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24 ABSTRACT

25 Microfluidic technology has gained significant scientific interest in characterization of crude oil emulsions often 

26 formed during oil production. Microfluidic platforms can be used to mimic the pores of natural rocks and further 

27 study the multiphase displacements as well as emulsion formation at a microscale geometry. This mini-Review 

28 focuses on the applications of microfluidics to probe the stability of emulsified droplets against coalescence (e.g., 

29 in the presence of additives, electric field, etc.) for both water-in-oil (W/O) and oil-in-water (O/W) emulsion 

30 systems. Additionally, this study summarizes the recent efforts made to identify the effects of various 

31 experimental factors, including crude oil composition, aging, salinity, and pH on the interfacial properties of 

32 water/oil interface and their ultimate roles in the formation/stability of emulsions. Finally, main findings and some 

33 recommendations for future work related to the potential of microfluidics in different aspects of crude oil emulsion 

34 studies are provided. 

35 Keywords: Microfluidics, Oil Production, Crude Oil Emulsions, Demulsifiers, Asphaltenes, Coalescence, 

36 Salinity, and Interfacial Elasticity  

37

38 INTRODUCTION 

39 Microfluidics is a unique technology, which deals with the fluid flow at the microscale. Microfluidic platforms  

40 consist of channels with dimensions of 10-100 µm, which manipulate 10–9 to 10–18 L amounts of fluids1. The 

41 miniaturized systems allow for significant reduction in the sample volume and aid with rapid screening of 

42 materials properties. Microfluidics has different applications in chemical, biological, biochemical, and industrial 

43 processes2, 3 and can be found in the literature with different names, such as microreactors and lab-on-a-chip4, 5. 

44 Broad range of materials including glass6, 7, polymers such as polydimethylsiloxane (PDMS)8, 9, poly(methyl 

45 methacrylate) (PMMA)10, and ceramics11 were used to fabricate these miniaturized devices. Microfluidic systems 

46 have been extensively used to probe different properties of emulsion systems (e.g., stability, phase separation, 

47 interfacial elasticity)  due to their time efficiency, on-site analysis ability to create prototypes efficiently;  health 

48 and safety benefits3, 12. Recently, the applications of microfluidics have been extended to crude oil and natural gas 

49 systems as they could provide key information regarding the stability mechanism of crude oil emulsions3, 13, 14.

50 Crude oil emulsions can be formed at many stages such as drilling, transportation, and crude oil recovery 

51 process15. Additionally, the emulsification can occur at different locations, such as reservoirs, wellbores, choke 

52 valves, surface facilities, and refineries16. Presence of water, enough shear force and some inorganic solids, such 

53 as sand or clay result in the formation of stable emulsion during the oil recovery processes17-22. Additionally, in 
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54 some cases formation of multiple emulsions of water-oil-water (W/O/W) and oil-water-oil (O/W/O) adds to 

55 complexity of recovery process16. Generally, formation of stable emulsions (e.g., W/O) lowers the oil dehydration 

56 rate during primary processing, accelerates the corrosion rate due to their high salt content, and increases the risk 

57 of downstream separation23-25. These emulsions are difficult to separate due to the presence of indigenous surface-

58 active agents and fine particles like clay and asphaltenes at the water/oil interface.

59 There are several procedures involved in the separation of water and oil based on the droplet size such as gravity 

60 separation, hydrocyclone or gas flotation (mostly for larger droplets), and separation by adding additives13. All 

61 these  traditional W/O separation principle is based on the droplet growth and coalescence which can be depicted 

62 in three different stages: (i) droplet collision, (ii) thin film drainage and (iii) film rupture and subsequent 

63 coalescence of small droplets to form larger ones26. However, as already mentioned the presence of different 

64 surface-active agents and fine particles would slow down the coalescence kinetics of emulsified droplets as they 

65 change the properties of water/oil interface27, 28. Additionally, the water salinity, crude oil composition, pH, and 

66 aging the interface could have drastic effects on the interfacial properties (e.g., elasticity)13, 29. 

67 Microfluidic platforms containing networks of pores and pore throats are excellent models for porous media 

68 observed in the natural rocks. These micromodels allow for direct visualization of fluid flow at the length scales 

69 comparable to the reservoir pore sizes and have great potential in probing the interfacial properties of water/crude 

70 oil emulsion systems. 

71 This mini-Review presents recent developments in understanding the stabilization/destabilization of crude oil 

72 emulsions including both water-in-oil (W/O) and oil-in-water (O/W) with the aid of various microfluidic systems. 

73 This study highlights the importance of using microfluidics to obtain key information on the interfacial properties 

74 of water/oil interface and pore-level displacement events. The application of microfluidics in probing the 

75 interfacial elasticity of crude oil-brine is discussed in detail. Finally, main findings and some recommendations 

76 for future work related to the applications of microfluidics to different aspects of crude oil emulsion studies, 

77 including interfacial rheology and coalescence kinetics of emulsified droplets are presented.

