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Abstract 13 

This work presents a novel methodology to obtain stable bio-oil-in-oil emulsions using 14 
crude oil endogenous asphaltenes as emulsifiers. This approach provides new insights 15 

into the valorization of wood pyrolysis bio-oils through co-processing with crude oils or 16 
by direct incorporation in fuels for marine transportation, contributing to a significant 17 
reduction of the carbon footprint of these products. Similar to water-crude oil systems, 18 

asphaltenes can form a rigid film at the bio-oil / petroleum-derived oil interface, thus 19 
limiting droplets coalescence and increasing the emulsion lifetime without requiring 20 

additional emulsifier. The evolution of the interfacial layers with the asphaltene content 21 
and the nature of the petroleum-derived oil phase were investigated by interfacial 22 

rheology. The results show the consolidation of the interfacial layer and the formation of 23 
a solid-like film, referred to as "skin" with appropriate asphaltene content and polarity of 24 

the oil phase. Changes in the dilational elasticity depend on the asphaltenes 25 
aggregation behaviour according to the Yen-Mullins model, and the mechanisms that 26 
account for these phenomena are discussed.  27 

 28 
Keywords: Bio-oil, Biofuel, Wood pyrolysis oil, Marine fuel, Co-processing, Refinery, 29 

Emulsion, Stability, Asphaltene, Sustainability. 30 
 31 

1. Introduction 32 
Bio-oils obtained from pyrolysis or hydrothermal liquefaction of wood residues (referred 33 
to as fast pyrolysis bio-oil [1], bio-oil [2], or biocrude [3]) are promising candidates for 34 

incorporation into marine transportation fuels [2] or co-processing with petroleum-35 
derived oils in refineries [4] due to their reduced carbon footprint [3,5,6]. However, their 36 

complex chemical composition – water, acids, aldehydes, ketones, sugars and lignin 37 
oligomers – renders these bio-oils highly polar and therefore immiscible with 38 
hydrocarbon oils. Moreover, bio-oils can exhibit physical and chemical instability, and 39 
are particularly prone to oxidation and polymerization reactions due to ageing [7,8]. 40 
Consequently, solid particle formation, water separation, and incompatibility with crude 41 

oil refinery oils make formulation and use of bio-oils challenging [9].  42 
Different alternatives have been proposed to achieve compatibility between bio-oils and 43 
petroleum-derived oils, such as the use of co-solvents to attain miscibility, though this 44 



often requires high solvent quantity [10,11]. One alternative method for producing bio-45 

oil-in-oil emulsions involves the use of surfactants. However, achieving stable oil-in-oil 46 
emulsions typically requires the use of emulsifiers at high concentrations [12–15]. 47 

Among the types of emulsifiers used for this purpose are block copolymers, which have 48 
been shown to be effective but costly [16–20]. Hydrodeoxygenation allows the 49 
upgrading of bio-oils to decrease oxygen content, increasing calorific power and 50 
lowering corrosion in engines, yet it is cost-intensive and relies on solid catalysts 51 
[21,22]. Esterification involves converting organic acids (e.g., formic, acetic, and 52 

propionic acid) present in bio-oil into their corresponding esters by reaction with an 53 
alcohol in the presence of catalysts [23–25]. On the other hand, transesterification 54 
substitutes long-chain esters in bio-oil with short-chain alcohols, using solid acid 55 
catalysts to achieve high conversion and selectivity [23]. The latter make bio-oils less 56 
polar and thus partially miscible with petroleum-derived oils, but they are cost-intensive 57 

processes and have only been demonstrated in bench-scale and in some pilot plant 58 
essays [3,6]. Therefore, there is a need to achieve stabilization of blends of wood 59 

pyrolysis bio-oils and petroleum-derived oils, without requiring the addition of chemicals 60 

or the need for bio-oil upgrading. Stabilizing emulsions of such systems requires 61 
understanding the phenomena occurring at the oil/oil interface. 62 
 63 

Surface rheology has been extensively employed to measure interfacial properties in 64 
oil/water systems with significant advances made in the past two decades in 65 

understanding the behaviour of surface-active species at interfaces. This includes the 66 
adsorption and consolidation of structured monolayers [26,27], emulsion stabilization 67 
[28,29], and the mechanisms behind emulsion instability [30,31].  68 

In interfacial dilational rheology measurements, the dilational modulus can be defined 69 

as (Eq. 1): 70 

 71 

   
  

  
 (1)  72 

 73 
where E is the dilational modulus in mN/m (also called compression [32] or dilatational 74 
[29] modulus), A is the surface area in m2 and Π is the surface pressure in mN/m. For 75 

an insoluble monolayer, the surface surfactant concentration can be expressed as Г ~ 76 
1/A (Eq. 2): 77 
 78 

   
  

  
 (2) 79 

At low surfactant concentrations, the surfactant transport to and from the interface is 80 

slow, interfacial dilational parameters are large, and the surface elasticity is orders of 81 
magnitude larger than the surface shear elasticity [27,33]. Therefore, dilational elasticity 82 
measurements are particularly useful to study interfaces, especially when surface-active 83 

species that form aggregates or consolidated structured monolayers are present 84 
[28,32]. In surfactant/oil/water systems at Winsor I or Winsor II conditions, when 85 
agitation and shear occur, generally, a higher interfacial area is available for surfactant 86 
molecules to be adsorbed at the interface [34]. There is evidence that when surface 87 
active macromolecules (such as proteins or asphaltenes) are adsorbed, densification, 88 
molecular rearrangement, and conformation of a rigid film occurs [35,36]. This results in 89 



a high value of the dilational modulus and high stability of the emulsions formed 90 

[28,37,38]. 91 
Marangoni forces are large at low surfactant concentrations when there is not enough 92 

surfactant in the bulk to replenish the surface after a mechanical perturbation. But in 93 
some cases, Marangoni forces remain effective even at high surfactant concentrations 94 
when thin films or insoluble surfactant monolayers are present [27]. This has been 95 
related to a high persistence of the emulsions formed with natural surfactants as 96 
emulsifiers, as in the case of asphaltenes diluted in hydrocarbon solvents [32,39,40], or 97 

proteins [37,41,42] in water-in-oil (W/O) or oil-in-water (O/W) systems, respectively. The 98 
systems mentioned above are based on water/oil systems since there are no reports on 99 
the interfacial rheology of bio-oil/oil systems in the presence of asphaltenes.  100 
 101 
Several publications indicate that asphaltenes are responsible for the emulsification of 102 

water-in-crude oil emulsions (W/O) due to the formation of a rigid, mechanically 103 
resistant asphaltene film at the interface, as evidenced either by interfacial rheology or 104 

crumpling ratio measurements [28,32,43]. The stability of these asphaltene-stabilized 105 

emulsions has been reported to be affected by the petroleum oil nature. For instance, 106 
diluents with high aromatic content lower the emulsion stability, whereas the paraffinic 107 
oil content increase film elasticity up to the point where the onset of asphaltene 108 

precipitation is reached [43,44].  109 
 110 

In order to overcome the challenges of compatibilizing bio-oils and petroleum-derived 111 
oils for co-processing applications and as a marine fuel, herein, we explore a promising 112 
approach to obtain homogeneous and stable bio-oil-in-oil emulsions (O/O) using natural 113 

asphaltenes found in crude. We examine the underlying mechanisms behind the 114 

stabilization process in the light of dilational rheology of bio-oil/oil interfacial layers.  115 

