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ABSTRACT: Emulsions are used widely in formulated consumer products, paints and 

coatings, foods, and pharmaceutical preparations to name just a few examples. Frequently 

surfactants are employed as emulsifiers, but the use of particles, including nanoparticles, can 

offer advantages. Naturally derived, or synthetic, particles that are biodegradable can reduce 

end-of-life environmental impact, while offering advantages such as lack of irritancy in use 

(e.g., on skin) and, in some cases, the use of particle supported Pickering emulsions may 

provide more environmentally friendly processes (e.g., biphasic catalysis mitigating use of 

solvents) or environmental cleanup solutions (e.g., oil spill dispersion). Here we review four 

classes of (nano)particles that can be employed as Pickering emulsion stabilizers: minerals, 

polysaccharides, synthetic polymers and proteins. 
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Introduction 

Since the first reports of Ramsden[1] in 1903 and Pickering[2] in 1907, describing emulsions 

solely stabilized by particles adsorbed to the oil/water interface, nanoparticles have been widely 

used as “Pickering emulsion” stabilizers.[3,4] Unlike conventional surfactant stabilized 

emulsions, nanoparticles allow the formation of stable emulsions not by decreasing surface 

tension, but by providing a physical barrier at the interface –particles may vary widely in shape, 

aspect ratio and morphology, with fibrils, spheres or globules and platelets all serving as 

“Pickering particles” (Fig. 1).  
 

 

Fig. 1 Schematic representation of surfactant stabilized and nanoparticle stabilized emulsions.   

Many inorganic particles have been reported and well-known consumer products, such as 

sunscreens, may contain nanomaterials, e.g. nanoparticulate titania,[5] which acts as an 

effective UV filter, reducing the incidence of skin cancers.[6] However, concerns about 

deleterious effects of “hard” nanoparticles have led to regulations  pertaining to their use in 

some applications, such as in cosmetic preparations.[7] The potential health risks associated 

with many so-called “hard” nanoparticles have been elucidated, and form the basis for the 
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emerging field of “nanotoxicology”.[8] Given these potential risks we will largely confine this 

discussion to naturally derived particles and potentially greener applications thereof, with a 

focus on: natural mineral, polysaccharide, biodegradable polymer, and protein nanoparticles. 
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Minerals 

The ability of natural clay particles to stabilize emulsions has been noted as an occasional 

frustrating factor in oil extraction, but can be exploited to prepare more environmentally 

friendly drilling fluids.[9] In addition to avoiding environmental release of surfactants or 

polymeric stabilizers, Pickering emulsions can be less prone to “down-well” destabilization at 

elevated temperatures. Cloisite clay nanoparticles hydrophobised with dimethyl 

dehydrogenated tallow quaternary ammonium ions (Cloisite® 20A) were shown to yield stable 

water in oil (W/O) emulsions, even at temperatures >200 °C, for lengthy periods.[10] 

Combining such natural clay particles, modified with bioderived surface treatment agents, with 

biodiesel based drilling fluids[11] could offer opportunities for mitigating environmental 

contamination during drilling operations.  

Oil spills will remain an unfortunate consequence of failure of controls during oil extraction 

for as long fossil oil is extracted. Replacing chemical surfactant dispersants with particle based 

dispersants can produce oil in water (O/W) Pickering stabilized emulsions that allow the oil 

droplets to sink into the water column where they are more effectively dispersed, while 

avoiding the secondary contamination that may result from the use of chemical dispersants.[12] 

Thus modified kaolinite[12] and halloysite clay nanotubes combined with food grade 

surfactants[13] have been reported as promising oil-in-seawater dispersants with projected low 

toxicity to marine life. These particulate dispersants, when combined with oil degrading 

bacteria, such as modified Bacillus cereus S-1[14] (also reported previously as a chitosan 

composite[15]), make effective dispersant and decontaminant formulations. 