78 Microfluidics investigation of water-in-crude oil emulsions (W/O) stability 

79 Due to the importance and high impact of emulsions in the petroleum processing steps in the last decades, the 

80 application of microfluidic systems for probing the emulsions stability in crude oil mixtures has gained 

81 significant attention. In this section, we summarize the key results on the coalescence kinetics of water droplets 

82 and stability of crude oil emulsions under different experimental conditions using microfluidic platforms. To 

83 enhance the separation of residual water from oil, different additives have been introduced to manipulate the 
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84 coalescence kinetics of water droplets. For example, Nowbahar et al.25 examined the effects of six different 

85 additives (such as lower and higher molecular weight cellulose ether, polyether-modified siloxane, non-ionic 

86 polyether polyol, etc.), where each additive was premixed with the diluted bitumen in naphtha (dilbit) in a T-

87 junction microfluidic setup (see Figure 1a). Here, the authors monitored the performance of each additive in 

88 coalescence of emulsion droplets and further estimated the number of coalescence events. As an example, the 

89 coalescence of water droplets in diluted bitumen in the presence of 300 ppm lower molecular weight cellulose 

90 can be seen in Figure 1b. Here, the coalescence occurred between two or even three water droplets at different 

91 frequency rates in different channels. Additionally, in the absence of additive, no coalescence was observed 

92 suggesting that the emulsion is possibly stabilized via asphaltenes and/or resins (elastic interface).  

93 To gain deeper insights into the kinetics of coalescence, the number of coalescence events ( ) can be estimated 𝑁𝑐

94 as follows: 

95              (1)𝑁𝑐 = 𝑛0 ― 𝑛

96 Here  and   are the number of water droplets at the initial reference point and the number of droplets counted 𝑛0 𝑛

97 at any given time, respectively. 

98 Figure 1c shows the average number of coalescence events normalized by the initial number of droplets (at t = 

99 0) for different concentrations of additives. At additive concentration of 300 ppm, a proprietary additive (with 

100 relative solubility number of 10-13 and kinematic viscosity of ~1000 cSt) resulted in the highest coalescence 

101 rate followed by nonionic polyether polyol (see red and orange lines in Figure 1c). The addition of 300 ppm 

102 polyether-modified siloxane (light blue) did not induce any droplets coalescence as indicated by = 0. 𝑁𝑐

103 Furthermore, it was found that the structure of additive can drastically alter the emulsion stability. For example, 

104 the two siloxanes including polyether-modified siloxane and hydroxyl-functional polydimethylsiloxane 

105 exhibited a very different demulsification property. Unlike the case of polyether-modified siloxane (light blue 

106 color) which showed no impact on the emulsion stability, the hydroxyl-functional polydimethylsiloxane (blue 

107 color) induced high rate of coalescence between emulsified water droplets. Additionally, the difference in the 

108 molecular weight of an additive (e.g., lower and higher molecular weight cellulose ether highlighted in light 

109 green and purple lines, respectively) can alter the coalesce frequency and as such the emulsion stability. 

110 There results provide important information on the potential of using various additives with different structures 

111 and molecular weights to enhance the coalescence kinetics and the dewatering performance of water-in-crude 
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112 oil emulsions. Additionally, this calls for an in-depth analysis of interfacial activity of these surface-active 

113 agents under different temperature and pressure conditions to optimize the separation efficacy. 

114 As stated in the Introduction, one of the factors involved in the enhancement of water-in-oil emulsion stability is 

115 the presence of asphaltene. Asphaltenes have a great tendency toward aggregation and forming a 3-D network at 

116 the oil-water interface (rigid interface)31, 32. The formation of rigid interface plays a key role in preventing the 

117 coalescence of emulsified water droplets. In one of the recent studies conducted by Trabelsi’s group, the 

118 simultaneous effects of asphaltene and demulsifiers on the stability and coalescence rate of water droplets 

119 immersed in two model oils were studied in detail30. The authors tested three different demulsifiers, including 

120 EO-PO copolymer (EO-PO), alkoxylated polyamine (APA), and polyester polyol (PE) in different surfactants 

121 solution and microemulsions. As depicted in Figure 1d, a T-junction microfluidic system was used to probe the 

122 formation of water droplets in two asphaltene/heptol mixtures (with different vol (%) ratios of n-heptane and 

123 toluene). The coalescence behavior of water emulsions in collision chamber with 500 μm channel width (red 

124 magnified region) was monitored, accordingly. To create the emulsions properly, the model oils passed through 

125 the microfluidics to fully wet the surfaces with the oil, and then water was injected.  To examine the coalescence 

126 kinetics of emulsified water droplets, the rate of coalescence can be estimated via the following equations:

127              (2)𝑅𝑐 =
𝑛𝑐

𝐴𝑐 𝑡𝑒𝑥𝑝𝑛𝑇 

128               (3)𝑛𝑐 = ∑𝑗
𝑖𝑛𝑐,𝑖𝑗

129  and  represent the rate of coalescence (m-2.s-1) and the monitored contact area (m2), respectively.  is the 𝑅𝑐 𝐴𝑐 𝑡𝑒𝑥𝑝

130 time of experiment (s),  is the total number of initial droplets generated during the experiment, and  is the 𝑛𝑇 𝑛𝑐

131 number of coalescence events. Figure 1e shows the gradual evolution of coalescence event for C40 model oil 

132 consisting of 2% asphaltene dispersed in 40% heptane and 60% toluene in the presence of EO-PO ME (i.e., 23 

133 wt.% C12-15 E7, 23 wt. % isopropyl alcohol, 5 wt.% EO-PO, 34 wt.% Milli-Q water, and 15 wt.% d-limonene) as 

134 the aqueous phase. ME stands for microemulsion. Here, coalescence “type 11” represents the coalescence between 

135 the two first-generation droplets as they go through the collision chamber (shown in blue dashed line).  

