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Abstract 

With each passing year, the agriculture and wood processing industries generate increasingly 

high tonnages of biomass waste, which instead of being burned or left to accumulate should be 

utilized more sustainably. In parallel, advances in green technology have encouraged large 

companies and nations to begin using eco-friendly materials, including eco-friendly 
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emulsifiers, which are used in various industries and in bio-based materials. The emulsion-

conducive properties of lignocellulosic materials such as cellulose, hemicellulose, and lignin, 

the building blocks of plant and wood structures, have demonstrated a particular ability to alter 

the landscape of emulsion technology. Beyond that, the further modification of their structure 

may improve emulsion stability, which often determines the performance of emulsions. 

Considering those trends, this review examines the performance of lignocellulosic materials 

after modification according to their stability, droplet size, and distribution by size, all of which 

suggest their outstanding potential as materials for emulsifying agents. 

Keywords: Lignin; Cellulose; Hemicellulose; Modification; Emulsion; Emulsifier; Stability. 
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1. Introduction 

Used extensively in diverse applications such as foods, personal care products, 

cosmetics, and medicines, emulsions are two immiscible liquids (e.g., oil and water) dispersed 

into a single liquid such that one is in the dispersed phase and the other in the continuous phase 

[1]. The two dominant emulsions with oil (O) and water (W) are O/W, with the oil droplets in 

the dispersed phase and water in the continuous phase, and W/O, with a vice-versa 

arrangement. In both types, the dispersed phase is encapsulated in the continuous phase. 

Although other types of complex emulsions exist, including water–oil–water emulsions and 

oil–water–oil emulsions, this review focuses only on O/W and W/O emulsions.  

In any emulsion, stability, also called emulsion stability, is the primary factor of 

performance, achieved by maintaining a difference between the hydrophobic and hydrophilic 

content in oil and water to provide the force needed for stability. In particular, as droplets 

aggregate, ones bound to each other create more than enough mass for gravity to influence 

stability, and the longer that those gravitational forces take to separate them, the more stable 

the emulsion [2]. Unstable emulsions occur when the dispersed phase give rise to forms of 

physical instability such as creaming, sedimentation, flocculation, and/or coalescence.  

Among the methods used to improve and maintain emulsions, emulsifiers are surface-

active agents that can reduce the attractive forces at the oil–water interface, meaning the 

boundary connecting the two phases [3,4]. As such, emulsifiers are amphiphilic molecules with 

both hydrophilic and hydrophobic properties. To function correctly, emulsifiers need to exhibit 

surface activity at the interface of the dispersed and continuous phases [5]. Good emulsifiers 

can adsorb the droplets of the dispersed phase during integration, which serves to protect them 

from interacting with other droplets and thereby halts their aggregation. Because good 

emulsifiers thus lower interfacial tension, they help to make emulsions more stable.  
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The size of droplets within emulsions plays a major role in their stability. Micro-

emulsions have nanoscale droplets (i.e., 1 to 100 nm in diameter) and are thermodynamically 

stable compared to macro-emulsions, which, in containing droplets greater than 0.1 mm in 

diameter, tend to coalesce and thus become thermodynamically unstable [6]. To overcome the 

reduction in interfacial energies in macro-emulsions, the coalescence rate can be measured as 

an indication of whether neighboring droplets are merging based on the potential energy barrier 

versus the thermal energy. According to the coalescence rate, if the energy barrier exceeds the 

thermal energy, then the emulsion is stable. Manipulating the phase inversion temperature has 

also been used to create stable macro-emulsions [7], in which the higher the phase inversion 

temperature, the more stable the macro-emulsion at ambient temperature.  

In recent years, industries have shown high demand for natural plant-based emulsifiers 

instead of animal-based or synthetic emulsifiers [8]. Such demand is also correlated with the 

introduction of policies for utilizing biomass in industries in numerous developing countries 

[9]. Generally, the term biomass refers to all agricultural waste, including from chopped tree 

trunks, discarded husks, and seeds, as well as waste generated from animals, including manure, 

shells, and decaying carcasses [10]. The primary goal of the shift to natural plant-based 

emulsifiers is to utilize the agricultural waste that accumulates with each passing year and can 

be expected to continue doing so given the food industry’s dependence on agriculture. In fact, 

agricultural waste from by-products is estimated to increase by 7–10% annually [11]. To that 

goal, modifying the structure of lignocellulosic materials (LCM) can allow tailoring emulsifiers 

to suit certain applications and has thus attracted the interest of many researchers, especially 

ones interested in utilizing LCM as nanostructures. Figure 1 illustrates the recent spike in 

published articles highlighting LCMs as emulsifiers.  

This review focuses on biomass containing LCMs (e.g., cellulose, hemicellulose, and 

lignin), all commonly found in plants, and other small amounts of extractives [12]. Along with 
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agricultural waste, waste generated from forest-based industries such as wood processing, pulp 

industries, and paper mills contributes significantly to the worldwide abundance of 

lignocellulosic biomass. For that reason, the utilization and application of bio-based materials 

have gained significant traction in the movement toward creating more sustainable, eco-

friendly products. To that same end, LCMs have been studied for years as alternative materials 

for emulsifiers, and research has shown that LCMs, primarily cellulose and lignin, are equipped 

with surface-active functional groups that benefit the oil–water interface [13]. This review 

highlights the utilization of LCMs by showcasing the techniques used to modify them and 

thereby enhance the performance of O/W and W/O emulsions in terms of their stability, droplet 

size, and size distribution. 

 

2. Emulsion stability and its mechanisms 

 At the interface in emulsions, the two phases tend to bind with their kind, and those 

natural forces hinder the droplets in the dispersed phase from separating into much smaller 

droplets and thereby separating the two phases. The accumulation of those forces separating 

the two phases is known as interfacial tension. Emulsion stability can be achieved once the 

interfacial tension is reduced, which is usually accomplished by reducing the viscosity of the 

medium or using an emulsifier. As suggested earlier, emulsifiers work by allowing droplets in 

the dispersed phase to produce smaller droplets and, in turn, preventing them from coalescing 

[5]. Given their hydrophobic and hydrophilic tendencies, emulsifiers align themselves so that 

both tendencies are embedded in their appropriate phase.  

Among the physical properties that can be monitored to study emulsion stability, 

including droplet size, size distribution, viscosity, creaming level, and stability, droplet size is 

a critical factor of emulsion quality. Due to their difference in density, the oil and water phases 

separate under the influence of gravity. Therein, the behavior of all particles follows Brownian 
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motion, which more heavily influences macro-sized droplets than nano-sized ones, thereby 

resulting in aggregation. Altogether, reducing the droplet size helps to maintain stability, for 

emulsification adheres to the equation for change in Gibbs free energy shown in Equation 1 

[6]: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆  Eq. (1) 

 

in which ΔG is the change in free energy, ΔH is the enthalpy energy, ΔS is the conformational 

entropy change, and T is the temperature. In an emulsion, TΔS thus represents the entropy that 

correlates with the dispersion of the droplets, such that the more droplets that are dispersed, the 

higher the (positive) value. Meanwhile, because ΔH embodies the energy required to expand 

the interface during emulsification and a lower ΔH value indicates more emulsion stability, a 

value of TΔS that exceeds ΔH means that emulsification is spontaneous, as exemplified in 

Figure 2a. Thus, macro-emulsions struggle to achieve stability because ΔG > 0 (i.e., ΔH > TΔS).  

 By contrast, a positive ΔG often indicates that the emulsification process is not 

spontaneous, as indicated in Figure 2b, hence the need for energy to achieve emulsion stability. 

Studies have shown that most emulsification processes use external energy input from the shear 

force of high-shear mixers [7], which helps to reduce the size of droplets. In that mechanism, 

liquid mixtures are forced into the narrow gaps between the cycling blades until they separate 

the droplets into much smaller droplets. In fact, a nano-emulsion can be achieved using an 

ultrasonic device or high-pressure homogenizer with forces equaling 10,000 PSI [9]. Even then, 

however, the smaller droplets often coalescence over time due to their thermodynamic 

instability. For that reason, shelf life is another physical property used to study the performance 

of emulsions. To that end, using emulsifiers helps tremendously to prevent coalescence by 

making the droplets mutually repulsive via static charges [14]. Achieving nano-emulsions 
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affords significant advantages because the ΔH is near zero, which results in a negative ΔG value 

and, in turn, thermodynamic stability. 

 

3. Types of emulsions 

As indicated, emulsions are labeled based on their dispersed phase. W/O emulsions 

occur when water is in the dispersed phase, whereas O/W emulsions occur when oil is in that 

phase, as shown in Figure 3. Other emulsions comprised of tiny droplets dispersed in larger 

droplets while suspended in another phase are known as complex emulsions—for example, oil–

water–oil or water–oil–water emulsions. Generally speaking, the dispersed phase is a 

suspended phase that contributes to its having a smaller percentage than the other phase. For 

example, a W/O emulsion has a small volume of water droplets scattered inside a far larger 

volume of oil. However, when both oil and water phases are equal in volume, other factors 

determine the type of emulsion, including temperature or other interfacial properties [15]. W/O 

and O/W emulsions can also be differentiated, for example, by measuring their electrical 

conductivity, in which a conductive reading indicates an O/W emulsion, whereas a non-

conductive reading indicates a W/O emulsion [16].  

Because oil and water are generally unmixable, emulsifiers can be added to help the 

two phases to mix by establishing a barrier that protects the dispersed phase from separating. 

In emulsion technology, the key in any application is emulsion stability [17], defined as the 

time taken for the two phases to separate, in which greater stability equals a longer time taken. 