 116 
2. Materials and methods 117 

 118 

2.1 Materials 119 
Decalin (decahydronaphthalene >99%, a mixture of cis-and trans isomers) and 120 

dodecane (>99%) were provided by Sigma-Aldrich. Table 1 lists the purity of all 121 
compounds of the surrogate pyrolysis bio-oil, the density of the mixture is 1.06 g/mL. All 122 
products of Table 1 were provided by Sigma-Aldrich except 2-cyclopentenone that was 123 

provided by Thermo Scientific Acros. Asphaltenes were precipitated from a vacuum 124 
residue (°API=12.5, SARA: Saturates=26.9, Aromatics=53.6, Resins=15.5, 125 
Asphaltenes=4.0 wt.%, TotalEnergies Gonfreville Refinery, France), using the standard 126 

procedure [45]. A sample of bio-oil, prepared by fast pyrolysis of pinewood residue 127 

pellets, was provided by TotalEnergies Research and Technology (Gonfreville, France). 128 
The compositional analysis of this bio-oil is reported by Mase et al. [46].  129 

2.2 Formulation of a surrogate bio-oil mixture 130 
Fonts et al. [47] proposed a composition of fast pyrolysis bio-oil by selecting 131 
representative organic compounds based on results analyzed from the literature. This 132 
selection considered: (1) compounds with the higher concentrations in wood pyrolysis 133 
liquids, (2) the presence of compounds from the main chemical families (aldehydes, 134 
ketones, acids, furans, phenols, methoxyphenols, sugars, and oligomers) and 135 



containing the most representative functional groups quantified in lignocellulosic 136 

pyrolysis liquids (carbonyl, carboxyl, phenol OH, and aliphatic OH), (3) the existence of 137 
compounds typically separated as water-soluble and also water-insoluble, and (4) the 138 

coverage of the whole range of molecular weights of the compounds present in 139 
pyrolysis liquids. 140 
In the present work, a surrogate bio-oil was obtained as a mixture of the most common 141 
light constituents of bio-oil by mixing the appropriate quantities of chemical compounds, 142 
as indicated in table 1. Their structure, purity, Hansen Solubility Parameters and 143 

average wt.% composition are provided in Table 1. The formulated surrogate bio-oil 144 
allowed solubilization of water, lignin and sugar components (20, 30, and 20 wt.%, 145 
respectively) in a homogeneous phase that is stable after three months of observation, 146 
thus indicating its suitability to represent such complex systems.  147 
 148 

Table 1. Light compounds within the composition of surrogate fast pyrolysis bio-oil 149 
proposed by Fonts et al. [47]. 150 

 151 
Component Structure Purity Hansen solubility 

parameters (MPa½) * 
wt.
% 

δd                     δp                 δh 

2-cyclopentenone 
 

98% 18 10.5 7 1.8 

3-methyl-1,2-
cyclopentanedione 

 

99% 17.2 10.6 7.9 1.8 

Formic acid   >95% 16.6 12 15.3 2.9 

Acetic acid 
 

 >99% 16.1 6.6 10.9 30.6 

Propionic acid 
 

 >99.5% 16 6.3 10.5 13.3 

Hydroxyacetone 
(acetol)  

 90-95% 16.6 10.5 13.5 27.1 

Furfural 
 

 99% 17.5 13 6.2 5.0 

Phenol 

 

 >99% 18.4 5.8 12.8 3.2 

Guaiacol 

 

 >99% 18.6 7.1 13.4 1.8 

4-ethylguaiacol 

 

 >98% 18.2 6.7 12.9 1.4 

Eugenol 

 

 99% 18.1 6.3 12.4 2.2 



4-methylcatechol 

 

 >95% 18.9 7.4 19.5 2.9 

Vanillin 

 

 99% 18.9 11.8 14 5.4 

Syringaldehyde 

 

 >98% 19 13.1 14.6 0.7 

*Data obtained from HSPiP v.5.4.02 152 

 153 

2.3 Asphaltenes precipitation  154 
100 g of vacuum residue were contacted with 2 L of n-heptane (ratio fuel/heptane = 155 

1/20). The system was agitated for 24 h at room temperature, followed by 24 hours at 156 
rest. Then, the system was filtered with a PTFE hydrophobic filter (0.2 µm), and the 157 
retained asphaltenes were washed several times with n-heptane until the filtrate 158 

became colorless. Subsequently, asphaltenes were dried at 40 °C and ground in a 159 
mortar. The fuel phases were prepared by redissolving specific amounts of asphaltenes 160 
in decalin (or a decalin:dodecane 75:25 mixture in wt.%) to reach 0.05, 0.1, 0.5 and 1 161 

wt.% asphaltenes. In that way, the impact of asphaltene concentration on the emulsion 162 
stability could be evaluated.  163 

 164 
2.4 Formulation of a petroleum-derived oil model system 165 

In order to study the role of asphaltenes on the rheology of bio-oil/oil interfacial layers, a 166 

model system was tailored to obtain bio-oil-in-oil emulsions with varying asphaltene 167 

content. As a first approach, a low viscosity heptol (n-heptane/toluene) hydrocarbon 168 

mixture phase was considered. However, as shown in Figure S1 (Supplementary 169 

information), colored components within the bio-oil phase or the surrogate bio-oil phase 170 

are miscible with low molecular weight hydrocarbons (C7 or lower). This is likely due to 171 

the compatibility of the low molecular weight components in the bio-oil with the heptol 172 

phase (for example, heptane and toluene have solubility with acetic acid, which declines 173 

with higher alkanes [48]). Consequently, a mixture of decalin (cis+trans 174 

decahydronaphtalene with a Hansen Solubility Parameter δd = 17.6) and dodecane (δd 175 

= 16) was chosen as a model petroleum-derived oil medium that solubilizes asphaltenes 176 

[49–51], suitable for utilization as a model fuel phase. Decalin as well as dodecane are 177 

immiscible with surrogate bio-oil and have very low solubility with wood pyrolysis bio-oil 178 

(Figure S1 Supplementary information, Right panel). The EACN of crude oils changes 179 

according to its composition and Creton reports values from 6.7 to 18 [52], and according to 180 
Jang et al. [53], it   ranges typically from 10-14. Consequently, decalin, a cycloparaffin with 181 
reported EACNs of 5.3  [49,54], known for not inducing asphaltene precipitation, and dodecane, 182 
with a EACN of 12, were selected as hydrocarbon fuel surrogates [54]. Both substances are 183 
immiscible with the bio-oil. 184 