136 Coalescence “type 12” is the coalescence between the newly formed droplets from type 11 and another first-

137 generation emulsion droplet. Yellow dashed lines in Figure 1e highlight the formation of larger droplets (referred 

138 as type 22) as more coalescence events occur with time. Figure 1f represents the coalescence rate distribution of 

139 different coalescence types in C40 model oil including different demulsifiers. As shown in this diagram, EO-PO 

140 and APA demulsifiers exhibited wider distribution of coalescence types indicating that these two demulsifiers are 
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141 more effective in destabilizing the emulsion in comparison with PE. In the case of PE, the coalescence type 11 

142 had the highest distribution rate and no additional coalescence events were recorder which resulted in the lowest 

143 coalescence rate. It should be mentioned that the efficiency of demulsifier on the asphaltene-stabilized emulsions 

144 is a function of many factors, including crude oil composition, and other physical properties, such as API gravity, 

145 temperature, degree of salinity, and aging of emulsions25. 

146 One of the main limitations of this current apparatus is that it cannot account for the aging effect to systematically 

147 probe the evolution of interface in the presence of demulsifier and asphaltenes. Therefore, more attention should 

148 be given to the factors involved in altering interfacial properties of W/O interface. In this regard, Fuller’s group33 

149 probed the spontaneous emulsification of water droplet in the hydrocarbon phase containing asphaltenes. In this 

150 research, a co-flow microfluidic device was utilized to observe the shrinkage of a water droplet in different 

151 asphaltene-hydrocarbons mixtures. The schematic of the co-flow microfluidic is shown in Figure 2a. The initial 

152 radius of the emulsion droplet is highlighted with the white line and the change in the droplet size was recorded 

153 over time period of 5 hours. As it can be seen in Figure 2a, the droplet size decreases with time while the new 

154 micron-sized droplets spontaneously form in the solution. Additionally, the droplet/volume measurements were 

155 conducted for different droplet sizes in pure toluene and heptol mixtures (heptane/toluene=40/60) in the absence 

156 and presence of asphaltenes. The authors found that in the absence of asphaltenes, the droplet volume almost 

157 remained constant during the time of study regardless of oil composition and initial droplet size; see Figure 2b. 

158 However, when the solution contained asphaltene, the droplet volume decreased due to the spontaneous 

159 emulsification of water droplets (see the results of normalized droplet volume vs. time for different initial droplet 

160 sizes in heptol 40/60 in Figure 2c). The trend was more evident, in particular for smaller droplets (e.g., 105 μm 

161 vs. 300 μm). Asphaltenes create a viscoelastic/rigid film and result in the spontaneous formation of emulsion 

162 droplets. Once pure toluene was used instead of heptane/toluene mixture, the results did not change noticeably 

163 suggesting that heptane does not have a major contribution to spontaneous emulsification under the current 

164 experimental conditions. The interactions between asphaltene aggregates and the aqueous phase at the interface 

165 may be responsible for the spontaneous formation of water droplets.  Additionally, it was found that spontaneous 

166 emulsification mostly depends on the initial interfacial area and initial inside pressure. Ultimately, to obtain deeper 

167 information on the topic, the effects of other oil compositions, such as paraffin, naphthenic acids, and degree of 

168 salinity on the interfacial rheology and spontaneous emulsification of water droplets should be examined in the 

169 future research studies. Most literature reports that employed microfluidics for water-in-oil emulsion stability 

170 analysis have been mainly focused on the effects of different additives/demulsifiers, aging interface, and 
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171 hydrodynamic forces on the coalescence kinetics of emulsified droplets. Electrocoalescence technology has been 

172 used in an industrial level to enhance the coalescence between emulsified water droplets and ultimately separate 

173 them from the crude oil and hydrocarbon mixtures34-37. Nevertheless, less attention has been paid to the use of 

174 electrocoalescence for monitoring the effect of electric field on the crude oil emulsion destabilization in a 

175 microporous media37, 38. Leary et al.38 with the aid of microfluidic device generated a two-dimensional (2D) 

176 emulsion and further investigated the effect of electrical field on the coalescence of emulsified water droplets.

177 Figure 2d depicts a flow-focusing microfluidic system used to generate monodispersed water drops in crude oil 

178 through orifice that is 50 μm wide. Then, the emulsion droplets were monitored as they pass between the electrodes 

179 to see how the applied electric field could affect the stability of emulsion droplets against coalescence. The 

180 coalescence study was conducted with the electric field strength of 250 V/mm. As shown in Figures 2e and 2f, no 

181 coalescence occurred after 1.94 s, but as time proceeded, the water droplets began to coalesce with each other. 

182 The coalescence of water droplets and the formation of larger droplets could be clearly seen at time=2.26 s.

183 Additionally, it was found that the droplets oriented toward the electrical field in the time scale of milliseconds.  

184 These results show that the introduction of electric field to the emulsion can potentially affect the asphaltene-

185 asphaltene and/or asphaltene-resin interactions at the interface and as a result weaken the elasticity of emulsion 

186 film (this facilitates the coalescence between the water droplets). 