Stabilization against demulsification can be accomplished by including a polar emulsifier for 

either W/O or O/W emulsions. The emulsifier adsorbs the interfacial tension between the 

phases because its concentration influences the value of interfacial tension based on the Gibbs 

isotherm, shown in Equation 2: 
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Γ =  −
1

𝑅𝑇
 

𝜕𝛾

𝜕 ln 𝐶
  Eq. (2) 

in which Γ is the excess interfacial concentration of the emulsifier (mmol/m2) measured from 

the interfacial tension, γ (mN/m), against emulsifier concentration, C. Thus, increasing the 

concentration of the emulsifier also increases the surface pressure. In that way, an emulsifier’s 

effectiveness can be determined by measuring the maximum surface pressure achieved at 

saturation, for good emulsifiers reduce the surface pressure [18].  

Using an emulsifier can promote high emulsion stability. However, stabilization versus 

Ostwald ripening required other additives. Ostwald ripening relates to the movement and 

changes in the size of small droplets, which tend to settle onto far larger droplets due to the 

curvature effect as the droplets are scattered. The solubility of the smaller droplets, as long as 

they are not negligible, is higher and thus forces the formation of larger droplets and unites the 

remaining small droplets into a bulk [19]. Thus, W/O emulsions are easier to stabilize than 

O/W emulsions, because the latter requires more than one emulsifier for stabilization [20]. 

Because any emulsifier that can achieve high stability has excellent value on the open market, 

this review discusses types of emulsifiers need to achieve high stability. 

 

3.1. W/O emulsions 

W/O emulsions involve a water phase suspended in small droplets in a larger amount 

of a continuous oil phase. Owing to the high mobility of water droplets, W/O emulsions are 

often unstable and produce sedimentation relative to the difference in density between the two 

phases and flocculation due to the grouping of the suspended phase, as shown in Figure 4a 

[21]. Because W/O emulsions are heavily used in the pharmaceutical, cosmetic, agricultural, 

food, and oil and gas industries, the need for better, stabler emulsions is at an all-time high [22–

24]. In addition, oil’s low conductivity yields mixtures with low conductivity, which precludes 

using forces other than steric force to improve the emulsions [25]. Briefly, steric stabilization 
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is the process of barrier formation around the suspended phase performed to prevent 

coalescence. Polymers with high molecular weights can provide steric force by covering the 

particles of droplets with a polymer absorption layer, thereby separating the droplets from 

cohering, as shown in Figure 4b [26].  

Because the process of emulsification has to occur before droplets begin to coalesce, 

the efficiency of emulsifiers plays a major role in adsorbing the kinetics of droplet generation 

by reducing interfacial tension and thus stabilizing the emulsion. The polar and nonpolar parts 

of emulsifiers reside in the aqueous and organic phases, respectively [27]. However, 

emulsifiers for W/O need to have a low hydrophilic–lipophilic balance (HLB), typically from 

3 to 6 [28]. In response, polyglycerol polyricinoleate (PGPR), an oligomeric, non-ionic 

compound, has been used in W/O emulsions due to its low-HLB and a long hydrophilic 

polyglycerol chain that helps to bind in water. PGPR is also edible, which makes it a suitable 

ingredient in butter, chocolate, and salad dressing in the food industry [29]. Marquez et al. have 

studied how the concentration of PGPR affects the stability of W/O emulsions by mixing it 

with sunflower oil for the continuous phase and using an aqueous phase with various 

concentrations of calcium chloride added later [25]. They observed that calcium chloride 

offered nutritional value while also interacting with the emulsifier for better stability and that 

the concentrations of both PGPR and calcium chloride increased stability. They attributed that 

dynamic to the calcium salt’s ability to reduce the size of water droplets, which improves 

resistance to coalescence. Although PGPR is an excellent emulsifier, it struggles to keep 

emulsions stable long enough for sufficient food storage.  

In another study, Garti et al. studied various emulsifiers, including PGPR, to better 

understand W/O emulsions in fat particles. After constructing α-form crystals of hydrogenated 

fat from flash-cooling in the oil phase, they added triestarin (TS) with PGPR, thereby forming 

ideal stable fluid emulsions with stability lasting approximately 6–8 weeks [29]. A higher 
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concentration of PGPR affected the size distribution and dispersion of the droplets in the W/O 

emulsions, whereas adding TS prolonged stability and shelf life. However, a threshold of PGPR 

emerged at approximately 2 wt% such that higher concentrations affected only the fluid’s 

viscosity.  

In both studies, the size distribution of the water droplets affected the stability of the 

W/O emulsions. Because fine water droplets disperse better in the organic phase, W/O 

emulsions are often designed to obtain the smallest droplet size possible [15]. Droplets can be 

modified using a disruptive apparatus that employs any of three mechanisms: laminar shear 

forces, turbulent shear forces, or turbulent inertial forces [30]. Droplets can also be either 

micro-sized or nano-sized, with the latter being the thermodynamically stabler version of the 

two [31]. Kolmogoroff has theorized that the size of droplets in turbulent flows is balanced by 

the tensions present in the turbulence, whether inertial or viscous [32]. In the inertial subrange, 

the droplets are balanced by inertial stresses independent of the viscosity of the continuous 

phase, and those stresses are considered to be more significant than viscous stresses at that 

point. While in the viscous subrange, the viscous stresses overshadow inertial stresses, thereby 

making the droplets dependent on viscous stress [14]. 

 Lecithin is another food-grade emulsifier used as an alternative to PGPR. Although 

PGPR is edible, the U.S. Food and Drug Administration has set a maximum daily dosage for 

PGPR intake. Another factor is that PGPR is a semisynthetic emulsifier that deters consumers 

seeking to practice healthier lifestyles. Balcaen et al. used lecithin as an emulsifier to produce 

stable W/O emulsions in medium-chain triglyceride (MCT) oil, because the length of the fatty 

acid chain influences the aggregative tendency of water droplets. They found after comparing 

W/O emulsions with lecithin containing various lengths of triglyceride oil that large-chain 

triglyceride (LCT) appeared more aggregation than the spherical shape in the MCT [33]. Along 

similar lines, Knoth et al. found that water droplets were primarily held as a lump of spherical 
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particles and an aggregated structure in MCT-based W/O emulsions. In particular, they 

observed that lecithin achieved stabilization comparably to PGPR albeit with greater viscosity. 

[34]. Because interfacial pressure correlates with an emulsion’s specific surface area, higher 

viscosities of the continuous phase equal the high specific surface area. Therefore, higher 

viscosities can reduce the effect of coalescence in emulsions. 

 

3.2. O/W emulsions 

O/W emulsions occur when oil acts as the dispersed phase and water as the continuous 

phase, as shown in Figure 3. In O/W emulsions, flocculation indeed often occurs, although 

stabler O/W emulsions have shown diminished flocculation. Apart from variables of droplet 

size, other variables such as temperature, pH, ionic content, and the oil volume fraction can be 

manipulated for better stabilization in O/W emulsions [35,36], and stabilizers such as 

emulsifiers and surfactants can be used to the same end. As such, O/W emulsions are utilized 

in drilling in the oil and gas industry, where emulsion-based muds are used for their excellent 

performance in lubricants, wellbore stabilizers, filtration, and stabilizers for solids, salts, and 

acid contamination. The low density of O/W fluids can affect underbalanced drilling operations 

[37], and mineral oils such as diesel are typically used to their low viscosity profile and low 

flammability.  

In work utilizing emulsifiers to boost emulsion stability, Paswan et al. used sodium 

methyl ester sulfonate (SMES)as an emulsifier for O/W drilling fluids, one synthesized from 

sunflower oil mixed with xanthan gum, which improved stability in correlation to increased 

concentration based on the negative zeta potential [38]. Zeta potentials values as high as –120 

mV were recorded when both concentrations were increased, with SMES demonstrating the 

primary effect. O/W emulsions have also been employed in the recovery of trapped oil, in 

which case emulsified oil droplets were mobilized downstream to the reservoir rocks. That 
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method enhanced the recovery of the entrapped crude oil by efficiently improving the primary 

and secondary extraction techniques. The water injected into the oil reservoir to displace the 

oil did not penetrate the area with high permeability and thus circumvented most of the oil 

trapped here [39]. The emulsified oil droplets mobilized before were entrapped in pores with 

high permeability, thus forcing the flow of water through them. The emulsifier enabled that 

process by actively reducing the trapped oil’s interfacial tension and stabilizing it from 

coalescence [40].  

By extension, Onaizi et al. used rhamnolipid as the stabilizer for O/W emulsions to 

enhance the recovery of crude oil. They highlighted three methods of enhancing stability. The 

first involves using a bioemulsifier instead of a chemical emulsifier, the former of which had a 

critical micelle concentration 40 times less than the latter [41]. The second entails using a nano-

sized rhamnolipid to enhance the process of stabilization. As reported in other research, 

nanoparticles (NP) perform better than other oprtions as emulsifiers due to their strong 

tendency to promote interface adsorption [42–44]. Again, droplet size played an essential role 

in emulsion stability, and a smaller droplet size was achieved by manipulating the 

concentration of NPs top have a concentration equal to smaller droplets. The third method 

involves harnessing the pH effect, in which the pH value stimulates the emulsion. Depending 

on the NPs used as stabilizers, changes in pH value may force the stabilizers to aggregate into 

larger molecules, thereby lessening the effect of NPs and weakening their stabilizing ability. 

As a result, that dynamic prompts flocculation and, in turn, demulsification. That effect can be 

a boon in the oil and gas industry, whose technologies heavily depend upon the separation of 

oil and water.  
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4. LCMs as emulsifiers 

 LCMs such as cellulose, hemicellulose, and lignin are biopolymers with tremendous 

potential in producing bioproducts such as biofuels, biochemicals, and biogas. LCMs in wood 

biomass vary depending on the plant species, growth conditions, age, and season. For example, 

hardwood comprises 40–50% cellulose, 20–25% hemicellulose, and 20–25% lignin, whereas 

softwood comprises 35–40% cellulose, 25–30% hemicellulose, and 27–30% lignin, as 

illustrated in Figure 5 [45]. In plant cells, cellulose, hemicellulose, and lignin are sticky and 

associated with each other; thus, separating them has to be done in a pretreatment process 

before utilizing each component individually, as also illustrated in Figure 5.  

