu, W.; Ding L.; Wu Z.; Yin H.; Huang D.; Li H.; Jin L.; Zheng H. 

Removal of Methylene Blue from its Aqueous Solution by Froth 
Flotation: Hydrophobic Silica Nanoparticle as a Collector. J. Nanopar. 
Res., 2017, 19, 1–13. [CrossRef] 

 

© 2021, by the authors. Licensee Ariviyal Publishing, India. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

 

https://doi.org/10.1080/08827508.2017.1323747
https://doi.org/10.1016/j.jcis.2017.09.051
https://doi.org/10.1021/acs.langmuir.8b01187
https://doi.org/10.1021/acs.energyfuels.6b03217
https://doi.org/10.1016/j.jhazmat.2019.120843
https://doi.org/10.1016/j.molliq.2018.04.093
https://doi.org/10.1016/j.minpro.2008.11.003
https://doi.org/10.1016/j.cis.2011.03.001
https://doi.org/10.1021/acs.iecr.9b03882
https://doi.org/10.1021/acs.iecr.5b03955
https://doi.org/10.1002/anie.200462470
https://doi.org/10.1016/j.jtice.2018.04.008
https://doi.org/10.1016/j.minpro.2015.03.004
https://scholarsmine.mst.edu/ugrc/2018/full-schedule/29/
http://dx.doi.org/https%3A/doi.org/10.5277/ppmp1889
https://doi.org/10.1007/978-3-030-39867-5_23
http://search.proquest.com/openview/f129bf46485001860c83fee3c3c587f2/1?pq-origsite=gscholar&cbl=1936342
https://doi.org/10.4043/26083-MS
https://doi.org/10.1016/j.mineng.2017.09.002
https://doi.org/10.1080/19392699.2017.1308927
https://doi.org/10.1016/j.apt.2020.01.029
https://doi.org/10.1016/j.mineng.2018.12.023
https://doi.org/10.1006/jcis.2000.7376
https://doi.org/10.1016/j.jcis.2018.11.110
https://doi.org/10.1016/j.mineng.2018.03.023
https://doi.org/10.1016/j.mineng.2014.06.008
https://doi.org/10.1021/la00021a061
https://doi.org/10.1016/j.cis.2017.05.019
https://doi.org/10.1021/la048913k
https://doi.org/10.1007/s11051-017-3762-5
http://creativecommons.org/licenses/by/4.0/