187 Application of microfluidics in crude oil-in-water emulsions (O/W) characterization 

188 Globally, it is estimated that the ratio of produced water to oil during petroleum production is ~3:1. This amount 

189 of water should go under further treatment before re-injecting it to the reservoir or discharge in order to remove 

190 the dispersed crude oil from water13. The offshore produced water system was traditionally used to improve the 

191 water treatment quality and it consists of different parts, such as bulk gravity separator, a sand handling system, a 

192 hydrocyclone and a gas flotation. Figure 3a shows the schematic diagram of typical water treatment process. 

193 In the previous section, we summarized the literature studies focused on the understanding of the 

194 stabilization/destabilization of W/O emulsions. In this section, however, we will investigate the applications of 

195 microfluidics in: (i) coalescence kinetics of crude oil droplets emulsified in the aqueous media for water treatment 

196 process and (ii) crude oil-brine interface elasticity for enhanced oil recovery. 

197 In this regard, Dudek et al.13 studied the effect of different parameters including different crude oils, water salinity, 

198 pH, dissolved components, and pressure on the coalescence of crude oil droplets. They used custom-designed T-

199 junction glass microfluidic chips with the inlet channels width of 100 μm, coalescence chamber with the width of 

200 500 μm and length of ~33 mm (see Figure 3b for the microfluidic chip setup). All channels had a uniform depth 
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201 of 45 μm and the oil and water flow rates were set to 10 and 160 μl/min, respectively. Figure 3b shows the 

202 coalescence frequencies of six different diluted crude oils in two different brines containing: (i) only NaCl 

203 (referred as Na-Brine) and (ii) mixture of NaCl and CaCl2 (referred as NaCa-Brine) at three levels of pH= 4, 6 

204 and 10. The SARA fractions of different crude oils are summarized in Table 1. The results show that the light 

205 crude oils (B, D, E, F) show much higher coalescence rates compared with the heavier ones (A and C). Also, an 

206 increase in the pH reduced the coalescence frequencies of oil droplets possibly due to the change in the 

207 concentration of surface-active components at the interface and altering the component’s interfacial activity (see 

208 Figures 3c and 3d) 39. Under the basic conditions, e.g., pH=10, acids (often called naphthenic acids) exhibit higher 

209 interfacial activity and therefore they can enhance the stability of oil droplets against coalescence. It is worth 

210 mentioning that increasing pH also accelerates the deprotonation of more acidic species resulting in increased 

211 interfacial concentration and enhanced emulsion stability40. Additionally, different brine solutions exhibit 

212 different interfacial activity. For example, the addition of divalent ions (calcium) to the solution can result in the 

213 formation of acid-calcium complexes, eliminate acidic species from the interface and reduce the interfacial 

214 activity. This phenomenon enhances the diffusion rate of acids from the interface to the oil phase and possibly 

215 leading to the increase rate of droplets coalescence41. This trend is more evident at pH=10. Figure 3e shows the 

216 coalescence frequencies vs. the sum of resin and asphaltene weight fractions of the crude oils. The results revealed 

217 that the coalescence frequencies drop exponentially with an increase in the total resin and asphaltene weight 

218 fractions. Resins are interfacially active molecules which can affect the coalescence of oil droplets by enhancing 

219 the electrostatic repulsion between the droplets. However, the repulsion forces are suppressed noticeably due to 

220 the high concentration of electrolyte in the solution. As already stated, asphaltenes play a key role in the stability 

221 of crude oil emulsions through the formation of 3D network at the interface. An increase in the asphaltene content, 

222 enhances the elastic properties of O/W interface (rigid interface) and this can reduce the coalescence frequencies 

223 of oil droplets to a great extent.  

224 In the later study, the authors extended their methodology to ten different crude oils, more complex water 

225 compositions and further examined the effect of droplet aging42. Additionally, they investigated the effect of 

226 different chip design (e.g., variable channel length and coalescence chamber dimensions) on coalescence 

227 frequency of oil droplets. There are various experimental factors that directly affect the interfacial activity of 

228 resins, asphaltenes, and naphthenic acids, including water pH, salinity, and ionic composition of the brine. The 

229 different properties O/W interface such as strength and elasticity of the interfacial layers were known to be 

230 determined by the type of interfacially active components. Their results showed that addition of the dissolved 
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231 components to the water phase can alter the droplet-droplet coalescence kinetics in most of the crude oils. 

232 Additionally, they observed that using synthetic produced water (SPW; containing Na+, Ca2+, and Mg2+ cations 

233 and Cl−, HCO3−, and SO42− anions) cause reduction or induce no change in the coalescence of oil droplets. This 

234 trend could be due to the precipitation of carbonate salts and their adsorption at the O/W interface, which could 

235 affect the emulsion stability via Pickering stabilization43.

236 The effect of aging on coalescence was investigated based on different channel length. The oil droplets 

237 coalescence frequency was significantly lower in long channels vs. both medium and short channels even under 

238 different experimental conditions including different pH, acids, and salt composition of water phase (see Figure 

239 3f). Formation of new droplets from the bulk oil phase results in the creation of new interface which is a location 

240 for the diffusion of interfacially active components. Their adsorption at the O/W interface decrease the interfacial 

241 tension and form viscoelastic interfacial layers which can potentially affect the coalescence probability of oil 

242 droplets44, 45. It was shown that aging of the interface could in fact decrease the coalescence probability of crude 

243 oil droplets noticeably. The adsorption of asphaltenes and their rearrangement at the aged interface enhances the 

244 interface elasticity and resistance against coalescence45, 46. 