 

4.1. Lignin 

Derived from the Latin word lignum, lignin was discovered by French chemist Anselme 

Payen in 1838 [46], who also discovered another insoluble residue, cellulose, after treating 

wood with acid [47]. Lignin is the component that forms the cell wall in plants. Lignin’s rigidity 

derives from its complex chemical structure consisting of high molecular weight, 

polydispersity, and heterogeneous compounds, all of which result in many intermolecular 

bonds within the structure, as shown in Figure 6 [48]. Lignin is built on an amorphous 

polyphenol that emerges from the polymerization of enzyme-mediated dehydrogenates made 

up of three primary phenylpropanoid monomers: p-coumaryl such as H-lignin (i.e., without 

methoxy groups on the aromatic ring), coniferyl such as G-lignin (i.e., with one methoxy group 

on the aromatic ring), and sinapyl alcohol such as S-lignin (i.e., with two methoxy groups on 

the aromatic ring), as shown in Figure 7 [49,50]. Harley et al. have reported that softwood 

lignin contains mostly G-lignin monomers with traces of H-lignin monomers. By contrast, 

hardwood lignin contains mostly G- and S-lignin monomers and a low amount of H-lignin 

monomers [51]. The G-lignin unit of monolignol, in forming a radical structure, prefers to 
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couple in β-positions, primarily β-O-4, β-β, β-5, and less common linkages such as 5-5, 5-O-

4, and β-1 [52]. Unlike other LCMs, lignin cannot break down into sugar, which makes it less 

popular as an emulsifier [53]. 

As an emulsifier, lignin utilizes the polar and nonpolar affinity of the hydrophilic 

phenolic/aliphatic hydroxyl groups and lipophilic carbon backbone [54]. The structure of 

polyphenolic lignin reduces the interfacial tension between oil and water [55,56] and stabilizes 

liquid–liquid mixtures in a dispersant for solid–liquid mixtures [57]. The substitution pattern 

of the aromatic ring of the monomer is essential, because each type of interlinkage has a 

frequency that changes according to the pattern. Briefly explained, in any reaction involving 

free radicals, the ability of an unpaired electron to delocalize is influenced by the electronic 

properties of the conjugated substituent groups. Consequently, the reactivity of monolignols 

changes according to the number of methoxyl groups modifying the chemical structure of the 

final polymer [58]. Those ionizable groups tend to stimulate adsorption at dispersion interfaces.  

The means of extracting lignin from biomass may affect the type and abundance of 

inter-monolignol linkages of lignin’s structure. For example, a long pulping process may 

induce repolymerization in the structure due to condensation reactions [59]. Two types of lignin 

are heavily utilized—Kraft lignin (KL) and lgignosulfonate (LS)—that differ according to the 

ionizable groups attached. The alkaline pulping process produces KL, whereas LS is produced 

by the sulfite pulping process; KL contains phenolic hydroxyl groups, whereas LS contains 

sulfur functional groups [60]. KL is also insoluble in water, for it tends to aggregate when 

mixed with water, whereas LS is soluble in water. Although both are surface-active 

components due to polyelectrolytic expansion and sulfonation, LS has a higher degree of 

sulfonation than KL, thereby making it inferior in surface activity. Table 1 lists types of lignin 

used as emulsifiers.  
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In research on the topic, Gunderson et al. have studied the surface and interface 

properties between KL and LS and found that the ionization of the sulfonate and carboxyl 

groups suppressed the surface activity of the lignin [61]. In other work, lignin’s performance 

as an emulsifier has been shown to not be tied with that surface activity, for both LS and KL 

can enable both steric and electrokinetic stabilization [62]. Solubilized LS tends to have an 

ellipsoidal shape and agglomerates; temperature and pH can enhance its hydrophobic 

interactions, thereby causing it to form a far larger agglomeration [63]. Mixing LS with an 

anionic emulsifier can help to increase the surface activity, whereas mixing LS with a cationic 

emulsifier is ineffective. Ruwoldt et al. observed that emulsions with low LS hydrophobicity 

showed larger droplets and greater droplet coalescence; however, such coalescence was 

significantly less noticeable with highly hydrophobic LS [59]. That significant difference 

derived from total separation time, such that hydrophobic LS exhibited maintained some 

emulsions even after 10 d compared with only 1 h of hydrophilic LS [6].  

Although both LS and KL can perform well as emulsifying agents, KL has more 

hydrophobic groups on its surface than LS, which generate enough interfacial activity even at 

low concentrations. Because LS’s high sulfur content makes it more hydrophilic than KL, LS 

shows a greater tendency to adsorb at the interface instead of in the interface due to the lower 

number of hydrophobic groups. From that dynamic, two conclusions can be drawn: One, LS 

requires a relatively high concentration for stable emulsions, and two, mixing LS with another 

emulsifier can help to increase the surface activity.  

 

Table 1: Types of lignin used as emulsifiers. 

Type of 

lignin 

Sources Type of 

emulsion  

Particle 

size  

Droplet 

size 

Function Remarks Ref 
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KL Lignin 

(supplied) 

O/W 100 nm, 

 

19-49 

µm 

Pickering 

emulsions. 

Stabilized the 

emulsion for 

months and 

lowered the 

interfacial 

tension to as low 

as 19.2 mN/m in 

a 0.1% 

concentration of 

modified lignin 

[64] 

AL and 

ORGL 

Sugarcane 

bagasse 

W/O 115-680 

nm  

 

- Pickering 

emulsions for 

pharmaceutic

al medicine 

Stabilized the 

emulsion for 4 d  

[65] 

SL Oil palm 

empty 

fruit bunch 

W/O < 100 

nm,  

 

- Emulsifier 

for food 

emulsifier 

Stabilized the 

emulsion for 90 

d and lowered 

the interfacial 

tension to as low 

as 1.33 mN/m at 

a concentration 

2% of modified 

lignin 

[7] 

AL Lignin 

(supplied) 

O/W ∼ 129 - 

152 nm 

 

- Pickering 

emulsions for 

biomedicine 

Stabilized the 

emulsion (50%) 

for 50 h at a 

concentration 

0.1 wt% of 

modified lignin  

[66] 

KL Lignin 

(supplied) 

O/W  533-750 

nm 

> 20 µm Pickering 

emulsions for 

cosmetics, 

pharmaceutic

Stabilized the 

emulsion for up 

to 5 h at a 

concentration 

[67] 
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al or 

emulsion 

polymerizatio

ns 

0.25% of 

modified lignin 

KL Pine O/W - - Surfactant 

agent for bio-

based product 

Improved the 

stability of the 

emulsion for 

less than 24 h at 

concentrations 

higher than 1%  

[68] 

KL Lignin 

(supplied) 

O/W 100-500 

nm 

1−100 

μm 

Bio-based 

stabilizer 

Stabilized the 

emulsion by 

lowering the 

interfacial 

tension between 

oil and water up 

to 9 h at a 

concentration of 

1.5% of 

modified lignin 

[69] 

 

4.2.  Cellulose 

 Cellulose, a homopolymer found in the cell walls of plants, is highly representative in 

plants due to endless photosynthetic cycles that yield tons of cellulose in a relatively pure form. 

The strength of cellulose in cell walls lies in its preserved structure–aggregation state and its 

capacity to not dissolve in aqueous environments. Its hydrophilic nature stems from reactive 

hydroxyl groups structured at C-2, C-3, and C-6 in the linear polymer chain of glucose 

monomer units connected via ß-1,4 linkages, as shown in Figure 8 [70]. The strength of 

cellulose derives from the weaving of intermolecular and intramolecular H-bonding monomer 

units that make the structure dense and robust [71]. Among other LCMs, cellulose is by far the 
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most commonly used, primarily in paper, cellophane, and rayon, and is also extracted to 

produce biogas and biochemicals such as ethanol, ethers, methane, and others [72], usually 

from biomass such as wood pulp and cotton crops.  

 For emulsions, cellulose has garnered attention due to its biocompatibility, nontoxicity, 

renewability, and low cost [73], all of which enable its use in applications that require strict 

regulations, including in the food, medical, and cosmetics industries. Cellulose has also long 

been popular in Pickering emulsions, which derives from an emulsification process stabilized 

by solid particles that adsorb onto the boundary of two phases. That process utilizes tightly 

packed layers from the oil–water interface to prevent coalescence and Ostwald ripening 

emulsions. Thus, cellulose presents greater advantages than other species due to its excellent 

permeability, good elastic response, and excellent capacity to inhibit coalescence [74].  

However,, cellulose’s structure needs to be modified before cellulose can be effective 

as an emulsifier. Primarily breaking cellulose’s structure into individualized micro- or 

nanostructures with high crystallinity, that modification also reduces the amount of amorphous 

material present in raw cellulose. Many terms for those structures of micro- and nano-cellulose 

have been coined, including cellulose nanofibers (CNF), cellulose nanocrystals (CNC), and 

microcrystalline cellulose (MCC). Cellulose in those forms possesses wettability, the primary 

parameter in emulsion stability that can be measured based on the three-phase contact angle 

upon the partial wetting of two phases (θ), as expressed in Equation 3 [75]: 

 

∆𝐸 =  𝛾𝑜𝑤𝜋𝑏2(1 − cos 𝜃)2 [1 +
4(𝑎

𝑏⁄ −1)(sin 𝜃−θcos 𝜃)

𝜋(1−cos 𝜃)2 ] + 4𝛾𝑜𝑤𝜋𝑏2 cos 𝜃 (
𝑎

𝑏
) Eq. (3) 

 

in which ΔE is the desorption energy required for emulsion stabilization, γ is the oil–water 

tension, a is the dimension of long semi-axes, and b is the dimension of short semi-axes. Rod-

like cellulose nanocrystal possesses θ between 90° to 180°, which suggests its better physical 
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connection to the liquid phase than other spherical entities, whose spherical contact angle 

would be between 0° and 180° [75].  