 185 



2.5 Emulsion formation 186 

The surrogate bio-oil was pre-heated to 25 °C. The petroleum-derived oil en(decalin or 187 
decalin:dodecane) was also pre-heated at 25 °C and weighed in the same vial. The total 188 

amount of emulsion prepared was 6 g, with the bio-oil constituting 30 wt.% of the 189 
mixture. The vial was sealed and placed in a bath at 25 °C. Then, the bio-oil/petroleum-190 
based oil mixture was emulsified with a T10 basic Ultra-Turrax at 30,000 rpm for 2 191 
minutes. The emulsion was immediately placed in the Turbiscan apparatus at 25 °C. At 192 
the same time, an emulsion sample was observed at 25 °C with an Olympus BX51 193 

microscope in transmission mode. 194 
 195 
2.6 Lifetime of emulsions 196 
The stability of the emulsions was continuously monitored using a Static Multiple Light 197 
Scattering (SMLS) Turbiscan Lab Expert (Formulaction, France) at a temperature of 25 198 

°C with measurement intervals of 30 minutes during the first 48 h, followed by every 24 199 
h for 30 days. The transmitted light (T) and backscattered light (BS) were recorded as a 200 

function of the sample height. The collected data were subjected to analysis through the 201 

TurbiSoft Lab software (version 2.3.1.125) [55]. Photographs were taken to evidence 202 
the difference between the lifetime of emulsions with or without paraffines (dodecane 203 
content). 204 

 205 
2.7 Asphaltenes onset of flocculation 206 

Two sets of experiments were conducted to study the impact of the solvent medium on 207 
the flocculation behavior of asphaltenes. Static Multiple Light Scattering (SMLS) was 208 
used to obtain the transmission and backscattering profiles of the samples as a function 209 

of time, and dynamic light scattering (DLS) was used to assess the asphaltene particle 210 

size distribution. The concentrations studied were 0.05 wt.% asphaltenes and 211 

dodecane/decalin mixtures with 0, 30, 40, 50, 60, 80 and 100 wt.% dodecane. SMLS 212 
measurements were performed every hour for 5 days using the methodology described 213 

in section 2.6. DLS measurements were conducted 30 days after the samples were 214 
mixed, to attain complete sedimentation of the precipitated asphaltenes. Liquid was 215 
taken from the top of the sample, added to a quartz cuvette, and the particle size 216 

distribution was measured at 25 °C using a Zetasizer (Nano ZS ZEN 3600, Malvern, 217 
UK) equipped with a He-Ne laser at 632.8 nm. The Zetasizer ZS measures the 218 

scattering information at 173°, which is the angle of maximum backscattering intensity 219 
for small particles [56]. The size distribution of asphaltene aggregates in the sample 220 
was calculated by using the Stokes-Einstein equation, which relates the particle size to 221 

the diffusion coefficient [57]. Additionally, visual observation was used to follow 222 

asphaltene precipitation after a 30-day ageing period (Figure S2 Supplementary 223 
Information), thus confirming the results obtained by SMLS and DLS.  224 
 225 

 226 
2.8 Interfacial dilational rheology measurements with the pendant drop technique 227 
Interfacial tension and interfacial dilational rheology measurements were performed on 228 
a bio-oil (or surrogate bio-oil) / decalin system with varying asphaltene content. 229 
Interfacial properties were measured by changing asphaltene concentration in the 230 
hydrocarbon phase. A drop profile tensiometer (Teclis, France) was used to measure 231 



the variation of dilational rheology of the interfacial layer throughout the scan. The 232 

hydrocarbon phase nature was also changed by using a decalin:dodecane mixture. The 233 
asphaltene concentration scan was performed between 0 and 1 wt.% asphaltenes in the 234 

case of decalin solvent, and between 0 and 0.15 wt.% when a 75 vol.% decalin and 25 235 
vol.% dodecane solvent mixture was used. In the latter case, concentrations up to 0.15 236 
wt.% asphaltenes were measured, because at higher values, the asphaltene film 237 
evolved very rapidly and a non-Laplacian shape droplet was formed in around one 238 
minute. Dynamic interfacial tension and interfacial dilational rheology properties were 239 

determined by placing the transparent phase in the cuvette and the darker phase in the 240 
syringe, which was injected through the needle.  A drop of oil of the darker phase with a 241 
volume of 1-2 μL was formed at the tip of the needle. A pendant or rising drop 242 
configuration was used according to the density difference between the two phases. 243 
According to Hutin et al. [58,59] both methods have been shown to be suitable for the 244 

measurement of interfacial tension and interfacial rheology of asphaltene-laden 245 
interfaces. A viscoelastic and highly mechanical resistant film (which has been 246 

previously referred to as “skin”) was rapidly formed in all systems (in less than 20 min). 247 

The interfacial tension and area were determined in the drop profile equipment through 248 
axisymmetric drop shape analysis [60]. The drop area can be varied sinusoidally with 249 
oscillatory changes in the drop volume, leading to an oscillatory change in drop area 250 

and interfacial tension through the dilatation and expansion of the drop.  251 
 252 

In viscoelastic interfaces, variations in interfacial tension and interfacial area, measured 253 
at a frequency ω, lead to a difference in the phase, accounted for by the phase angle φ. 254 
The phase angle quantifies the difference in degrees between both the interfacial 255 

tension and interfacial area sinusoidal curves, i.e., φ = 0° corresponds to a totally elastic 256 

response, while φ = 90° indicates a completely viscous response. An interface with an 257 

intermediate phase angle between 0° and 90° is considered viscoelastic, and two 258 
contributions are necessary to describe it, the storage E' and the loss E'' modulus (also 259 

known as elastic and viscous moduli, respectively). The dilational modulus can be 260 
expressed as a complex number that considers both contributions (Eq. 3): 261 
 262 

           (3) 263 
 264 
E' and E'' account for the energy stored and the energy dissipation through relaxation 265 
processes, respectively. They can be obtained from the phase angle through equations 266 
(4) and (5): 267 

 268 

            (4) 269 

             (5) 270 
 271 
In this work, dilational elasticity experiments were tailored for a variation of interfacial 272 

area of less than 10% (to maintain the rheological response linear) by controlling the 273 
drop volume amplitude. The frequency of oscillation of surface area was generally set to 274 
0.1 Hz. In addition, oil phases densities were measured in a pycnometer. The 275 
corresponding errors range from 2 to 5% for interfacial tensions and from 4 to 10% for 276 
the dilational modulus. All experiments were conducted at a temperature of 20 ± 2 °C. 277 