245 They also investigate the effect of channel size on droplet size as well as the coalescence frequency. The observed 

246 that every crude oil exhibit distinct behavior, however, most crude oils show reduction in the coalescence 

247 frequency as a result of the increase in size of the droplets in different position inside the channel.  

248 Microfluidic platforms to probe the interfacial elasticity of crude oil-brine 

249 Microfluidic platforms allow for the direct observation of multiphase displacements inside a porous media and 

250 under flow conditions. These miniaturized systems can be used to mimic the flow dynamics occurring at the pore-

251 scale by generating droplets in a manner resembling snap-off events occurring in pores and pore-throat junctions 

252 in the natural reservoir rocks. Once oil flows through a water-wet constriction area into a pore filled with water, 

253 the interfacial forces could cause oil phase to separate into a droplet (snap off) and become trapped within a pore47. 

254 Snap-off process is affected by the chemistry of aqueous phase and is shown to play an important role in the crude 

255 oil recovery. To mimic this phenomenon inside a porous media, Morin et al.48 used a flow-focusing microfluidic 

256 platform to generate oil droplets via extensional flows to understand how snap-off is influenced by interfacial 

257 properties (e.g., viscoelasticity) evolved under static conditions during aging of oil inside pores. 

258 Figures 4a and 4b represent the schematic of snap-off event in a porous media and a flow-focusing microfluidic 

259 chip to examine the effects of interfacial elasticity on the snap-off. Figure 4c shows the differences in the dynamics 

260 of snap-off evolution as the crude oil aged against low salinity brine (1%) and high salinity brine (100%). In low 
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261 salinity brine, the results highlight that the crude oil forms a long thread and extends over the channel junction.  

262 In this case, the formation of viscoelastic interface plays a key role in the flow stability and suppressing the snap-

263 off. Additionally, numerical analysis of the critical shear force needed for snap-off for two different crude oils; 

264 Timber Creek (TC) and Gibbs Field (GF) sourced from Wyoming, aged in both low and high salinity brine was 

265 performed using finite element computational fluid dynamics. Figure 4d shows that in low salinity brine the shear 

266 force increased during the process of snap-off indicating an enhancement in the interface viscoelasticity due to 

267 the presence of asphaltenes and other interfacially active components in crude oil (considering interfacial tension 

268 of crude oil and brine did not change with salinity). However, in high salinity brine, the normalized shear force 

269 driving snap-off remains constant during the time of simulation; see Figure 4e. This further indicates that the force 

270 was enough to cause snap-off and no viscoelastic resistance was observed during the elongation of crude oil. 

271 Additionally, Liu et al.49. investigated the effects of asphaltene content, composition and concentration of brine 

272 and crude oil on the interface elasticity of crude oil-brine. Figure 4f shows that in the high salinity brine (100% 

273 salinity, 666.94 mmolal NaCl) the average droplet size does not change even once the asphaltene concentration 

274 increases from 0 to 5%. However, in low salinity condition (1% salinity, 0.67 mmolal NaCl), the droplet size 

275 increases significantly with increase in the asphaltene content. This further indicate that increasing the asphaltene 

276 content augments the suppression of snap-off under low salinity condition through altering the interfacial elasticity 

277 of crude oil-brine. It should be mentioned that in high salinity brine, it is likely that no elastic film (or weak film) 

278 was formed and only the interfacial tension and viscous forces contributed to the snap-off process. Additionally, 

279 the authors investigated the effect of aging the interface on the oil droplet size using different brine solutions. 

280 Figure 4g shows that under high salinity conditions, aging the interface does not prevent the snap-off (except the 

281 case of KCl). Under low salinity conditions, however, different trend was observed with aging the interface.  For 

282 example, in the presence of KCl and CaCl2 brines, aging had no significant effect on altering the interfacial 

283 elasticity and droplet size. Nevertheless, in the presence of NaCl, the droplet size increased significantly with 

284 aging. Interestingly, in the case of MgCl2 the droplet breakup occurred faster after aging suggesting the formation 

285 of less elastic interface. Overall, under low salinity conditions, aging allows asphaltene molecules to adsorb and 

286 rearrange at the interface resulting in the enhancement of interfacial elasticity50, 51. However, based on the results 

287 obtained in the case of MgCl2, it can be inferred that that adsorption of asphaltene molecules and their interactions 

288 at the interface is reversible and aging could even weaken the elasticity of interface. 

289 The electrostatic interactions between the cations in brine and surface-active agents as well as other species (e.g., 

290 resins and asphaltenes) in crude oil can govern the interfacial properties of crude oil and brine. Additionally, the 
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291 acids present in crude oil can diffuse into the aqueous phase, dissociate, and form a complex with metal cations. 

292 As a result, the interfacial properties could be also altered by adsorption of acids at the interface. The competition 

293 between acids and asphaltene molecules at the interface could drastically affect the interfacial elasticity of crude 

294 oil-brine. For example, under high salinity conditions, high concentration of cations promotes the adsorption of 

295 acids which can interfere with the asphaltene-asphaltene interactions at the interface and prevent the formation of 

296 elastic film (see the schematic of proposed mechanism in Figure 4h). However, under low salinity conditions, less 

297 acids are present at the interface and this allows asphaltene molecules to interact strongly and enhance the 

298 interfacial elasticity52.