 When Yuan et al. studied the effect of the different morphologies of cellulose on 

emulsion stability, they found that nano-sized particles were critical in producing a stabilized 

phase by reducing the surface tension and the coalescence effect at the interface of the droplets. 

Compared with its basic structure, nano-sized cellulose exhibits high viscosity, a high elastic 

modulus, and high anti-deformation [76]. The differences in their performance are due to the 

nano-sized version’s having a long, flexible, tightly linked fiber forming a stabilized droplet–

fiber network structure. Dong et al. used spherical CNCs to stabilize an emulsion, which 

achieved high stability in pH, ionic strength, and temperature [77]. Furthermore, the loading 

amount required to stabilize the emulsion was far less than the amount generally required by 

other commercial emulsifiers. Meanwhile, Nabata et al. found that micro-sized cellulose with 

nanofiber walls improved the stability of an emulsifier. In contrast to past studies, they 

observed that smaller cellulose could be achieved by mixing the emulsion with a decane 

containing sorbitan monooleate with intense stirring [78].  

 Many applications involving O/W emulsions use cellulose emulsion in which numerous 

kinds of cellulose are modified by breaking down their structure, as shown in Table 2. Another 

route of modifying cellulose is etherification. Cellulose ethers often used in drug delivery 

applications can be obtained by substituting the hydroxyl groups in the cellulose with ethoxyl 

groups—for example, using a sodium hydroxide aqueous solution—to degrade their structure 

[79]. On that topic, Melzer et al. found that cellulose stabilized ether emulsions by forming a 

colloidal precipitate, as also occurs at the oil–water interface [80]. 

 As those studies indicate, cellulose modified to have certain structures can be an 

excellent emulsifying agent. Modifying cellulose’s structure is essential to improving emulsion 

stability because it increases the surface area. Depending on the method of modification used, 
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breaking down cellulose also induces different charge densities in its structure, which further 

facilitates emulsion stability as well as solubility in water. Moreover, the orientation of any 

micro- or nanoparticles involved becomes more impactful, to a degree that either improves 

contact with the liquid phase or distorts the oil–water interface, as shown in Figure 9. Such a 

distorted interface yields more clusters, which affect the particle-packing efficiency and 

consequently enlarge droplets. The mentioned chemical method can also be used to modify 

cellulose’s structure, which necessarily generates other cellulose derivatives that are also 

soluble in water. Because modified cellulose tends to have both a hydrophilic and hydrophobic 

side, it can self-assemble at the interface.  

 

Table 2: Types of cellulose used as emulsifiers. 

Type of 

cellulose 

Source Type Particle 

Size 

Droplet 

size 

Remarks Ref. 

CNF Cellulose 

maple and 

birch 

O/W D= 0.12 

µm 

L= 9.93 

µm 

50 – 100 

µm 

The creaming index is 

less than the 

sedimentation ratio. 

 

[76] 

 

Spherical-CNC Cellulose 

(supplied) 

O/W D= 30 – 

60 nm 

2.5 µm It has high stability in 

pH and ionic strength. 

 

[77] 

 

CNC Ginkgo seeds O/W D= 310 

nm 

1 – 10 µm Cellulose length 

influences the release 

of free fatty acids. 

 

[81] 

 

CNF Cellery 

pomace 

O/W H= 6-14 

nm 

L= 0.8-

1.5 nm 

9 – 10 µm It has excellent storage 

stability after 7 d. 

 

[82] 

 

Magnetic-CNC Cellulose 

(supplied) 

O/W D= 6 -26 

nm 

1.14 µm Magnetic cellulose 

nanocrystals (CNC) 

[70] 
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L= 50 – 

450 nm 

provide a robust 

electrostatic repulsion 

among droplets that 

prevents coalescence. 

 

Magnetic-CNC Cotton 

cellulose 

O/W L= 165 

nm 

H= 8 nm 

2 – 3 µm The magnetic index 

surface has a surface 

charge close to zero 

and good adsorption.  

 

[83] 

SC membrane Cattail plant O/W L= ~100 

µm 

D= 1 – 5 

µm 

< 20 µm Droplets completely 

disperse on the 

membrane due to 

superoleophilicity and 

superhydrophilicity.  

 

[72] 

CNC/CNF Lemon seeds O/W L= 155 

nm 

D= 14 nm 

65 – 70 

µm 

Shorter CNCs promote 

individual droplets, and 

cellulose nanofibers 

(CNF) stabilize at low 

ionic strength. 

 

[73] 

CNC/MPEG Alfa fibers Polymer L= 250 

nm 

D= 10 nm 

350 – 400 

µm 

Methoxy poly(ethylene 

glycol) (mPEG) helps 

CNCs to stabilize in 

emulsion 

polymerization. 

 

[74] 

CNC/PS Cellulose 

(supplied) 

O/W D= 35 nm 14 µm Longer reactions 

induce longer 

polystirene (PS) chains 

grafted to CNCs. It has 

[84] 
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a high PS concentration 

and smaller droplets. 

 

CNC/CAS Cellulose 

(supplied) 

O/W - 3 – 36 µm Low CNC loading is 

enough to stabilize 

emulsions, while high 

sodium caseinate 

(CAS) loading forms 

smaller droplets.  

 

[85] 

CNF Cellulose 

(supplied) 

O/W D= 28.1 

nm 

L= 4.9 

µm 

0.8 µm Increasing the 

concentration of CNFs 

enlarges droplets and 

reduces their 

protection. 

 

[86] 

PLA/CNC Wood pulp - D= 20 – 

40 nm 

- The cellulose’s large 

aspect ratio prompts the 

formation of a network 

structure. 

 

[87] 

CNC Cellulose 

(supplied) 

Oleogel/w L= 40 – 

180 nm 

H= 2 – 9 

nm 

5 – 10 µm Increasing CNC 

loading increases the 

viscosity and gel 

strength. 

 

[88] 

CNC/SPI Cellulose 

(supplied) 

O/W L= 129 

nm 

10 µm CNCs with amphiphilic 

functional groups lead 

to stable Pickering 

emulsions. 

 

[89] 

CTAB/CNC Cellulose 

(supplied) 

O/W D= 20 – 

50 nm 

5 µm Increasing 

Cetrimonium bromide 

[90] 
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(CTAB) loading 

reduces their interfacial 

tension with CNCs. 

 

 

4.3. Hemicellulose 

The most abundant LCM after cellulose, hemicellulose is a heteropolymer consisting 

of fewer glucose molecules than cellulose. Figure 10 shows the functional groups present in 

the hemicellulose chain, namely pentoses (e.g., arabinose and xylose), hexoses (e.g., glucose, 

mannose, and galactose), hexuronic acids (e.g., glucuronic acid), acetyl groups, and small 

amounts of rhamnose [91]. Mannose is an essential hemicellulose monomer, followed in 

importance by xylose, glucose, galactose, and arabinose. Because building monomers can 

involve various feedstock sources, hemicellulose can be categorized based on primary sugar 

residues, the most common of which are xylans and glucomannans. For example, O-acetyl-

galactoglucomannan (GGM) consists of mannose, glucose, and galactose, with mannose four 

times more present than other monomers. Some mannoses are acetylated at the C2 or C3 

positions with an average of one substitute group for every four hexose units. GGM is therefore 

easily depolymerized by acids and alkalis, for the acetyl groups tend to be cleaved in acidic 

and alkaline reactions. Hemicellulose is also shapeless, lacks the crystalline structure of 

cellulose, and is more prone to dissolve in water at temperatures exceeding 180 °C. As such, 

hemicellulose can be extracted using hydrothermal techniques and hydrolysis [92], as well as 

easily converted to sugar oligomers in large yields. For instance, Krogell et al. extracted 

hemicellulose from spruce wood using a hydrothermal autoclave reactor at 170 °C, and their 

results revealed that they extracted the maximum amount of the LCM [93]. Given the weak 

water solubility of some hemicelluloses, the methods most used for extraction are alkaline-
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based extractions involving either sodium hydroxide or hydrogen peroxide at high operating 

temperatures.  

 The structure of hemicellulose is more complex than that of cellulose. Although with 

gummy-like properties similar to those of polymers and with emulsifying properties similar to 

cellulose’s, the structure of hemicellulose is distinguished by monomers grafted as a backbone. 

As an emulsifier, hemicellulose has a branching degree that plays a crucial role in its 

emulsifying performance. Higher molecular weights and more complex branches of 

hemicellulose tend to pose more PSs, which increases steric interference and charge repulsion 

[94]. Such PSs have lipophilic groups that can absorb oil on their surface and, in turn, create 

emulsion effects. For example, phenolic residues in GGM can act as a hydrophobic anchor able 

to induce steric-stabilized emulsion [95]. Added to that, emulsion stability can be enhanced by 

introducing an amphiphilic residual protein fraction, because the physical and chemical 

interaction between proteins and PSs increases the steric repulsion of the emulsion. Taken 

together, hemicellulose’s degree of branching, molecular weight, grafted functional groups, 

and protein content all contribute significantly to its emulsion performance, typically in macro-

emulsions due to the number of PSs involved.  

 

Table 3: Types of hemicellulose used as emulsifiers. 