Teflon-coated needles (Teclis, France), ranging in size from 0.5 to 2 mm, were selected 278 

based on the viscosity of the liquids and the interfacial tension. Additionally, all 279 

experiments were performed with a Bond number above 0.1. To ensure repeatability, 280 

at least three experiments were conducted for each condition. 281 

 282 
2.9 Crumpling ratio 283 
The crumpling ratio is a measure of the relative area reduction at which a crumpling 284 
phenomenon occurs on the surface of a drop, leading to surface roughness due to 285 

apparent buckling. This phenomenon is attributed to the formation of a rigid skin at the 286 
surface and typically occurs during the retraction of the volume inside a droplet that has 287 
been contacted with an asphaltene-rich phase. Above a certain reduction of area, 288 
named “crumpling point,” the relative area reduction is defined as the crumpling ratio 289 
with equation (6) [28]: 290 

 291 

Crumpling ratio =
      

        
 ￼ (6) 292 

 293 

where Ainitial is the initial droplet area and Afinal is the area when “crumpling” occurs.  294 
 295 
The crumpling ratio was measured using a Tracker pendant drop apparatus. An oil drop 296 

with a volume of 1 μL was formed and retracted at a constant rate of 0.1 μL/s. The drop 297 
retraction (and consequent compression of the “skin”) was carried out after the two 298 

phases had been in contact for 3-5 min to allow for stabilization of the interfacial tension 299 
value.  300 
 301 

3. Results and discussion 302 

 303 
3.1 Surrogate bio-oil in oil emulsions 304 
The polar character of pyrolysis bio-oil makes it immiscible with typical hydrocarbon oils. 305 

In this work, the petroleum-based oil was a reconstituted fuel, obtained by adding 306 
asphaltenes to a decalin or decalin/dodecane mixture, to attain asphaltene 307 

concentrations of 0, 0.05, 0.1, 0.5, and 1 wt.%. Emulsions of the surrogate oil in the 308 

asphaltene-hydrocarbon solution were formulated according to the described 309 
methodology. 310 
 311 
In Figure 1A, the transmission profiles show that emulsions at 0.05 wt.% asphaltenes in 312 
decalin are highly unstable. Since the density of the surrogate bio-oil is higher than that 313 

of decalin, any change in transmission at the bottom of the tube can be interpreted as 314 
coalescence (while a change at the top of the tube would indicate sedimentation). 315 

Within 5 hours, the transmission increases significantly and nearly reaches an 316 
asymptotic value that persists for one month. When the concentration is increased to 1 317 
wt.% (Figure 1B) stability increases but coalescence still occurs. Turbiscan profiles for 318 
concentrations greater than 0.1 wt.% are ineffective because asphaltenes provides a 319 
black color to the system, which renders transmission and backscattering signals not 320 

useful to determine changes in the tubes, that is why we provide 0.1 wt.% for turbiscan 321 
measurement but 1 wt.% asphaltenes in Figure 1B for illustration. To monitor 322 
destabilization, a light in the bottom of the sample must be used as shown in the 323 



photographs of Figure 1B. These pictures at 30 days demonstrate that increasing 324 

asphaltenes concentration enhances stability, although complete stability is not attained 325 
in this case even at 1 wt. % asphaltenes. Thus, the effect of adding a component with a 326 

paraffinic nature is crucial to obtain stable emulsions as will be shown in Figure 2. As in 327 
typical W/O emulsions found in petroleum industry, asphaltenes also appear to stabilize 328 
the polar surrogate bio-oil droplets in decalin. The higher stability of surrogate bio-oil-in-329 
oil emulsions at asphaltene concentrations above 0.5 wt.% suggests the potential use of 330 
petroleum surface active species (i.e., asphaltenes), which are present in some fuel 331 

phases as emulsifiers.  332 
 333 

334 
Figure 1. A) Static multiple light scattering separation profiles measured using the 335 

turbiscan through 30 days. The samples are surrogate bio-oil in decalin emulsions at 336 

0.05 and 0.1 wt.% of asphaltene. T = 25 °C. B) Photography of 0.05 and 1 wt.% 337 

emulsions after 30 days. Turbiscan measurements are presented up to 0.1 wt.% 338 

asphaltenes because over 0.2 wt.% the top oil phase does not transmit light, and the 339 

bottom phase becomes darkened. 340 

 341 
In order to study the influence of the nature of the oil phase containing the asphaltenes, 342 
surrogate bio-oil was emulsified in a decalin:dodecane (75:25) mixture at the same 343 
asphaltenes concentrations. The decalin:dodecane 75:25 mixture was selected 344 
because it is a combination of cyclic and linear alkanes (the first one being a suitable 345 

solvent for asphaltenes, while the second one is not due to the long chain length). This 346 
was done aiming to find a model oil similar to heptane:toluene 25:75 mixtures (heptol), 347 

which have been utilized as surrogate oil to study the interfacial rheology of asphaltene 348 
containing systems [28,32,44]. Figure 2A shows the transmission profiles for 0.05 and 349 
0.1 wt.% of asphaltenes in the decalin:dodecane mixture. Analogous to the decalin 350 
systems, increasing the asphaltene concentration improves the stability of the system. 351 
The photographs of the emulsions show that, this time, the system at 1 wt.% 352 
asphaltenes remains stable at 30 days. Visual and microscopic inspection evidence 353 
large lifetimes. Comparing both figures, it can be noted that although both emulsions 354 



are unstable at 0.05 wt.%, the coalescence rate is lower for the decalin:dodecane 355 

mixture and the coalescence starts only after 24 hours. Emulsions above 0.2 % remain 356 
stable over two months when dodecane is added. Figure 3 shows microphotographs of 357 

the emulsions. Emulsions A and B have decalin as a hydrocarbon solvent medium and 358 
are unstable after a lifetime of 10 minutes, evidenced by an increase in droplet size due 359 
to coalescence. Emulsions C and D have a mixture decalin/dodecane = 0.75/0.25 as 360 
external phase and remain stable during the observation time of 10 min, with emulsion 361 
D displaying a particularly small droplet size. Therefore, asphaltene concentration as 362 

well as the oil's paraffin content are critical factors in achieving stable bio-oil-in-oil 363 
emulsions. This contributes to understanding the stabilization phenomena likely 364 
involved. Multiple reports in the literature indicate that asphaltenes are responsible for 365 
the emulsification of water-in-crude oil emulsions due to the formation of a rigid 366 
asphaltene film at the interface [28,32,44]. The stability of emulsions has been reported 367 

to be affected by the nature of the oil medium, asphaltenes interfacial activity, 368 
aggregation, and precipitation, which is related to the hydrocarbon solvent in which they 369 

are dispersed [28,32,44,61]. For instance, diluents with high aromatic content decrease 370 

the emulsion stability, whereas the presence of paraffinic oil makes the film more rigid 371 
until the onset of asphaltene precipitation is reached [28,32,44].  372 
 373 