299 Concluding Remarks 

300 While microfluidic systems with various designs have been extensively employed in crude/heavy oil related 

301 studies, the full utilization of the benefits that microfluidics brings and more wide acceptance in the industrial 

302 applications is still in its initial stages. Some important advantages of lab-on-chip devices are the option of using 

303 small samples and performing fast measurements. Microfluidic platforms can closely mimic the pores and pore 

304 throats observed in the natural rocks and further allows for the direct visualization of fluid flow, multiphase 

305 displacements, and emulsion formation at the length scales comparable to the reservoir pore sizes. Microfluidic 

306 platforms are potential tools to investigate the stability of water-in-crude oil (W/O) and crude oil-in-water (O/W) 

307 emulsions. Furthermore, specific confined geometries in microfluidic devices cultivates a proper route for 

308 measurement of interfacial tension (IFT53) and spontaneous emulsification33 phenomena in crude emulsion 

309 systems at the short time scales. 

310 The interactions between different crude oil species including asphaltene-asphaltene and asphaltene-resin are 

311 shown to enhance the stability of crude oil emulsions as they encourage the formation of rigid interface. 

312 Demulsifiers can facilitate the coalescence of water droplets in crude oil by adsorbing at the interface and 

313 weakening the elasticity of interfacial film. However, superiority of one additive over another is likely related to 

314 its chemical structure and interfacial activity, which is yet to be understood. The introduction of demulsifiers to 

315 the crude oil systems either before or after the formation of water droplets in a microchannel alters the coalescence 

316 rate and the emulsion stability. The aging of emulsion and the different time scales for adsorption of asphaltenes 

317 (and other fractions of crude oil) and demulsifiers at the interface can explain these variations observed in the 

318 coalescence kinetics. Nevertheless, the presence of salts and acids can drastically affect the interfacial properties 

319 of water/oil interface and therefore should be studied along with the presence of demulsifiers. Methodologies that 

320 can provide robust measurements of interfacial rheology (such as interfacial tension and elastic properties) under 

Page 11 of 23

© The Author(s) or their Institution(s)

Canadian Journal of Chemistry



Draft

12

321 different conditions, including different water pH and solvent to bitumen ratio are yet missing in the literature 

322 reports. It should be mentioned that the induced shear in microfluidic devices can alter the water/oil interfacial 

323 properties. High shears can affect the arrangement and accumulation of asphaltene aggregates as well as other 

324 fine particles at the interface, and subsequently alter the coalescence of emulsified droplets. Therefore, more 

325 attention should be given to fairly compare the interfacial properties of water/oil measured at the microscale vs. 

326 bulk. 

327 Understanding the mechanisms and kinetics of coalescence between crude oil droplets in water (O/W) in 

328 confinement geometry are crucial in water treatment process. Extensive efforts should be undertaken to evaluate 

329 the effects of asphaltenes and acids content, emulsion aging, and metal cations on the emulsion stability. 

330 Additionally, different types of additives/demulsifiers can be added to the emulsions to identify the proper 

331 combinations of additives and time scale required to facilitate the droplet-droplet coalescence. In crude oil 

332 emulsion studies via microfluidic chips, the application of robust numerical methods (e.g., population balance 

333 modeling54, 55 and artificial intelligence56) to model the growth of droplets due to the coalescence in the presence 

334 of surface-active species57 and solid particles have not been explored in detail. 

335 The porous media in natural rocks has heterogenous surface and is composed of minerals, such as diatomite and 

336 calcite making it different than conventional lab-on-a-chip systems. However, very limited studies have 

337 investigated the use of natural rocks and/or surface treatment (i.e., CaCO3 growth) to probe the properties of 

338 multiphase flows in a confined geometry58-63. These natural rock micromodels can be used to study the formation 

339 of crude oil emulsions and the interfacial properties of water/oil under various experimental conditions, including 

340 different solvent/bitumen ratio, salinity, temperature, and pH. 
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536

537

538 Table 1. Saturate, aromatic, resin, and asphaltene (SARA) fractions of different crude oils (A-F). Table reprinted 

539 with permission from ref13. Copyright 2018 Elsevier.

SARA [%wt]Crude Oil

Saturates Aromatics Resins Asphaltenes

A 50.6 31.2 15.7 2.5

B 84.0 13.4 2.3 0.3

C 64.9 26.3 8.4 0.4

D 71.5 23.1 5.1 0.3

E 74.8 23.2 1.9 0.1

F 78.5 18.9 2.5 0.1
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557

558

559

560 Figure 1. a) Schematic of droplet formation with additive premixed in the diluted bitumen solution using a T-

561 junction microfluidic platform. The widths of constriction and serpentine channels are 50 μm and 1000 μm, 

562 respectively. (b) Bright-field microscopy image of emulsion droplets and their coalescence while using 300 ppm 

563 low molecular weight cellulose ether (additive) at t = 268 s. (c) Evolution of number of coalescence events ( ) Nc

564 which is normalized by the initial number of emulsion droplets ( ) for different additives: 300 ppm proprietary n0

565 additive (red), lower molecular weight cellulose ether with different concentrations of 1000 ppm (dark green), 