Type of 

hemicellulose 

Source PS/Oil 

ratio 

Droplet 

Size 

Application Remarks Ref. 

Spruce-GGM Spruce 

saw dust 

0.8/1.5 1 – 10 

µm 

Beverage Stability of emulsion 

maintained for 7 d. 

 

[98] 

Spruce Gum-

GGM 

Spruce 

saw meal 

2/0.4 0.3 – 0.9 

µm 

Food Macromolecular PS help 

with obtaining desired 

interfacial saturation. 

 

[95] 
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Spruce-GGM Pulp mill 0.1/1 - Beverage Galactoglucomannan 

(GGM) increases the 

turbidity of the emulsion. 

 

[100] 

Spruce-GGM Pulp mill 1/5 0.4 µm Food More GGM leads to 

greater functionality and 

anchoring at the interface. 

 

[96] 

CMGGM Pulp mill 1/5 0.1 – 1 

µm 

Food Carboxymethyl at the C6 

position is abundant in 

the aqueous phase but 

more often at the C3 

position in the droplet 

phase. 

 

 

[101] 

CMGGM Pulp mill 1/5 >1 µm Food Carboxymethyl 

decelerates the oxidation 

and lowers the amount of 

hydroperoxides after 8 d. 

 

[102] 

Glucuroxylans-

GGM 

Pulp mill 0.8/4 1 – 10 

µm 

Paint Wood species determine 

the hemicellulose’s 

emulsion-conducive 

properties, phenolic 

residues, and 

carbohydrate content. 

 

[103] 

 

5. Modification of LCMs  

 In fabricating LCM-based emulsifiers, modifying their structure can improve their 

surface activity or composition in functional groups via the chemical and/or physical 

modification of particle size, ionic strength, temperature, solvent, concentration, or pH [104]. 
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Chemical modification (e.g., alkylation, esterification, and cross-linking) occurs when 

additional functional groups are attached chemically to the LCM structure and thus enhance its 

emulsion-conducive properties [105]. By contrast, physical modification occurs when the LCM 

structure is modified mechanically by shear force, which forcefully breaks it into smaller 

structures. 

 

5.1. Surface modification 

 Although the chemistry of plant sources generally defines the properties of their LCMs, 

those properties can be changed via chemical modification, as has been done for many 

applications, sometimes at the surface. As an example of surface modification, acetylation 

significantly enhances resistivity to biological attack, while esterification enhances the fire-

retardant properties of fibers [106]. For emulsifiers, surface modification seeks to improve the 

affinity to specific polar and nonpolar molecules.  

In other cases, modification seeks to link a functional group to the surface of the LCM 

in order to enhance reactivity (e.g., pH reactivity and thermo-reactivity). Ultimately, the 

modification can improve the performance of LCMs in emulsions by providing them with 

better stability. CNCs can be further modified with hydrophobic alkyl groups to increase the 

stability of Pickering emulsions, namely by helping to create small droplets (< 250 nm). CNCs 

can be modified due to their perfectly solid particles with well-defined planar structure. The 

hydrophilic crystalline groups, located at the end of CNCs, act as a minimal force for 

stabilization at the interface, and the surface is primarily flat, with repeated –CH groups of 

glucosyl moieties but without hydroxyl functions [107]. Thus, CNCs can absorb functional 

groups by way of covalent and non-covalent surface modification. 

 In Saidane et al.’s study on how charge densities affect modified CNCs in Pickering 

emulsions, three samples with an average length of 156 nm and width of 16 nm labeled CNC-
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S, CNC-M, and CNC-H were prepared with various hydrolysis parameters and different charge 

densities: 0.08, 0.16, and 0.64 e nm–2, respectively [108]. Their results showed that the 

repulsion between the charged CNCs limited the adequate surface density around the droplets, 

thereby leading to unstable O/W emulsions. In all samples, droplet size decreased as the 

concentration of emulsifier increased. Overall, the charge densities posed limitations, for they 

required critical concentrations due to limited flexibility and thus required more curvature to 

cover the droplets. Those results explain the CNCs’ low capacity for adsorbing surface charges 

at the interface. In other work, Gong et al. suggested that inserting functional groups onto the 

surface of CNCs could increase the surface charge densities [109]. In their study, wood-based 

cellulose was oxidized with phenyltrimethylammonium chloride, which yielded phenyl groups 

with hydrophobic tendencies grafted around the CNCs (i.e., O-CNCs). Compared with 

unmodified CNCs, the flexibility of the O-CNCs indicated their alignment on the surface of 

droplets to a degree suggesting that some deformation had occurred. The phenyl groups’ 

relatively high phenyl groups content also indicates improved hydrophobic interaction and 

electrostatic repulsion, both of which can influence the contact angle and enhance wettability. 

Therefore, the surface modification of CNCs can make their emulsion stability better than that 

of pristine CNCs, as shown in Figure 11.  

Unlike other LCMs, hemicellulose’s has to be surface-modified for emulsification, which can 

be accomplished by esterification, acetylation, cross-linking, and grafting [110]. Because 

hemicellulose is a heteropolymer, it can be both soluble and insoluble; therefore, its purification 

usually concentrates on the four major sugar compositions: xylans, mannans, xylogalactans, 

and xyloglucans. GGM, a small, linear chain of PSs in the group of mannans that adsorb at the 

dispersed interface, has shown promising results in fatty acid delivery and is suitable as an 

emulsifier [98]. However, modified GGM with carboxymethyl has been shown to enhance the 

accessibility of GGM’s structure such that the structure can be revamped and the amount of 
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anionic PSs increased [111]. That enhancement results in more hydroxyl activity due to the 

increased accessibility of the carboxymethylated cellulose and, in turn, more stable emulsions.  

Natural surface activity (i.e., without chemical derivatization) can be achieved using 

hemicellulose-rich aqueous extracts [112]. Xu et al. have reported that pure GGM, given its 

molar mass, can be used to stabilize wood resin via steric stabilization as a means to reduce 

their tendency toward deposition in the system [113]. Nevertheless, with lignin or cellulose as 

phenolic materials, GGM’s capability to stabilize emulsion increases. Lehtonen et al. have 

suggested that applying GGM with additional lignin-derived phenolic residue as a stabilizer 

can improve emulsion stability for months without any additional stabilizer or antioxidants 

[96]. Such stability derived from the lignin’s phenolic compounds associated or covalently 

bound to hemicellulose (i.e., a sugar unit) via ester, ether, or glycosidic bonds that provide 

steric stabilization (i.e., repulsion) at the oil–water interface. Similarly, Lahtinen et al. found 

that pressurized hot water extraction (PHWE) hemicellulose with additional phenolic-rich 

lignin also extended the physical and oxidative properties of emulsions [114]. Table 4 details 

the performance of LCMs after surface modification. 

Surface modification alters the inherently hydroxy-rich macrostructure of LCMs, which 

makes them less hydrophilic. The effect of charged densities also applies in that type of 

modification, which affords better hydrophobic interaction and alignment with the contact 

angle at the interface. Research has also shown that the method improved the interfacial activity 

of emulsions, enhanced the flow resistance, and increased the surface area of the particles. 

 

Table 4: Lignocellulosic materials with surface modification and their performance. 

Type of 

LCMs 

Sources Type of 

emulsion  

Modification Mechanism of 

stability 

Remarks Ref 
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KL Lignin 

(supplied) 

W/O Modified with 

tetraethylene 

pentamine and 

formaldehyde 

Improved the 

viscous flow 

resistance of 

the emulsion. 

Stabilized the 

emulsion.  

[115] 

AL Pine O/W Modified by 

quaternary 

ammonium and 

SiO2 NPs via 

electrostatic 

adsorption 

Improved the 

interfacial 

activity of the 

emulsion. 

Stabilized the 

emulsion. 

[116] 

KL Furfural 

residues 

O/W Coated with 

PSR 

microparticle 

via free radical 

polymerization 

Improved the 

interfacial 

activity of 

emulsion. 

Produced a 

reusable 

emulsifier 

and stabilized 

the emulsion. 

[117] 

KL Pine O/W Modified via 

carboxymethyla

tion with 

chloro- acetic 

acid, acetic acid, 

and sodium 

hydroxide 

Lowered the 

surface activity 

of emulsion 

Stabilized the 

emulsion for 

over 30 d. 

[118] 

SL  Oil palm 

empty fruit 

bunch 

W/O Modified with 

high sheer 

homogenizer  

Increased the 

surface area of 

the particles 

and improved 

their stability.  

Stabilized the 

emulsion for 

30 d. 

[119] 

Cellulose Cellulose 

(supplied) 

O/W Modified with 

acetoacetate  

Formed a 

mechanical 

barrier and 

adsorbed the 

emulsion via 

the 

Reduced and 

retained 

droplet size 

(i.e.,  3–5 

μm) for at 

least 7 d.  

[120] 
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amphiphilicity 

of modified 

cellulose. 

CNC and 

CNF  

Lemon 

seeds 

O/W CNC modified 

with CNF 

concentration 

Improved the 

viscosity of the 

emulsion. 

Reduced and 

retained the 

droplet size, 

(i.e.,  3–5 

μm) for at 

least 15 d. 

[73] 

CNF Miscanthus 

floridulus 

straw 

O/W Modified with 

high-pressure 

homogenizer 

Increased the 

particle surface 

activity and 

created the 

irreversible 

adsorption of 

the interface.  

Reduced and 

retained the 

droplet size 

(i.e., 10 μm) 

for 14 d. 

[121] 

GGM, 

hemicellulo

se 

Pulp mill O/W CMGGM PS adsorbed 

the interface of 

the emulsion.  

Reduced 

droplet size 

to 400 nm 

and stabilized 

the emulsion 

against 

coalescence 

for more than 

14 d.   