Moreover, recent research has linked these phenomena to the Hansen Solubility 374 
Parameter of the solvent [51]. Accordingly, in the present research the solvent is varied 375 

from pure decalin to a dodecane:decalin (25:75) mixture, which is revealed by the 376 
change of the Hansen Solubility Parameter δ from 17.6 to 17.2 MPa½. This indicates a 377 
shift towards a less polar medium when dodecane is added. When comparing their 378 

equivalent alkane carbon number (EACN), a measure of the hydrophobicity of the oils, 379 

the EACN for decalin is 5.3 [49,62], while dodecane is 12. The EACN of 380 

dodecane/decalin mixture is thus higher than for decalin, indicating that decalin is less 381 
hydrophobic.  382 

383 
Figure 2. A) Static multiple light scattering separation profiles of surrogate bio-oil in oil 384 

emulsions measured with the Turbiscan through 30 days. The solvent medium is a 385 



mixture of decalin:dodecane 75:25 at 0.05 and 0.1 wt.% of asphaltenes. T = 25 °C. B) 386 

Photography of 0.05 and 1 wt.% emulsions after 30 days. Turbiscan measurements are 387 

presented up to 0.1 wt.% asphaltenes because over 0.2 wt.% the top oil phase does not 388 

transmit light, and the bottom phase becomes darkened. 389 

 390 

 391 
Figure 3. Emulsified systems at a surrogate bio-oil/oil ratio 30/70. Photographs were 392 
taken after a lifetime of 10 minutes. A) 0.5 wt.% asphaltenes, decalin as oil; B) 1 wt.% 393 
asphaltenes, decalin as oil; C) 0.5 wt.% asphaltenes, decalin/dodecane = 0.75/0.25; D) 394 

1 wt.% asphaltenes, decalin/dodecane = 0.75/0.25.  395 
 396 

These results provide preliminary guidelines to formulate fuels with high emulsifying 397 
performance for bio-oils by adding saturates-rich or paraffinic phases before the 398 
asphaltene onset of precipitation occurs. The relationship between δHSP parameter and 399 

emulsion stability has been recently reported for water-in-crude oil emulsions stabilized 400 
by asphaltenes, i.e., more polar solvents decrease asphaltene emulsifying efficacy and 401 

can break emulsions [63]. It is essential to highlight the novelty of the present research; 402 
this is the first time that such stable bio-oil-in-fuel emulsions, stabilized by asphaltenes 403 
(i.e., without any synthetic surfactants or emulsifiers), are reported. To verify the present 404 

hypothesis, the results of asphaltene solubility in the decalin/dodecane oil are presented 405 
in the next section. 406 
 407 



3.2 Aggregation of asphaltenes in decalin/dodecane oil systems 408 

Decalin is a suitable solvent for asphaltenes, while dodecane, a linear paraffinic oil, 409 
leads to asphaltenes precipitation. The addition of dodecane to decalin increases the 410 

activity of asphaltenes at the interface, up to the flocculation point, a phenomenon which 411 
has been extensively shown in the literature for water/oil interfacial layers [28,44,64].  412 
In the present work, a study of the asphaltenes onset of precipitation in petroleum-413 
derived oils was performed by adding dodecane to decalin until the onset of 414 
precipitation was attained (See Figure S2 in the supplementary information). The onset 415 

of flocculation was found at 50 wt.% dodecane by visual observation (modified ASCI 416 
[65]), by changes in the transmission and backscattering profiles with the Turbiscan 417 
measurements, and changes in the aggregate size determined by dynamic light 418 
scattering (DLS). Figure 4A illustrates that the average size of asphaltene particles in 419 
decalin at low dodecane concentrations ranges from 8 to 12 nm, but progressively 420 

increases with the addition of dodecane until their precipitation starts when aggregates 421 
are around > 5 µm. Moreover, according to the literature, the bimodal particle 422 

distribution that occurs between 40 and 60 wt.% dodecane, corresponds to 423 

nanoaggregates and cluster aggregation states [66,67]. The Yen-Mullins model predicts 424 
that asphaltene aggregates can range in size from nanometers to micrometers, with the 425 
larger aggregates being more prevalent in heavier crude oils [68,69]. However, the 426 

exact size of asphaltene aggregates is difficult to measure experimentally, and there is 427 
still ongoing research to better understand the size and structure of these aggregates. 428 

Figure 4B shows the transmission profiles for the same samples as Figure 4A. As the 429 
proportion of dodecane increases, the change of the transmission profile evolves faster 430 
over time. At 40% dodecane, the change in transmission over time is almost negligible, 431 

but at 60 wt.% dodecane, the evolution with time is evident, indicating aggregation 432 

phenomenon. Indeed, the “end” values of the transmission profile are higher for the 60 433 

wt.% dodecane than for the other two samples because the solvent contains 434 
aggregated asphaltenes, increasing light transmission.       435 

 436 
These results indicate that asphaltenes in a solvent medium with increased paraffin 437 
content are more effective for stabilizing emulsions. On the one hand, asphaltenes in 438 

decalin are very stable and do not separate within 5 days of observation. On the other 439 
hand, the system with 25 wt.% dodecane is closer to the asphaltene onset of 440 

precipitation and exhibits higher emulsification performance, as evidenced by the lower 441 
quantity of asphaltenes required to obtain a stable emulsion i.e., when Figure 1 is 442 
compared to Figure 2.  443 

 444 



 445 
 446 

Figure 4. A) Dynamic multiple and B) static light scattering separation profiles 447 
measured with the turbiscan and DLS apparatus. The solvent medium is a mixture of 448 
decalin:dodecane at increasing wt.% of dodecane with 0.05 wt.% asphaltenes. T = 25 449 
°C. 450 

 451 
3.3 Dynamic Interfacial properties of oil / oil systems with asphaltenes  452 
 453 

3.3.1 Asphaltenes at Surrogate bio-oil/decaline interfaces 454 

Similar to the challenges encountered in Turbiscan measurements, measuring 455 
interfacial tension and dilational rheology of the surrogate bio-oil and hydrocarbons 456 
interfaces is complicated. This is due to the formation of a pendant bio-oil drop in a 457 
decalin/dodecane medium at high asphaltene content, which is black and opaque, 458 
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thereby impeding light transmission. Even if this configuration resembles the bio-oil 459 

droplet in the decalin/dodecane continuous phase of emulsions, the only practical way 460 
to quantify these properties is to use a translucid surrogate bio-oil medium with a 461 

decalin/dodecane drop in a rising drop configuration. This setup allows a favorable 462 
visualization for performing dilational rheology measurements. In Figure 5 and Figure 6, 463 
the interfacial rheology of decalin with asphaltene content (drop)/surrogate bio-oil (bulk 464 
phase) system is shown.  465 
 466 