Paper-sizing agents, applied to paper surfaces to render these more hydrophobic, offer 

enhanced opportunities for the use of paper based packaging, but, by the very nature of the 

reactive sizing agents used, these must be protected from hydrolysis, and, to allow even 

dispersion across paper surfaces in production, droplets must remain stable and not adhere to 
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each other, or coalesce. Emulsions containing paper-sizing agents, including alkyl ketene dimer 

and alkenylsuccinic anhydride, have been stabilized by monosodium glutamate modified 

laponite,[16] glutamic acid modified double layer hydroxides[17] and tetramethylammonium 

chloride, alanine, or amine modified laponite.[18–20] (Laponite is a synthetic smectic clay.) 

A final, potentially green and sustainable application of mineral nanoparticles is in catalysis. 

Biphasic reaction systems provide opportunities to reduce use of solvents, since removing the 

requirement that all reagents be in one phase widens the choice of possible solvents and allows 

the use of (oily) substrates in water-based systems. Integrating the catalyst and emulsifier can 

be particularly beneficial in reactions that occur at interfaces and catalytic amphiphilic 

nanoparticles, that combine droplet stabilization and catalytic activity, have been 

described.[21] Clearly, to maintain the requirement that these be non-harmful, non-toxic and 

non-hazardous mineral nanoparticles must be used.   

Polysaccharides 

Amongst the most common polysaccharides, cellulose, chitin and chitosan nanoparticles 

offer many advantages over synthetic nanoparticles, including biocompatibility and 

biodegradability.[22] (While it is correct that these may not be nanoparticles in the strictest 

definition, as they may have one dimension >100 nm, we use this terminology for consistency.) 

These nanoparticles are used extensively in a range of industries including in food, healthcare, 

agrichemical and water treatment applications.[23–26]  

Cellulose nanoparticles (both crystalline and fibrillar) can be sustainably produced from 

renewable resources such as waste plant biomass and wood pulp, or biosynthesised by the 

bacterium Acetobacter xylinum (Fig. 2).[27] An estimated 28.2 billion tonnes of cellulose is 

produced from biomass annually, making it the most abundant biopolymer on the planet.[28] 

Chitin, as the building block of many fungi, insect and crustacean exoskeletons, is also highly 

abundant and often available from waste sources (Fig. 2).[29]  
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Fig. 2: Renewable sources and chemical structures for cellulose, chitin and chitosan.  

 

Extracting nanofibres from wood pulp involves initial heating, bleaching, purification 

followed by further acid or enzymatic hydrolysis.[30] The formation of cellulose nanofibrils 

(CNF), 5–50 nm in diameter and several microns in length, is achieved by mechanical 

disintegration processes involving very high shear forces (Fig. 3).[31,32] Similarly to cellulose, 

chitin nanofibres are predominately produced via a ‘top-down’ approach, yielding 

nanoparticles of 10–20 nm in diameter.[29] To mitigate the high energy input required for 

mechanical disintegration to produce nanofibers, alkaline oxidation and/or enzymatic pre-

treatment are often incorporated into the production process. This can lessen the energy used 

for the production and isolation of nanofibers from 20,000-30,000 kWh/t to 1,000 kWh/t[33] 

and life cycle assessments suggest that TEMPO mediated oxidative pre-treatment of 
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microfibrillated cellulose, followed by homogenisation, had the lowest environmental impact 

of all processes studied.[33–35]. Both, cellulose and chitosan nanoparticles can be dispersed in 

water and act as physical stabilizers in Pickering emulsions, adsorbing at oil-water 

interface.[36–39] 

 

Fig. 3 Summary of methods used to produce cellulose particles. Images: a-b) adapted from 

Salas et al.[40] with permission from Elsevier, Copyright © 2018 Elsevier Ltd. Image: c) 

adapted from Lee et al.[41] with permission from the ACS, Copyright © 2012 American 

Chemical Society. 