[101] 

 

 

GGM, 

Hemicellulo

se 

Pulp mill Lipid-

water 

Extracted with 

SSL (high lignin 

content) 

Improved 

colloidal 

stability. 

Stabilized 

monoolein-

based system 

for at least 42 

d. 

[122] 
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5.2. Particle size 

 In emulsions, particle size often refers to the size of droplets of the emulsion. Pickering 

emulsions occur when solid molecules are used as emulsifiers and thus depend on the 

emulsifiers’ size and shape. Modifying particle size in LCMs can involve either reducing the 

size to the micro- (i.e., 1 µm–100 nm) or nanoscale (i.e., <100 nm) or inserting another NPs 

component onto the LCMs. A small particle size in emulsifiers creates a large interfacial area 

between the two phases in emulsions [123]. Micro-sized emulsifiers have an excellent affinity 

for absorbing the water–oil interface due to their large surface area. Furthermore, the 

gravitational force is less of an effect for micro- and nano-sized colloids. Because micro-sized 

particles often promote wettability depending on the contact angle, the shape of the particles 

will influence the interface’s coverage and stability, as shown in Table 5. Although various 

shapes can influence the stability of emulsions, plant-based materials typically have rod or 

spherical shapes. The rod-like structure possesses a contact angle between 90° and 180°, 

meaning that the surface of particles is evenly wetted in both [75]. Compared with the spherical 

structure, the rod-like structure provides a better surface ratio to form bridge structures with 

both phases.  

Kalashnikova et al. found that even in CNCs with an elongated shape, a short aspect 

ratio affords better coverage. In their study, short rod-like CNCs afforded better network 

stability than longer ones [124] when three CNCs—CCN, bacterial cellulose-based CNC 

(BNC), and Cladophora CNC (ClaCN)—with respective aspect ratios of 13%, 47%, and 160% 

were compared. Interestingly, the CCN exhibited a significant coverage ratio (i.e., amount of 

CNCs involved in an emulsion, or packing density) of 84%, with the smallest aspect ratio of 

13%, compared to only 44% for ClaCN with an aspect ratio of 160%. The difference in length 

and flexibility allowed the small aspect ratio to form a denser network structure than the high 

aspect ratios. Because similar nanocrystals exhibited the same flexibility and bending capacity, 
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it was concluded that longer rod-shaped CNCs have a higher steric hindrance that reduces the 

density but also produces a multilayered profile. Along the same lines, Wang et al. found that 

shorter CNCs formed connections easier with the interface layer—the CNCs used ranged from 

178.2 to 261.8 nm, with 72.4–77.2% crystallinity—and thus afforded better emulsion stability 

[125]. In their study, the length of the CNCs was controlled by increasing the duration of 

hydrolysis (>2.5 h), which resulted in cellulose particles shaped similarly to needles, as a shown 

in Figure 12. The needle-like shape stemmed from the purging of amorphous cellulose, and 

that final formation was reduced in length from 261.8 nm to 180.7 nm and 10 nm in diameter. 

Those changes improved emulsion stability because shorter CNCs formed better side-by-side 

alignment with each other by way of attractive force.  

In contrast to cellulose, lignin is typically irregular in shape as a dried powder despite 

its origin. Morphologically, that irregular shape is considered to be unsuitable in Pickering 

emulsions due to the need for more energy in surface activities, especially packing density 

[126]. Further investigation showed that spherical particles had a maximum packing density of 

0.74, which was less than the rod-like structure’s packing density of 0.91 [127]. Given the 

lower packing density of spherical structures, cellulose-based emulsifiers are more popular in 

Pickering emulsions. However, the chemical modifications required to shape the lignin colloids 

can also enhance the lignin’s surface activity. For example, Dai et al. used self-assembled 

Lignin-poly (N-isopropyl acrylamide) (L-PNIPAM) as a colloidal emulsifier in Pickering 

emulsions, in which radical polymerization retained L-PNIPAM’s spherical form due to the 

minimization of surface energy [66]. In addition, L-PNIPAM was thermo-responsive, as shown 

by the change in diameter of the spherical particles. Upon being heated to 45 °C, the diameter 

shrank from 186.8 nm to 126.4 nm, as shown in Figure 13. As such, the center-to-center 

distance between the L-PNIPAM particles reduced and could not expand laterally, which 

proved to be stable against coalescence. 
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Bertolo et al. have reported that lignin macromolecules are rarely exploited due to their 

low solubility in aqueous media and natural heterogeneity but for those same reasons are 

primarily used as emulsion stabilizers [65]. Emulsion stability can be predicted by referring to 

the contact angle of particles in order to explore particle reactions at the interface. In O/W 

emulsions in their study, the adsorbent layer bent toward oil droplets as the aqueous phase 

wetted the hydrophilic region, which resulted in an angle range of 15° < θ < 90°. Meanwhile, 

in W/O emulsions, the hydrophobic particles were bent at a range of 90° < θ < 165°. In view 

of those results, Bertolo et al. proposed that NPs increased the surface area and hydrophilic 

activity such that water could spread more on the surface and lower the contact angle [65].  

Ultimately, particle size is essential in LCM emulsifiers, and tailoring it can alter the 

wettability of particles. As shown in Equation 3, the energy required to remove a particle in the 

interface is directly influenced by the particle’s radius and the contact angle. Thus, the smaller 

the particles, the greater the energy required for detachment. Therefore, the required energy is 

larger than the thermal energy, which renders the absorption process irreversible or stable. 

Modifying the structure of XXX also enables better packing conditions around the interface, 

which is especially true for cellulose given large numbers of hydroxyl groups that create the 

macromolecular structure responsible for its stiffness. Thus, the packing and stacking of 

cellulose without reducing the size of its particles enlarges droplets.  

 

Table 5: Lignocellulosic materials with modified particle sizes and their performance as 

emulsifiers.  

Type of 

LCMs  

Sources Particle 

size  

Particle 

shape 

Mechanism of 

stabilization 

Details Ref 

Lignin-

DEAEMA 

Lignin 

(supplied) 

237–404 

nm 

- Formed a 

boundary at the 

oil phase  

Stabilized the 

emulsion for 

30 d 

[128] 
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AL and 

ORGL  

Sugarcane 

bagasse 

105-130 

nm 

Spherical  Generated good 

particle stability 

and formed an 

adsorbent at the 

interface 

Good 

encapsulating 

agent for 

bioactive 

compounds 

[65] 

AL Lignin 

(supplied) 

70-200 

nm 

Non-

spherical 

Facilitated self-

assembly due to 

good particle 

stability while 

droplet size 

remained 

unchanged 

Stabilized the 

emulsion for 

60 d 

[129] 

SL Oil palm 

empty fruit 

bunch 

~100 nm Non-

spherical 

Lowered the 

interfacial tension 

and creaming 

index of the 

emulsion  

Stabilized the 

emulsion for 

30 d  

[119] 

CNC Asparagus 178-262 

nm 

Rodlike Increased the 

adsorption of the 

interface and 

viscosity 

Stabilized the 

emsulsion with 

droplets 1-10 

µm in 

diamteter 

[125] 

Cellulose Ginkgo seed 

shells 

300 nm Rodlike Increased the 

adsorption of 

interface and the 

viscoelastic 

interfacial film 

Improved 

emulsifying 

ability and 

stabilized the 

emulsion for 

10 d   

[130] 

CNF  Miscanthus 

floridulus 

straw 

33-49 nm  Rodlike Increased the 

activity of 

particles and 

made adsorption 

Imporced the 

emulsion 

stability due to 

small particles 

[121] 
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at the interface 

irreversible 

 

5.3. pH 

 Emulsion systems behave differently depending on the pH. In particular, a specific pH 

can secure emulsion stability but creates instability when it differs by being either more acidic 

or alkaline. Such instability is due to the sensitivity of proteins or surface-active emulsifiers to 

changes in pH that affect electrostatic interactions [131]. Moreover, pH influences droplet size 

and the surface area of emulsions because ionic strength impacts the activity of the surface 

charge of particles in absorbing the oil/water at the interface [73]. Juttulapa et al. found that 

emulsions prepared at lower pH resulted in smaller droplets, higher viscosity, and longer 

stability [132]. They also found that increasing the pH affected the emulsifiers by generating 

negative charges that lessened the number of stable emulsions. Depending on the type of 

emulsion and the emulsifiers, an oppositely charged emulsifier can form electrostatic 

complexes that increase the stability of the emulsion. Equation 4 shows the Henderson–

Hasselbach equation that describes the relationship between the emulsion system and pH: 

 

pH-p𝐾𝑎 = log[(1 − 𝛼) 𝛼⁄ ]  Eq. (4) 

 

in which α is the degree of ionization and hinges on the difference of pH – pKa [133]. Therefore, 

emulsion stability changes drastically if the pH and pKa values are nearly identical, for they 

influence the wettability of the particles. Some structures are cationic at low pH but anionic at 

high pH depending on the ionization of the functional groups attached, as shown in Fig 14. 