Figure 5A displays the dynamic interfacial tension (IFT) measured for systems from 467 
0.02 to 1 wt.%. asphaltenes. An IFT of 1.9 mN/m is measured for the system without 468 
asphaltenes under oscillation. The application of sinusoidal area variation does not alter 469 
the IFT, indicating the absence of substances with interfacial activity. The IFT 470 
decreases over time for all systems containing asphaltenes, and shows lower values as 471 

the asphaltene concentration increases, similar to water/petroleum-based oil interfaces, 472 
albeit with much lower values [35,44]. The increase of the concentration of asphaltenes 473 

slightly reduces the interfacial tension until it exhibits an asymptotic behavior (note that 474 

values of IFT at 0.5 and 1% wt. are almost identical at 10 minutes). This occurs 475 
because the interface is aged and a solid-like film forms around the droplet (where 476 
crumpling occurs), and a non-Laplacian droplet shape is attained, thus impeding a 477 

correct measurement under oscillation. 478 
 479 

IFT values below 2 mN/m and a dilational modulus (E) around 0.5-2.5 mN/m for a bio-480 
oil/petroleum-based oil with an asphaltene film represent the first report of an interfacial 481 
tension and dilational modulus of an oil/oil interface in a drop profile setup. The 482 

decalin/surrogate bio-oil oscillation experiments without asphaltenes did not show any 483 

response to oscillation, resulting in a dilational modulus around zero, as expected [32]. 484 

Figure 5B shows that E increases with the droplet ageing over time. After 3 minutes, the 485 
E value for a 0.1 wt.% asphaltene content is approximately four times greater than that 486 

of the system with 0.02 wt.% asphaltenes. Moreover, the droplet shape at 0.1 wt.% 487 
becomes non-axisymmetric at 3 min, probably due to the rapid formation of a so-called 488 
“skin”. In oil/water interfaces with asphaltene content the non-axisymmetric shape is 489 

attained usually after 30 min of measurement. In the present case, the evolution of the 490 
interfacial tension and E is fast, probably due to accelerated dynamics of adsorption of 491 

interfacially active species at low interfacial tensions [30,32]. Unlike the interfacial 492 
tension tendency, the dilational modulus reaches a maximum as the asphaltenes 493 
concentration increases. At 0.1 wt.% asphaltenes, E is higher initially (<3 minutes) than 494 

at other concentrations, and a non-Laplacian droplet shape forms rapidly, indicating the 495 

formation of a solid-like interfacial film.  496 
 497 
The evolution of asphaltene interfacial layers is evidenced in Figure 6, where E’ 498 

increases and phase angle decreases with time, indicating the formation of a solid-like 499 
asphaltene layer. This suggests that a solid-like asphaltene layer at the interface is 500 
responsible for the high stability of previously shown emulsions. 501 
  502 



  503 
Figure 5. Interfacial dilational rheology of decalin with asphaltene content (rising drop) 504 

in surrogate bio-oil at 0.02–1 wt.% asphaltenes. A) Dynamic interfacial tension. B) 505 
Evolution of the dilational modulus (E) while ageing, obtained with oscillatory 506 
measurements at constant frequency of 0.1 Hz. At 0 wt.% asphaltenes (surrogate bio-507 

oil/decalin), IFT = 1.9 mN/m and E = 0 mN/m, with no interfacial rheology response 508 
when the droplet is subjected to area oscillation, indicating that there are no substances 509 

with interfacial activity. T=20 ± 2 °C. The measurements are shown for 10 minutes 510 
because at larger times a non-Laplacian shape was attained, and E measurement 511 
under oscillation could not be performed. 512 

 513 

 514 
Figure 6. Dilational rheology of decalin (0.02-1 wt.% asphaltenes) / surrogate bio-oil 515 
interfaces during ageing. A) Evolution of the elastic modulus (E’) as a function of time. 516 
B) Phase angle (φ) as a function of time. Measurements were obtained with oscillatory 517 
measurements at constant frequency of 0.1 Hz. T = 20 ± 2 °C. The measurements are 518 
shown for 10 minutes because at larger times a non-Laplacian shape was attained, and 519 
E measurement under oscillation could not be performed. 520 
 521 



Analogously to results in figure 6B, and as previously reported for asphaltenes in heavy 522 

oil/water interfaces [28], E’ presents a maximum value in figure 6A at 0.1 wt.% 523 
asphaltenes. At this concentration the phase angle decreases very fast, showing a 524 

faster evolution of the interfacial layer during ageing.  525 
 526 
3.3.2 Asphaltenes at Surrogate bio-oil/decaline:dodecane interfaces 527 

In Figures 7 and 8, the interfacial rheology of a decalin:dodecane 75:25 (drop)/surrogate 528 

bio-oil (bulk) system is presented. These findings corroborate the previous results 529 
observed in decalin systems, characterized by a decreasing IFT and an increasing E, E’ 530 
and lower phase angle as the asphaltene content increases. Similar to the decalin 531 
system, at 0.1 wt.% asphaltenes a maximum in E’ is attained. In this case, the interfacial 532 
“skin” evolves and consolidates very fast (in less than 2 min), highlighting the effect of 533 

the dodecane addition on the asphaltenes adsorption at the interface. Consequently, a 534 
plateau in E is reached once the “skin” forms around the droplet, resulting in a non-535 

Laplacian droplet shape. Systems with asphaltene concentration up to 0.15 wt.% were 536 
measured, beyond this value the “skin” ages very fast and a non-Laplacian droplet is 537 

formed in less than 2 min. Crumpling ratios are a suitable measurement to evidence 538 
such systems with “skin” formation and will be discussed in the next section. 539 

 540 
Figure 7. Interfacial dilational rheology of decalin:dodecane 75:25 with asphaltene 541 
content (rising drop) in surrogate bio-oil at 0.02 – 0.15 wt.% asphaltenes. At 0 wt.% 542 
asphaltenes (surrogate bio-oil/decalin), IFT = 3.6 mN/m and E = 0 mN/m, with no 543 

interfacial rheology response. A) Dynamic interfacial tension. B) Dilational modulus (E) 544 
obtained with oscillatory measurements at constant frequency of 0.1 Hz. T=20 ± 2 °C. 545 

The measurements are shown for 6 minutes because at larger times a non-Laplacian 546 
shape was attained, and E measurement under oscillation could not be performed. 547 



 548 
Figure 8. Interfacial dilational rheology of decalin:dodecane 75:25 with asphaltene 549 

content (rising drop) in surrogate bio-oil at 0.02 – 0.15 wt.% asphaltenes. A) Evolution of 550 
the elastic modulus (E’) as a function of time. B) Phase angle (φ) as a function of time. 551 
Measurements were obtained with oscillatory measurements at constant frequency of 552 