566 300 ppm (light green), and 75 ppm (lightest green). 300 ppm higher molecular weight cellulose ether (purple), 

567 300 ppm nonionic polyether polyol (orange), 300 ppm polyether-modified, hydroxyl-functional 

568 polydimethylsiloxane (blue), 300 ppm polyether-modified siloxane (light blue), and control in the absence of 

569 any additive (black dashed line). Brown × represents a repeat experiment for the case of nonionic polyether 

570 polyol (orange) to confirm reproducibility. Panels a-c reprinted with permission from ref25. Copyright 2017 

571 American Chemical Society. (d) Schematic of microfluidic chip setup and the corresponding droplet formation. 

572 The width and the height of channel are 100 μm and 50 μm, respectively. The width of collision chamber is 500 

573 μm. (e) Time evolution of coalescence events between emulsion droplets as they go through the chamber using 

574 C40 model oil and the aqueous phase containing 0.2% (5 wt. % EO-PO ME). (f) Coalescence rate distribution of 

575 different coalescence types in C40 model oil using different demulsifiers: (i) 5 wt. % EO-PO ME, (ii) 5 wt. % 

576 APA ME, and (iii) 5 wt. % PE ME. ME stands for microemulsion. The inset plot represents the coalescence rate 

577 for each demulsifier. Panels d-f reprinted with permission from ref30. Copyright 2018 American Chemical 

578 Society.

579
580
581 Figure 2. (a) Schematic diagram of co-flow microfluidic platform. The initial radius of droplet is shown with 

582 the white line and the change in the droplet size was recorded during the time of 5 hours. The concentration of 

583 asphaltenes in toluene is 1 mg/ml. Normalized water droplet volume versus time while accounting for droplets 

584 with various initial sizes: (b) the oil phase consists of heptane/toluene (40/60 vol%) and (c) 1 mg/ml asphaltenes 

585 were dispersed in a heptane/toluene (40/60 vol%). Panels a-c reprinted with permission from ref 33. Copyright 

586 2019 American Association for the Advancement of Science. (d) Schematic of flow focusing microfluidic to 

587 generate 2D emulsion droplets in the presence of applied electric field. The width and height of chamber are 

588 3000 μm and 60 μm, respectively. (e,f) Microscopy images of droplets coalescence in at different time intervals 

589 (1.94 s and 2.26 s). The scale bar=50 μm. The electric field is employed from top to bottom at  = 250 εelectrode

590 V/mm. Panels d-f reprinted with permission from ref 38. Copyright 2020 American Chemical Society.

591

592

593
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594

595

596

597 Figure 3. (a) Schematic of produced water treatment process, (b) Schematic of microfluidic setup for emulsion 

598 generation, (c) Coalescence frequencies of diluted crude oils in Na-Brine (only NaCl) and (d) NaCa-Brine (a 

599 mixture of NaCl and CaCl2) at three different pH values, (e) Coalescence frequencies of diluted crude oils as a 

600 function of the sum of resins and asphaltenes for different crude oils. The widths of inlet channels and coalescence 

601 chamber are 100 μm and 500 μm, respectively. The depth of all channels is 45 μm. Panels a-e reprinted with 

602 permission from ref13. Copyright 2018 Elsevier. (f) Coalescence frequencies of crude oil droplets under different 

603 experimental conditions as a function of aging time. Panel f reprinted with permission from ref42. Copyright 2019 

604 American Chemical Society.

605

606 Figure 4. (a) Schematic of snap-off in a porous media; (b) Photograph of flow-focusing microfluidic chip to 

607 examine the evolution of interfacial elasticity and their effect on the snap-off. The dark liquid represents the oil 

608 phase which is aged against transparent brine; (c) Drop formation and evolution of snap-off for crude oil against 

609 both low and high salinity brines. The height of rectangular channel is 20 μm. (d) Normalized shear force during 

610 snap-off process obtained via computational fluid dynamics for two different crude oils sourced aged vs. low 

611 salinity brine (e) and high salinity brine. Panels a-e reprinted with permission from ref48. Copyright 2016 Royal 

612 Society of Chemistry. (f) Droplet size as a function of asphaltene content for different oils aged against NaCl 

613 brine under low and high salinity conditions (100% salinity=666.94 mmolal, 1% salinity=6.67 mmolal); (g) 

614 Droplet size vs. different brine compositions under: (i) non-aging (light bars) and (ii) aging (solid bars) 

615 conditions (“HS” and “LS” represent low and high salinity, respectively); and (h) Schematic of the proposed 

616 mechanism showing the competition between acids and asphaltene molecules and their possible effects on the 

617 interfacial properties under low and high salinity conditions for both non-aging and aging interfaces. Possible 

618 acid dissociation and complexation with metal cations are depicted in the solid box. “∼” is the asphaltene 

619 molecules and “acid” shaded with green demonstrates complexation with metal cations. The bold dashed line in 

620 black is representative of interface with enhanced elasticity. Panels f-h reprinted with permission from ref49. 