When both phases are oppositely charged, the droplets are electrostatically attracted to surface-

forming complexes, which may induce a far more viscous solution as a result.  
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 LCMs also have an affinity toward pH that influences the performance of the emulsion 

system by changing the zeta potential, as shown in Table 6. For lignin, LS is more prone to 

ionize at acidic solutions, whereas KL is prone to ionize in alkaline solutions. Because lignin 

generally contains hydrophobic and hydrophilic functional groups with phenyl monomers and 

carboxyl groups, respectively, the different phases of pH heavily influence its  performance as 

an emulsifier. Li et al. studied the phase behavior of KL in O/W emulsions and found that KL 

had the best affinity with water at a pH of 9 [118]. The distribution curve of the size of the oil 

droplets increased from 1.6 mm to 2.0 mm at pH values of 5 and 9, respectively. Although 

small droplets play a significant role in emulsion stability, slightly bigger droplets indicates 

that oil droplets have merged and thus reduced the interfacial area for more dynamic 

equilibrium. KL cannot reduce interfacial tension at lower pH values and produced less stable 

emulsions due to having less hydrophilicity and water solubility. Meanwhile, Rojas et al. found 

that KL emulsions at pH values greater than 7 can be described as Winsor type I, in which the 

emulsifier forms a micro-emulsion in the aqueous phase of an O/W emulsion [53]. However, 

similar results for solubility in relation to low pH were obtained as well. Thus, those authors 

proposed that modification via alkylation can increase the oleic phase’s affinity to create a 

more hydrophobic structure. Even then, the partition between those two phases is apparent 

when using extreme pH values. That separation can be reduced by balancing the salt 

concentration, which determines electrostatic interactions and wettability. 

Other than alkylation, modifying lignin’s structure with hydrophilic NPs can improve 

emulsion stability. That modification is primarily done in emulsification through electrostatic 

interaction. However, the adsorption of NPs into lignin can be difficult due to the large number 

of hydroxyl groups on the surface of the interface. Wei et al. studied Pickering emulsions using 

alkaline lignin with polystyrene (PSR) NPs and found that the PSR could absorb and capsulate 

lignin by changing the pH value via π–π interaction/hydrogen bonding [117]. They also found 
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that a pH of 2 stabilized the emulsion while pH values greater than 2 resulted in flocculation. 

Similar results were obtained by Lu et al. in Pickering emulsions using amphoteric lignin and 

SiO2 NPs [116]. The pH-responsive effect to the ionic properties caused the quaternary 

ammonium groups to exhibit strong cationic properties at lower pH. At the same time, the 

carboxyl and phenolic hydroxyl groups exhibited strong anionic properties at higher pH. Thus, 

lignin and NPs could absorb each other at opposite charges at a specific pH. According to those 

results, pH-responsive emulsion is an excellent way to control emulsification and 

demulsification.  

Modified cellulose can be heavily affected by changes in pH. For example, Punitha et 

al. found that the velocity value of hydroxypropyl methylcellulose (HPMC) changed at pH 

values between 4 to 7 [134]. In particular, the viscosity of  HPMC decreased at lower pH and 

increased at higher pH. That variation in viscosity was due to the coiling nature of HPMC as 

ionic strength increased. Therefore, the number of hydrogen bonds in an emulsion differs with 

pH, such that low pH values mean a high number of hydrogen bonds. That dynamic 

simultaneously affects the interaction between cellulose and the continuous phase, as shown in 

Figure 15. The ability of cellulose-based emulsions to be stored is excellent regardless of 

changes in pH but affects the zeta potential. Li et al. investigated the activity of CNFs in relation 

to pH changes in Pickering emulsions and found that the CNFs were dispersed better at a pH 

values between 4 and 7 [121]. The distribution size of the droplets at or near that pH value was 

slightly bigger than at other pH values. However, the zeta potential indicated that the emulsion 

was stabler in that phase than in others. That phenomenon indicates that the droplets coalesced 

to reduce the interfacial area as similar to what occurs with lignin. In addition, the emulsion 

performed remarkably in terms of storage stability and showed generally excellent stability. 

Cellulose also can be used in pH-responsive emulsions due to its reaction to changes in pH. 

When Tang et al. modified CNCs with poly[2-(dimethylamino)ethyl methacrylate] 
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(PDMAEMA) as a pH-responsive emulsifier, they observed that the emulsion was cloudy (i.e., 

8% transmittance) when the pH less than pKa resulted in the positive charge of PDMAEMA 

and the negative charge of CNCs, which produced aggregation [135]. Because pH exceeded 

pKa, the complete deprotonation of the amino groups resulted in only the negative charge of 

remaining CNCs. The PDMAEMA chain was sterically combined with the CNCs, thereby 

lowering the zeta potential.  

Hemicellulose can be soluble or insoluble in water depending on which components 

are in the chain. Modified hemicellulose has been used in pH-responsive emulsions, especially 

in drug delivery. In addition to adding pH-responsive edges, most hemicellulose modifications 

focus on enriching certain PS groups to enhance their properties. For example, Sun et al. 

focused on isolating xylan in hemicellulose due to its antiphlogistic effects and immune 

function [136]. Xylan was modified with hydrogel owing to its sensitivity to changes in pH. 

As a result, the composite showed excellent biodegradability and sensitivity to pH suitable for 

oral drugs. 

In any emulsion, the pH can be altered to influence stability by affecting the surface 

charges. Unlike other modifications, however, modifying pH only reveals its effectiveness in 

terms of stability in a certain pH range. In that range, the emulsifier and interface are oppositely 

charged and thus stabilize via electrostatic forces. Because the wettability of a particle depends 

on the pH, altering the pH alters the zeta potential. Some LCM derivatives have shown an 

excellent response to pH relative to others due to the amount of hydrophobic and hydrophilic 

groups in the structure. Moreover, such excellent affinity to pH is exploited in carrier 

applications, especially in drug delivery, because each human body has a different pH. Beyond 

that, the degree of ionization can be enhanced by using salt in the solution.  

 

Table 6: Lignocellulosic materials with modified pH and their performance as emulsifiers. 
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Type of 

LCMs  

Sources Type of 

emulsion 

pH  Mechanism of 

stability  

Details Ref 

KL Lignin 

(supplied) 

O/W 3-10 Increased particle 

stability and 

reduced interfacial 

tension  

Stabilized the 

emulsion at pH 3 

and 5 and 

unstable at pH 7 

and 10 for 18 h 

[69] 

KL Furfural 

residues 

O/W 3-9 Improved the 

adsorption layer of 

the emulsion  

Stabilized the 

emulsion at pH 3-

4 and unstable at 

pH 5-9 for 6 

months  

[117] 

 

Modified 

lignin, 

amphoteric 

lignin, and 

SiO2 NP. 

Pine O/W 2-11 Improved the 

adsorption layer 

and increased the 

viscosity of the 

emsulsion 

Stabilized the 

emulsion at pH 3-

4. Emulsion 

unstable at pH 5-

11 

[116] 

CNF Miscanthus 

floridulus 

straw 

O/W 3–11 Increased particle 

stability and 

reduced droplet 

size 

Stabilized the 

emulsion at pH 

4.5–7.0. 

Emulsion 

unstable at pH 

9.5-11.0 

[121] 

Modify 

bacterial 

cellulose 

Cellulose 

(supplied) 

O/W  2- 9 Improved the 

adsorption layer of 

the emsulsion, 

increased the 

viscosity, and 

reduced droplet 

size 

Stabilized the 

emulsion at pH 

4–5. Emulsion  

unstable at pH 9 

for 14 d 

[137] 
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5.4. Concentration 

 The concentration of emulsifiers can also contribute to emulsion stability. Because 

emulsifiers need to surround particles in the dispersed phase and prevent them from coalescing, 

having more emulsifiers present results in the complete coverage of said dispersed particles. 

The finer the droplet size, the greater the surface area that needs to be covered, and droplets 

merge until the emulsifier reaches full coverage. However, at a certain threshold value, the 

effect of increasing the concentration is maintained. Fox et al. found that the droplet size of 

dispersed oil decreased with the concentration of the emulsifier until the emulsifier volume 

reached 1.2 wt% while droplet size remained unchanged [138]. The type of emulsifier affects 

the total amount needed to reach such a threshold, for 2 or 3 times the amount of emulsifier 

may be needed to cover the surface area. LCMs also demonstrate a similar trend regarding 

emulsification, as shown in Table 7. Czaikoski et al. have suggested that increasing lignin’s 

concentration promotes interaction with the interface of the droplet [60]. The presence of 

aromatic hydrophobic and hydrophilic fragments in lignin’s structure also leads to self-

aggregation and self-organization. As a result, dense-packing lignin forms a robust solid-film 

capsule around the interface. By comparison, a high dosage of emulsifier exceeding the 

threshold results in bubbles, which also implies the rupture of the film [139].  

 Li et al. have reported that the concentration of CNFs influences the rheological 

behavior of emulsions [121], which stabilized when the concentration of CNFs increased from 

0.1% to 0.2% and thus contributed to compounding cross-linking in the network structure. The 

viscosity of the emulsions also increased, likely due to attractive forces, which also affected 

the shear rate rheology. Such rheological changes emerged because the surface of the 

emulsions were covered with CNFs. Modifying cellulose can also impact its wettability. For 

example, micro-fibrillated celluloses (MFCs) can give out low hydrophobicity, which confers 

a low degree of wettability owing to the high amount of carbon on the surface of cellulose 
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fibrils bound to the oxygen during modification [140]. Increasing the concentration of the 

MFCs can afford enough of a network to reduce the interfacial region and therefore stabilize 

the emulsion. In the case of hemicellulose, GGM is considered to be a strong stabilizer in 

emulsions. A high concentration of GGM can drive steric repulsion, adsorb oil/water droplets, 

and consequently stabilize emulsions, as shown in Figure 16. GGM’s adsorption of the 

dispersed phase also increases viscosity, especially in Pickering emulsions [96]. Knowing that 

emulsion stability can be monitored by the increasing viscosity of the continuous phase, 

Lehtonen et al. found that using GGM as an emulsifier gave the continuous phase more 

viscosity than the known surfactant (i.e., Tween20). Its performance also contributed to GGM’s 

high-volume fraction [96].  

  

Table 7: Lignocellulosic materials with different concentrations and their performance as 

emulsifiers. 

Type of 

LCMs 

Sources Type of 

emulsion 

Concentration Mechanism of 

stability 

Details Ref 

KL Pine O/W 0.25, 0.5, and 

1 % 

Higher 

concentration 

increased the 

adsorption at the 

xylene/water 

interface. 