 

Starch granules have been used to stabilize Pickering emulsions for multiple purposes 

including emulsion polymerisations[42] and, particularly, in food.[43] The literature on starch 
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stabilized emulsions is extensive and only a brief overview is given here – further details can 

be found in the many reviews on starch particle production[44,45] or particle stabilized 

emulsions for food.[46,47] Emulsification ability depends on the starch source and such 

emulsions are relatively insensitive to pH and salt addition.[48,49] Starch particles can form 

an interdroplet network leading to gel-like behaviour in the Pickering emulsions[50] and this 

effect is enhanced by heat treatment, which swells and gelatinises the particles, thus improving 

barrier properties.[51] Starch granules are also used to stabilize Pickering emulsions for 

pharmaceuticals and cosmetics and can have fewer adverse effects on the skin than surfactant 

stabilized emulsions.[52,53] Starch stabilized Pickering emulsions are largely insensitive to the 

oil used, although the oil type can impact on rheology, and, similar to Pickering emulsions 

generally, can enhance transport through the skin.[54]  

An advantage of using polysaccharide particles is that they can be readily chemically 

modified to tailor their properties and behaviour in emulsions.[27,55] These modifications can 

modulate the hydrophobicity of the nanofibril as well as surface charge, which may influence 

dispersibility allowing use in a range of products, which remain stable as the particles present 

a physical barrier hindering coalescence and Ostwald Ripening.[32] Utilising nanoparticles to 

stabilize Pickering emulsions also has the potential to replace surfactants with readily 

biodegradable particles with potentially reduced environmental impact.[56]  

 

Polymers 

Although polymer particles are commonly used as Pickering emulsion stabilizers, these are 

largely petrochemically derived, and used with no consideration of their end-of-life fate. Work 

is now starting to consider biodegradable polymer particles as stabilizers in their own right, as 

well as being used to functionalize silicas and clay particles. However, applications are largely 
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limited to speciality areas such as healthcare, and there are few reports specifically describing 

the sustainable nature of the polymers used. 

Pickering emulsions are useful alternatives to classical emulsions for topical drug delivery 

because they are surfactant-free, have improved stability, and allow the tailoring of delivery 

rates and absorption sites in the skin.[54] 

Some recent examples involving biodegradable polymers, which can be prepared from 

renewable sources, include poly(lactic acid) (PLA) and poly(caprolactone) (PCL). These 

polymers only meet the requirement for “biodegradation” under industrial composting 

conditions, hence, consideration of end-of-life fate is important.[57] PLA microspheres 

prepared by an O/W emulsion solvent evaporation method, which required use of surfactant 

and polymeric stabilizers, have been used to stabilize Pickering emulsions with soybean 

oil.[58] However, 1,2 dichloroethane was used in the microsphere production step and no 

comment was made concerning biodegradability of the particles and stabilizers. Alternatively, 

PLA-poly(ethylene glycol) (PEG) or PCL-PEG block copolymer nanoparticles have been used 

to stabilize Pickering emulsions of medium chain triglycerides in water, but biodegradability 

remains to be considered.[59] Both Pickering emulsion and excess free block copolymer 

nanoparticles combined to enhance delivery of hydrophobic compounds (Nile red, retinol) to 

the stratum corneum of skin. The copolymer particles were prepared by a nanoprecipitation 

route, from acetone, allowing for dye incorporation into micelles/particles as well as in the oil 

phase of the Pickering emulsion. 

Applications more directly related to sustainability include microgel stabilized Pickering 

emulsions for enzyme recycling and pH responsive particles derived from lignin. In the case 

of enzyme recycling, a cyclodextrin (CD)-functionalised 8-arm PEG polymer and a ferrocene 

(Fc) modified counterpart were used to form microgels via CD-Fc host-guest chemistry.[60] 

The microgels could be reversibly formed or destroyed by taking advantage of the redox 
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chemistry of ferrocene and, thus, the organic phase in the Pickering emulsion could be released 

allowing separation of hydrophobic products and lipase catalysts for enzyme recycling and 

product recovery. 