0.1 Hz. T=20 ± 2 °C. The measurements are shown for 6 minutes because at larger 553 
times a non-Laplacian shape was attained, and E measurement under oscillation could 554 

not be performed. 555 
 556 
In order to take a closer look at this phenomenon, in Figure 9, the values of IFT and E 557 

are shown as a function of asphaltene content, measured at 3 min of interface ageing. 558 
IFT decreases with asphaltene concentration, due to the aggregation of asphaltenes in 559 

petroleum-based oils and their adsorption at the interface, which have been reported in 560 
the literature for water/petroleum-derived oil systems [28,44]. On the other hand, a 561 

maximum in E is found around 0.1 wt.% asphaltenes. This phenomenon has been 562 
associated with asphaltene aggregation and the formation of a 3D interfacial film for 563 
water/crude oil systems [28,35,70], and the novelty of the present research is that such 564 

evidence is presented for a bio-oil/oil system. Afterward, E and E’ decrease, which has 565 
been related to the 3D film formation.  566 
 567 
There is limited research regarding the behavior of bio-oil/oil systems with asphaltenes 568 
content; however, significant research on oil/water systems containing asphaltenes 569 

exists due to their relevance in petroleum production, particularly concerning stable 570 
water-in-oil emulsions and demulsifier efficacy [35]. We observe a maximum in the 571 
modulus E’ and the crumpling ratio, a behaviour documented by Alvarez et al. [28] and 572 
Goual et al. [71] for asphaltenes at interfaces. This transition results in the formation of 573 

a “skin” on the pendant drop equipment around the droplet, leading to the formation of 574 
non-Laplacian shapes, which the equipment cannot accurately measure [28,71,72]. 575 
 576 
Alvarez et al. [72] noted that the diameter of asphaltene aggregates correlates with the 577 
thickness of the interfacial layers, suggesting that the maximum in E’ corresponds to a 578 
structural shift from a 2D to a 3D interfacial layer configuration. This 3D layer provides 579 



protection to the emulsion droplets against coalescence [32]. At low asphaltene 580 

concentrations, the adsorbed layer exhibits "crumpling" under compression, a 581 
phenomenon that is absent above certain concentration thresholds. One argument 582 

given to explain the maximum of the dilational modulus was due to a structural transition 583 
and a change in composition of the adsorbed layer. It has been discussed that the 584 
interfacial layer remained smooth above the transition, regardless of the degree of 585 
reduction in surface area [28,71].  586 
 587 

Thus, reorganization and consolidation of the asphaltene film could be responsible for 588 
interfacial related phenomena such as emulsion stabilization. Consequently, at a 589 
concentration over 0.1 wt.% asphaltene, the layer consolidates. We hypothesize that 590 
after the 3D film is formed the film thickness increases, thus showing a stabilizing effect 591 
of interfacial layers when emulsions are formed [28,29]. 592 

 593 

 594 
Figure 9. Interfacial dilational rheology of decalin with asphaltene content (rising drop) 595 

in surrogate bio-oil at 0.02 – 1 wt.% asphaltenes. Left: Dynamic interfacial tension at 3 596 
min observation as a function of asphaltene content. Right: Dilational modulus (E) at 3 597 

min observation as a function of asphaltene content. Measurements were performed 598 
with oscillation at a constant frequency of 0.1 Hz. T=20 ± 2 °C. 599 
 600 
3.3.3 Crumpling ratio of surrogate bio-oil / oil interfaces 601 
Figure 10 presents the crumpling ratios of decalin and decaline:dodecane 75:25 with 602 

varying asphaltene content (rising drop) in a surrogate bio-oil (bulk) wt.% for the case of 603 

decalin as solvent medium. No crumpling or “skin” formation is observed at 0.02 % and 604 

0.05 % asphaltenes. This may be attributed to the low concentration of asphaltenes and 605 
the suitability of decalin solvent to disperse them, not generating large asphaltene 606 
aggregates that could adsorb at the interface. Consequently, higher asphaltene 607 
concentrations are needed to form a solid-like interfacial layer. The crumpling ratio 608 
measured is maximum at 0.1 wt.% asphaltenes, which confirms the previous interfacial 609 

dilational rheology result. This validates the hypothesis that an elastic, solid-like 610 
asphaltene film with high mechanical resistance could be responsible for the high 611 
stability of bio-oil in oil emulsions with asphaltene content. The evolution of the 612 



crumpling ratio with increasing asphaltene concentration is shown in Figure 10 right 613 

panel, with a maximum crumpling ratio attained at 0.1 wt.% asphaltenes. 614 
 615 

In the scenario of decalin:dodecane as non-polar oil, the crumpling ratio can be 616 
measured starting at 0.01 wt.% asphaltenes, indicating that the addition of dodecane to 617 
the system increases the asphaltenes interfacial activity, thus forming an interfacial film 618 
that ages rapidly and generates the so-called “skin”. A maximum crumpling ratio is 619 
shown again at 0.1 wt.% asphaltenes, confirming the elastic modulus maximum 620 

presented in Figure 9. 621 
 622 
 623 

 624 
Figure 10. A) Oil droplet in surrogate bio-oil before compression and at the crumpling 625 

point. B) Crumpling ratio of decalin and decalin:dodecane 75:25 with asphaltene content 626 
(rising drop) in surrogate bio-oil at 0.02 – 0.12 wt.% asphaltenes. The crumpling ratio 627 

was measured with a 1 μL oil drop, which is compressed after 3 min, at a constant 628 
volume rate (0.1 μL/s). T=20 ± 2 °C. 629 

 630 
3.4 Interfacial properties of asphaltene/wood pyrolysis bio-oil/ model 631 
hydrocarbon system  632 
 633 

In order to verify the results obtained with a surrogate pyrolysis oil, in this last section, 634 
the rheology of real wood pyrolysis bio-oil/petroleum-derived oil interfacial layers was 635 
measured at various asphaltene concentrations. There are several challenges related to 636 
the measurement of these systems, mainly that hydrocarbon oils with asphaltene 637 

content are black and wood pyrolysis are dark brown. Therefore, the observation with 638 
drop profile technique is not possible, unless very low asphaltene concentrations are 639 
used. For this reason, a model hydrocarbon phase (decalin:dodecane 75:25) with low 640 

asphaltene content was used as surrounding phase and a pendant drop of real bio-oil 641 
(which is denser) was formed. Bio-oils are complex mixtures, including lignin oligomers 642 
that could have some interfacial activity (which could be low according to Figure S3 in 643 
supplementary information). Constantino et al. indicate that lignin assumes a three-644 
dimensional arrangement even within a single layer after adsorption at the interface 645 
[73].   646 



 647 

Figure 11A shows the variation of the interfacial tension as a function of the ageing time 648 
of the bio-oil/petroleum-based oil interface. In the absence of asphaltenes, the 649 

interfacial tension remains with no visible variation in 60 min (around 3.6 mN/m), 650 
suggesting that bio-oil contains a low quantity of species with interfacial activity. 651 
However, the interfacial tension is much lower when compared to water/petroleum-652 
based oil systems, which might be reasonable given an interface between two oils. In 653 
contrast, when 0.02 wt.% asphaltenes are added to the petroleum-based oil, there is a 654 

continuous interfacial tension decrease (from 3.6 to 2.6 mN/m in 45 min), indicating 655 
significant asphaltene interfacial activity at this concentration, after the 0.01 wt.% 656 
threshold has been reached.  657 
The dilational modulus evolves as a function of time, evidencing the consolidation of the 658 
interface (Figure 12 and 13). The interfacial tensions measured for this system are in 659 

the range of 1 to 3 mN/m, which can be considered at the lower limit for the utilization of 660 
the pendant drop equipment.  661 