Stabilized the 

emulsion for 

less than 24 h 

[68] 

KL and LG Lignin 

(supplied) 

O/W 0.005, 0.05 

and 0.5% 

Higher 

concentration, 

0.5% improved 

particle stability 

and increased the 

viscosity of the 

emulsion. 

Reduced the 

emulsion 

droplet size 

and stabilized 

the emulsion 

for 28 d 

[60] 
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SL Oil palm 

empty fruit 

bunch 

W/O 1, 1.5 and 2 % Higher 

concentration, 

2% improved the 

creaming index 

of emulsion. 

Stabilized the 

emulsion for 

90 d 

[7] 

CNC and 

CNF 

Lemon 

seeds 

O/W Fixed 

concentration 

of CNC (0.5%) 

but varied 

CNF 

concentration, 

0 % ~ 1 % 

Higher 

concentration, > 

0.3 % increased 

the emulsion 

viscosity  

Reduced the 

droplet size 

and stabilized 

the emulsion 

for less than 15 

d 

[73] 

CNF Miscanthus 

floridulus 

straw 

O/W 0.05–0.20 % Resulted a good 

creaming index 

of the emulsion. 

Reduced the 

droplet size 

(i.e., 10 µm) 

and stabilized 

the emulsion 

for 14 d 

[121] 

CMGGM Pulp mill O/W 0.01-1% (PS) PS adsorbed the 

interface 

Reduced the 

emulsion 

droplet <1 µm. 

[101] 

 

GGM, 

hemicellulose 

Spruce and 

birch 

O/W 8 and 12 % Produced high 

viscosity and 

lower the surface 

tension of the 

emulsion. 

Stabilized the 

emulsion for 

several 

months. 

[112] 

 

6. Application of LCMs as emulsifiers 

Bio-based emulsions are currently heavily utilized due to green movements launched 

worldwide. LCMs are considered to be bio-based as well, and given their abundance, they have 

become the ultimate renewable resource. Furthermore, their use can reduce greenhouse effects 

and global warming. Table 8 lists LCMs used as emulsifiers and their applications. Yuliestyan 
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et al. produced modified KL in an alkaline medium in the presence of tetraethylenepentamine 

and formaldehyde and used LCMs in fabricating cationic bitumen emulsions with up to 70 wt% 

bitumen content [115]. Meanwhile, Li et al. used carboxymethylated KL to stabilize kerosene-

in-water emulsions, which have the potential for alternative use in fuel emulsions [118]. 

The food industry strongly advocates green emulsion technology because many food 

products depend on such technology, including sauces, creams, beverages, and dressings. The 

recent rapid growth in veganism and consumers seeking natural products amid heightened 

awareness of healthy lifestyles has forced major food companies to consider the side effects of 

the ingredients used, including emulsifiers. In particular, manufacturers often want to make 

new products entirely from natural ingredients so that they can make “all-natural” claims on 

their labels [141]. Alternative bio-based food emulsifiers have thus gained considerable 

attention from researchers, including Sekeri et al. [7], Wang et al. [125], Dai et al. [73], 

Lehtonen et al. [96], and Mikkonen et al. [112,101], who have focused on using LCMs as food 

emulsifiers. Such research approaches have involved types of reformulation to replace 

synthetic or animal-based byproducts with more label-friendly natural alternatives [142]. In 

pharmacological applications, lignin plays a protective role against the development of 

different diseases and thus improves human health [143]. In that field, Mikkonen et al. [101] 

and Lehtonen et al. [96] have used GGM, a hemicellulose, as a stabilizer for drug delivery 

applications, cosmetics, pharmaceutical products, paint, coatings, and medicine.  

Table 8: Applications of lignocellulosic materials as emulsifiers. 

Type of 

LCMs 

Sources Type of 

emulsion 

Modification Stabilization 

mechanism 

Application Ref 

KL Lignin 

(supplied) 

O/W Cationic 

modified 

lignin  

Chipping surface 

dressing and 

mixed the asphalt 

Bitumen 

emulsion, 

Road paving 

[115] 
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SL Oil palm 

empty 

fruit bunch 

W/O - Increased the 

viscosity of the 

emulsion and 

lowered the 

surface tension. 

Food 

emulsifier 

[7] 

KL Pine O/W CML Reduced droplet 

size and increased 

viscosity of the 

emulsion 

Fuel 

emulsion 

[118] 

 

CNC Asparagus O/W - Increased the 

viscosity and 

adsorption of the 

emulsion 

Food 

emulsifier 

[125] 

CNC and 

CNF 

Lemon 

seeds 

O/W Varied the 

CNF 

concentration

, 0 % ~ 1 %. 

Increased the 

viscosity of the 

emulsion and 

reduced the 

droplet size 

Food 

emulsifier 

[73] 

GGM, 

hemicellulo

se 

Pulp mill O/W Extracted 

with lignin 

phenolic-rich 

GGM covered the 

surface of the NPs 

without affecting 

the internal 

structure in water 

Drug delivery 

system 

[101] 

 

GGM, 

hemicellulo

se 

Pulp mill O/W Extracted 

with lignin 

phenolic-rich 

Decreased the 

interface of the 

PHWE emulsion 

and provided 

stability for 8 

months 

Food 

emulsifier 

and 

pharmaceutic

al  

[96] 

GGM, 

hemicellulo

se 

Spruce 

and birch 

O/W Extracted 

with lignin 

phenolic-rich 

Increased the 

viscosity of 

emulsion and 

Food, 

cosmetics, 

pharmaceutic

s, paint, and 

[112] 
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lowered the 

surface tension 

coating 

industries 

GGM, 

hemicellulo

se 

Pulp mill O/W Modified 

with 

carboxymeth

yl derivatives 

Improved the 

interface 

adsorption of the 

emulsion 

Food 

emulsifier 

[101] 

 

 

 

7. Conclusion 

LCMs (e.g., cellulose, hemicellulose, and lignin) can be recovered from agricultural 

waste and industrial processes to produce bio-based emulsifiers. The amphiphilic properties of 

cellulose and lignin equipped with surface-active functional groups can reduce the tension of 

the oil–water interface. Modified lignin often transforms to self-assemble and thereby reduce 

the emulsion surface tension, whereas the amphiphilic tendency of modified cellulose forms a 

mechanical barrier and adsorbs the emulsion interface. The properties of GGM-rich 

hemicellulose differ slightly from those of lignin and cellulose, for GGM is extracted with 

phenolic and PS to increase the adsorptive tendency of the emulsion interface. In formulating 

bio-based emulsifiers, other factors affected their surface activity or composition in the 

functional group, including in chemical and physical surface modification, particle size, pH, 

and concentration, to improve their functionality. Lowering the particle size can increase the 

surface area and form a better wall construction surrounding the droplets, hence smaller 

droplets. A certain pH can increase the degree of ionization on the surface of LCMs, which 

effects a charge opposite to the charge at the interface. A small droplet size is a good indicator 

of emulsion stability, which also means a large droplet surface area. Increasing the 

concentration of the emulsifier can ensure that all of those surface areas are covered. Given the 

diversity of approaches, LCMs can indeed be used as emulsifiers and may even be the future 

of such materials. Although many improvements that can be made, especially in emulsion 

stability, the knowledge provided here can help to advance emulsion technology. 
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Figure 1. Number of articles published from 2010 to 2021 addressing (a) lignocellulosic 

materials (LCM) used as emulsifiers and (b) the modification of the structure of LCMs. Data 

source: SCOPUS [11]. 
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Figure 2. Gibbs free energy of emulsification produced (a) spontaneously (b) unspontaneous 

[144]. 
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Figure 3. Type of emulsions. 

 

 

 

Figure 4. (a) Demulsification of W/O emulsions and (b) W/O emulsion with steric stabilization 

due to polymer adsorption.  
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Figure 5. The percentage of LCMs in hardwood and softwood. 
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Figure 6. Proposed lignin structure. Reprinted (adapted) with permission from [145]. Copyright 

2010 American Chemical Society. 
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Figure 7. The major phenylpropanoid monomers and the most common inter-unit linkage of 

lignin. 

 

 

Figure 8. The structure of cellulose. 
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Figure 9. Illustration of particle and the contact angle in the interface. 

 

 

 

Figure 10. Functional groups in hemicellulose [146]. 
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Figure 11. The difference between pristine-CNCs with various concentration of a) 0.05 wt%, 

and b) 0.5 wt%, versus modified PSR-CNCs with various concentration of c) 0.2 wt%. The 

optical micrographs showed the droplets size with various PSR-CNCs, d) 0.05 wt%, e) 0.15 

wt%, f) 0.2 wt%, g) 0.25 wt%, h) 0.3 wt%. Reprinted (adapted) with permission from [147]. 

Copyright 2017 American Chemical Society. 
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Figure 12. AFM image of CNC showed a rod-like structure [148]. 
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Figure 13. (a) The influence of L-PNIPAM on droplet size in Pickering emulsions at 25  °C 

and 45 °C and (b) illustration of the L-PNIPAM adsorbed at the interface at different 

temperatures. Reprinted (adapted) with permission from [66]. Copyright 2019 American 

Chemical Society. 



81 

 

 

Figure 14. Illustration of how the difference in ionization affects the stability of coalescence 

between the two phases.  
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Figure 15. The influence of (a) ionic strength and the particle size of cellulose ethers on the 

zeta potential, (b) pH on the zeta potential, and (c) the particle size of cellulose ethers on EC 

[149]. 
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Figure 16. Distribution of droplet size between various galactoglucomannan (GGM)-to-oil 

ratios, showing that high concentrations of GGM retained small droplets even after 28 d [98]. 
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