621 Copyright 2019 Elsevier.
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633
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635
636

637

638 Figure 1. a) Schematic of droplet formation with additive premixed in the diluted bitumen solution using a T-

639 junction microfluidic platform. The widths of constriction and serpentine channels are 50 μm and 1000 μm, 

640 respectively. (b) Bright-field microscopy image of emulsion droplets and their coalescence while using 300 ppm 

641 low molecular weight cellulose ether (additive) at t = 268 s. (c) Evolution of number of coalescence events ( ) Nc

642 which is normalized by the initial number of emulsion droplets ( ) for different additives: 300 ppm proprietary n0

643 additive (red), lower molecular weight cellulose ether with different concentrations of 1000 ppm (dark green), 

644 300 ppm (light green), and 75 ppm (lightest green). 300 ppm higher molecular weight cellulose ether (purple), 

645 300 ppm nonionic polyether polyol (orange), 300 ppm polyether-modified, hydroxyl-functional 

646 polydimethylsiloxane (blue), 300 ppm polyether-modified siloxane (light blue), and control in the absence of 

647 any additive (black dashed line). Brown × represents a repeat experiment for the case of nonionic polyether 

648 polyol (orange) to confirm reproducibility. Panels a-c reprinted with permission from ref25. Copyright 2017 

649 American Chemical Society. (d) Schematic of microfluidic chip setup and the corresponding droplet formation. 

650 The width and the height of channel are 100 μm and 50 μm, respectively. The width of collision chamber is 500 

651 μm. (e) Time evolution of coalescence events between emulsion droplets as they go through the chamber using 

652 C40 model oil and the aqueous phase containing 0.2% (5 wt. % EO-PO ME). (f) Coalescence rate distribution of 

653 different coalescence types in C40 model oil using different demulsifiers: (i) 5 wt. % EO-PO ME, (ii) 5 wt. % 

654 APA ME, and (iii) 5 wt. % PE ME. ME stands for microemulsion. The inset plot represents the coalescence rate 

655 for each demulsifier. Panels d-f reprinted with permission from ref30. Copyright 2018 American Chemical 

656 Society.
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659
660
661

662

663 Figure 2. (a) Schematic diagram of co-flow microfluidic platform. The initial radius of droplet is shown with 

664 the white line and the change in the droplet size was recorded during the time of 5 hours. The concentration of 

665 asphaltenes in toluene is 1 mg/ml. Normalized water droplet volume versus time while accounting for droplets 

666 with various initial sizes: (b) the oil phase consists of heptane/toluene (40/60 vol%) and (c) 1 mg/ml asphaltenes 

667 were dispersed in a heptane/toluene (40/60 vol%). Panels a-c reprinted with permission from ref 33. Copyright 

668 2019 American Association for the Advancement of Science. (d) Schematic of flow focusing microfluidic to 

669 generate 2D emulsion droplets in the presence of applied electric field. The width and height of chamber are 

670 3000 μm and 60 μm, respectively. (e,f) Microscopy images of droplets coalescence in at different time intervals 

671 (1.94 s and 2.26 s). The scale bar=50 μm. The electric field is employed from top to bottom at  = 250 εelectrode

672 V/mm. Panels d-f reprinted with permission from ref 38. Copyright 2020 American Chemical Society.
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691

692 Figure 3. (a) Schematic of produced water treatment process, (b) Schematic of microfluidic setup for emulsion 

693 generation, (c) Coalescence frequencies of diluted crude oils in Na-Brine (only NaCl) and (d) NaCa-Brine (a 

694 mixture of NaCl and CaCl2) at three different pH values, (e) Coalescence frequencies of diluted crude oils as a 

695 function of the sum of resins and asphaltenes for different crude oils. The widths of inlet channels and coalescence 

696 chamber are 100 μm and 500 μm, respectively. The depth of all channels is 45 μm. Panels a-e reprinted with 

697 permission from ref13. Copyright 2018 Elsevier. (f) Coalescence frequencies of crude oil droplets under different 

698 experimental conditions as a function of aging time. Panel f reprinted with permission from ref42. Copyright 2019 

699 American Chemical Society.
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708

709

710
711 Figure 4. (a) Schematic of snap-off in a porous media; (b) Photograph of flow-focusing microfluidic chip to 

712 examine the evolution of interfacial elasticity and their effect on the snap-off. The dark liquid represents the oil 

713 phase which is aged against transparent brine; (c) Drop formation and evolution of snap-off for crude oil against 

714 both low and high salinity brines. The height of rectangular channel is 20 μm. (d) Normalized shear force during 

715 snap-off process obtained via computational fluid dynamics for two different crude oils sourced aged vs. low 

716 salinity brine (e) and high salinity brine. Panels a-e reprinted with permission from ref48. Copyright 2016 Royal 

717 Society of Chemistry. (f) Droplet size as a function of asphaltene content for different oils aged against NaCl brine 

718 under low and high salinity conditions (100% salinity=666.94 mmolal, 1% salinity=6.67 mmolal); (g) Droplet 

719 size vs. different brine compositions under: (i) non-aging (light bars) and (ii) aging (solid bars) conditions (“HS” 

720 and “LS” represent low and high salinity, respectively); and (h) Schematic of the proposed mechanism showing 

721 the competition between acids and asphaltene molecules and their possible effects on the interfacial properties 

722 under low and high salinity conditions for both non-aging and aging interfaces. Possible acid dissociation and 

723 complexation with metal cations are depicted in the solid box. “∼” is the asphaltene molecules and “acid” shaded 

724 with green demonstrates complexation with metal cations. The bold dashed line in black is representative of 

725 interface with enhanced elasticity. Panels f-h reprinted with permission from ref49. Copyright 2019 Elsevier.
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