When the dilational elasticity of the three systems at 0, 0.01 and 0.02 wt.% asphaltenes 662 

is compared in Figure 11B (measurements performed at a 0.1 Hz oscillation frequency), 663 
the effect of the asphaltene adsorption in the interfacial layer is clear. The system 664 
without asphaltenes shows a slight increase in the dilational modulus E, which is around 665 

1.1 mN/m. Moreover, when the asphaltene content is increased to 0.01 and 0.02 wt.%, 666 
E increases at least four times in comparison to the 0 % asphaltene case. This can be 667 

observed in Figure 12, where the elastic modulus E’ increases over time, indicating the 668 
formation of an elastic and high mechanical resistance interfacial film. This layer forms 669 
due to the adsorption of asphaltene aggregates and the consolidation of the layer as a 670 

function of time. Phase angle is reported in Figure12B, which is low even for the 0 % 671 

asphaltene case, indicating that although E is low, bio-oil components seem to generate 672 

a low phase angle. The latter could create a synergy with asphaltenes to form such a 673 
solid-like layer as the interface ages, though this needs further confirmation. The 674 

formation of the solid-like layer at the interface is confirmed in Figure 11C, where the 675 
bio-oil droplet in the 0.02 wt.% asphaltene system is subjected to a retraction in volume 676 
with a crumpling ratio-like measurement, indicating the formation of a consolidated 677 

solid-like layer, similarly to water/crude oil systems [28,74,75]. 678 
 679 



 680 
Figure 11. Interfacial dilational rheology of bio-oil (pendant drop) in decalin:dodecane 681 

75:25 mixtures at 0, 0.1 and 0.2 wt.% asphaltenes. A) Dynamic interfacial tension. B) 682 
Dilational modulus obtained with oscillatory measurements at constant frequency of 0.1 683 
Hz. C) Progression of the wood pyrolysis bio-oil pendant drop at 0.02 wt.% asphaltenes 684 

in decalin:dodecane 75:25 mixtures as a function of the droplet compression at a 0.1 685 
μL/s rate. A viscoelastic film or “skin” is formed which is evidenced when the total 686 

volume of the bio-oil is suctioned by the needle. T=20 ± 2 °C. In the latter case the 687 
measurements are shown for 20 minutes because at larger times a non-Laplacian 688 

shape was attained, and E measurement under oscillation could not be performed. 689 
 690 
 691 

 692 



Figure 12. Interfacial dilational rheology of bio-oil (pendant drop) in decalin:dodecane 693 

75:25 mixtures at 0, 0.01 and 0.02 wt.% asphaltenes. A) Evolution of the elastic 694 
modulus (E’) as a function of time. B) Phase angle (φ) as a function of time. 695 

Measurements were obtained with oscillatory measurements at constant frequency of 696 
0.1 Hz. T=20 ± 2°C. At 0.02 wt.% asphaltenes the measurements are shown for 20 697 
minutes because at larger times a non-Laplacian shape was attained, and E 698 
measurement under oscillation could not be performed. 699 
 700 

The previous results were obtained at an oscillation frequency of 0.1 Hz. In order to 701 
verify that asphaltenes’ effect on the rheology of interfacial layers in a bio-oil/petroleum-702 
based oil system is similar when compared to water/petroleum-based oil systems, an 703 
interfacial rheology frequency sweep was performed from 0.025 to 0.25 Hz. In Figure 704 
S4 (Supplementary information), frequency sweeps of the bio-oil (pendant 705 

drop)/decalin:dodecane (75:25) system at 0 and 0.01 wt.% asphaltenes is presented. 706 
Thus, it is proved that the asphaltene interfacial layers at a bio-oil/petroleum-based oil 707 

interface generate a solid-like behaviour when the frequency is increased. This is shown 708 

with two parameters, firstly, the increase in E as a function of the oscillation frequency 709 
of the droplet’s interfacial area, and secondly, the decrease in phase angle. At a 710 
frequency of 0.25 Hz the phase angle of the bio-oil/petroleum-based oil with asphaltene 711 

content reaches a value below 5 degrees, indicative of a solid-like interface. It is 712 
important to note that the frequency sweep of the 0.02 wt.% asphaltenes system is not 713 

shown in Figure S3 because it developed a “skin”-like interface very fast with a low 714 
interfacial tension. Thus, the droplet developed a non-Laplacian shape and additionally 715 
it detached from the needle when it reached low interfacial tension. Also, it should be 716 

mentioned that systems with higher asphaltene content could not be measured due to 717 

the opacity of the petroleum-based oil at 0.04 wt.% asphaltenes. 718 

 719 
4. Conclusions 720 

 721 
In this work, bio-oil/oil interfaces are studied and the importance of asphaltene 722 
concentration in stabilizing bio-oil-in-oil emulsions is presented. The stabilization of 723 

surrogate wood pyrolysis oil-in-hydrocarbon (decalin or decaline:dodecane mixture) 724 
emulsions using asphaltenes requires a minimum concentration of 0.2 wt.% 725 

asphaltenes. The addition of dodecane to decalin shows that increasing the paraffinic 726 
content of the hydrocarbon phase improves bio-oil-in-oil emulsion stability.  727 
 728 

Interfacial rheology measurements prove effective to study the interfacial layer of bio-729 

oil/petroleum-derived oils with asphaltene content, revealing a consolidation of the layer 730 
and the formation of a solid-like film when asphaltene content is increased. However, 731 
limitations exist when working with opaque phases such as bio-oils and fuels. To 732 

overcome this challenge, the use of surrogate bio-oils or model hydrocarbon phases 733 
can provide translucid phases, enabling pendant drop or rising drop configurations to be 734 
used for further studies. 735 
 736 
Asphaltenes form a solid-like interfacial layer evidenced by the increase in the dilational 737 
modulus (E), leading to the formation of a stable, three-dimensional film at 0.1 wt.% 738 



asphaltenes. A particularly low interfacial tension was found in bio-oil/petroleum-based 739 

oil interfaces (1-2 mN/m) when compared to water/oil systems. Asphaltenes layers that 740 
are formed at bio-oil/oil interfaces showed a decrease in interfacial tension as a function 741 

of concentration. The dilational modulus (E) is maximum at a concentration below this 742 
point. Once the maximum E is reached, the surface layer collapses and forms 743 
structures in three dimensions. Consequently, the interfacial layer presents a low 744 
resistance to compression, and E decreases [28,70].  745 
 746 

The use of native surfactants from petroleum facilitates the formulation of wood 747 
pyrolysis oil-in fuel emulsions. This work contributes to the understanding of the 748 
dynamics of bio-oil/oil interfaces, with applications in marine fuels and for refinery co-749 
processing. The goal is to decrease the carbon footprint of fuels by incorporating a 750 
biogenic fuel source, such as wood pyrolysis oils. 751 
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