Natural polymers, such as lignins, sourced as waste products from the paper industry, form 

particles in aqueous solutions that can stabilize Pickering emulsions.[61] One recent example 

where the polymer was derived from a waste material is showcased in the work of Wei et 

al.:[62] alkaline lignin was extracted from furfural residues and, on reduction of pH, formed 

particles which could be used to reversibly stabilize Pickering emulsions. The particles were 

employed in polymerisation of styrene, forming lignin-coated polystyrene microparticles as a 

demonstration for use of lignin as a recyclable stabilizer in industrial emulsion polymerisation. 

Lignin particle stabilized Pickering emulsions have since been used by several other groups, 

e.g., Sipponen et al.[63] reported cationic lignins adsorbed on colloidal spherical lignin 

particles, which stabilized a range of oils in the pH range 2-6, outperforming irregular kraft 

lignin particles, which could not assemble as efficiently at the oil-water interface. 

Proteins  

The high nutritional value and particle-like nature of many commonly available proteins, 

combined with their ampholytic character, provide a dual advantage in the production of stable, 

biodegradable and food-grade Pickering emulsions.[64,65]  

Proteins particles provide the benefit of natural absorption at oil-water or air-water interfaces 

due to their amphiphilic nature.[66–69] In principle, this phenomenon could allow a 

noteworthy energy reduction in induction of particle adsorption at interfaces, although specific 

instances are scarce. Liu and Tang [68] showed that the increased hydrophobicity of soy 

glycinin following heating resulted in enhanced emulsification performance, as evidenced by 

the higher diffusion and efficient packing of the protein at the interface, resulting in a decreased 

droplet size.[68]  
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Proteins, compared with other particles of biological origin, offer the possibility to develop 

pH and salt responsive emulsions without further chemical treatment.[67,70,71] Recently, 

Sarker et al. produced responsive O/W emulsions stabilized by dodecahedral hollow protein 

nanocages.[71] These emulsions remained stable at pHs far from the isoelectric point of the 

protein, due to electrostatic stabilization, however, at pHs close to the isoelectric point, or at 

NaCl concentrations greater than 250 mM, flocculation and aggregation of the oil droplets 

induced breakup of the emulsion.[71]  

Effective stabilization of liquid-liquid interfaces by anisotropic particles with high aspect 

ratios, points to opportunities to use fibrillar proteins, facilely produced by heating at low 

pH.[65,66] Adsorbed fibrillar proteins, probed via interfacial shear rheology, form highly 

elastic interfaces due to the ability of fibrils to close-pack at lower concentration than spherical 

particles and the enhanced capillary forces between them.[66,74] For example, O/W emulsions 

(10 wt% oil) were stabilized by fibrillar 𝛽-lactoglobulin at concentrations as low as 0.5 wt%, 

which was sufficient to effect complete coverage of the droplet, inducing long term 

stability.[72] Protein fibrils added to emulsions may induce aggregation via a depletion 

flocculation mechanism, or stabilize emulsions at higher fibrillar concentration via a depletion 

stabilization mechanism, offering opportunities to modulate emulsion stability post 

processing.[75]  

Plant-based materials are generally considered to have better sustainability credentials than 

animal derived products and lentil,[76] chickpea,[76] lupin,[77] and soy proteins[67,68] may 

be employed as emulsifiers. The pH sensitivity of plant-based proteins allows selection of 

materials for emulsification performance in specific pH ranges,[70,76] e.g., pea protein isolate 

is effective in acidic formulations.[65,70] While these advantages are compelling, protein 

stabilizing agents can come at high cost related to extraction and purification, which remains a 

challenge.[78,79]  
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Conclusion  

The stabilization of emulsion via nanoparticles of biological origin has been proven a valid 

alternative to synthetically produced emulsion stabilizers. This, in combination with the current 

drive for sustainable alternatives and some of the applications described, provides opportunities 

for industry to switch towards greener solutions.  
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