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Abstract: 7 

Gas injection and especially CO2 flooding has been applied in many oil reservoirs globally to 8 

increase oil recovery factor in addition to its environmental friendly aspects. However, 9 

difference between fluid viscosities and densities, can cause interface instability where gas 10 

override and fingering may expedite gas breakthrough. Different types of foam have been 11 

proposed to improve interface stability. Yet, a major uncertainty is interaction of foam with 12 

natural reservoir particles which may improve or downgrade the performance and stability of 13 

foam. In this study we examined foam stability through solid-fluids interactions between 14 

solid particles of hydrocarbon reservoirs and aqueous foam. We tested five common reservoir 15 

particles of calcium carbonate, calcium sulfate, barium sulfate, strontium sulfate and iron 16 

oxide with different surfactant and particle concentrations. It is found that stability of foam in 17 

the presence solid particles is a function of density, shape, size, and wettability of particles 18 

where monolayer, bilayer of network or particles stabilise foam lamella or rupture foam 19 

structure. Results show that solid particles of calcium carbonate, barium sulfate and strontium 20 

sulfate enhance the thermodynamic stability of foam. This is due to the distribution of semi-21 

hydrophilic solid particles, which form mono- and multi-layers of particle chains in foam 22 

lamellae and plateau borders.  On the other hand, solid particles of iron oxide and calcium 23 

sulfate destabilise foam where particle swelling, adsorbed surfactant solution and settlement 24 

into liquid phase due to their high densities were observed. The results suggest that a 25 

comprehensive study of liquid and solid interaction is critical in design of any foam for 26 

enhanced oil recovery processes. 27 
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 31 

Introduction 32 

Gas injection and CO2 flooding as enhanced oil recovery methods have been used 33 

successfully in many places around the world. In this kind of processes injected gas phase 34 

displaces oil through reducing interfacial tension and capillary effects, which improves 35 

ultimate recovery factor. However, high gas to oil mobility ratio is an unfortunate that causes 36 

gravity override, gas phase channelling, and viscous fingering. Therefore, high gas to oil 37 

mobility ratio results in poor sweep efficiencies and early breakthrough of displacing phase 38 

(gas) [1-3]. 39 

In gas injection processes, stability of displacing front is a main concern, and it is a function 40 

of many variables such as injection pressure, oil viscosity, type of the injected gas, miscibility 41 

conditions, among others. Previous studies were conducted to improve the stability of 42 

displacing front in gas injection processes such as miscible gas injection, water alternating 43 

gas injection and foam flood [4-12]. Miscible gas injection is designed to mobilize oil as a 44 

single phase flow in porous media and avoid two phase flow system and capillary effects, 45 

therefore gas may not breakthrough as a second phase [1-3, 11-13]. Similarly, in water 46 

alternating gas injection, a slug of injected gas is followed by a slug of water to decrease the 47 

likelihood of early gas breakthrough while decreasing capillary effect through gas phase in 48 

porous media.  49 

While there are many successful projects based on these recovery methods, difficulty in 50 

control of processes, cost of high pressure gas injection for miscible gas flood, and oil 51 

trapping by water phase in water alternating gas process, are challenges in place [11-14]. 52 
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Another solution to control gas mobility and increase gas front stability is the use of 53 

surfactant-stabilised foam. This idea was first introduced by Bond and Holbrook in 1958[15], 54 

and later many other investigations have been conducted on characterisation and use of foam 55 

in gas injection process [16-22]. 56 

Foam improves the performance of gas flooding processes through two mechanisms: first,  57 

the presence of a foaming agent and aqueous phase creates more favourable mobility ratio of 58 

displacing to displaced fluids, and second, gas diversion from the fractures and high 59 

permeability zones to lower permeability regions can take place, where both of these 60 

mechanisms increase the stability of displacing front and reduce the early breakthrough of 61 

gas [17, 23-25].  62 

Despite these favourable properties, foam is not thermodynamically stable and its physical 63 

structure can break down easily when two bubbles approach each other. This collapse in the 64 

structure of foam happens as liquid film between adjacent bubbles undergoes thinning, and as 65 

a result liquid film can rupture [25-27]. Various methods have been proposed to improve 66 

foam stability, such as increasing surfactant concentration, mixing different types of 67 

surfactants, and addition of co-surfactants and polymers to foaming agents.  These solutions 68 

create a stable liquid film between bubbles which is called meta-stable super-thin film state, 69 

however, they are often expensive and might not be economical for large scale applications. 70 

Furthermore, these remedies may alter physical properties of the reservoir rocks that could 71 

result in a poor flow conductivity in porous media. Therefore, a thorough analysis of rock-72 

fluids interactions is critical for the use of different compositions of foam in hydrocarbon 73 

reservoirs. 74 

Foam stability can also be affected by the presence of dissolved species in other phases, such 75 

as second liquid phase containing fine solids. These species are naturally in the reservoir that 76 

may stabilise or destabilise the structure of foam. Foam stability in this condition is a factor 77 
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of different parameters; firstly whether the solid species are strongly liquid affinitive and 78 

there is a tendency to be accumulated at the gas-liquid interface or not, and secondly, what 79 

are the impacts of accumulated particles on the interfacial properties and lamellae viscosities 80 

of gas-liquid interface. 81 

Concentration of solid particles in liquid phase, their wettability, size and shape are critical 82 

parameters affecting bulk foam stability [28-39]. Concentration of solid particles defines the 83 

quantity of particle association in foam lamellae and at the plateau borders, which is a key 84 

factor for apparent viscosity enhancement of bulk foam [38-42]. 85 

Foam stability of silica and laponite particles at various concentrations with mixture of 86 

anionic and non-ionic surfactants were studied by many researchers [30-34, 36, 38, 39, 43, 87 

44]. A synergistic foam stability trend was reported, where it shows more prominent effects 88 

with increasing in the concentration of particles. The enhancement of synergistic effect is 89 

attributed to an increase in the density of adsorbed particle. At low-to-moderate surfactant 90 

concentrations, foam stability increases about 20% compared to the mixtures that have pure 91 

hydrophilic particles. The rationale for such improved stability is low surfactant 92 

concentrations where bridging flocculation of particles at foam interface produces enlarged 93 

and sterically strong interfacial barriers. Furthermore, at moderate surfactant concentrations, 94 

surface elasticity increases due to the presence of suspended particles in surfactant solution.  95 

Horozov (2008) suggested the probable mechanisms which foam lamella stabilisation may 96 

take place. His suggested first mechanism is layering of solid particles inside liquid film and 97 

categorised them as a monolayer of bridging particles; a bilayer of close-packed particles and 98 

a network of particle aggregates (gel) [32]. Second, foam stabilising mechanism by particle 99 

comes into play if the particles are not completely water-wet.  In this case particles tend to 100 

aggregate at foam-liquid interface where they may improve the mechanical stability of 101 

lamellae. On the other hand, strongly hydrophobic particles may behave differently, and 102 
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destabilise foam structure. It was reported that intermediate contact angles (between about 103 

40° and 70°) would be optimum to develop a solid-stabilised foam [30, 32-34, 39, 41]. 104 

Analogous bridging mechanisms have been suggested for antifoaming behaviour of 105 

hydrophobic particles or mixtures of particles and oil [25]. Hydrophobic particles create a 106 

convex shape curvature on the surface of film at gas-liquid interface; thus capillary pressure 107 

decreases the thickness of liquid film. For hydrophilic particles, liquid film exhibits a 108 

concave meniscus at its surface; where capillary pressure is exerted in gas phase in opposite 109 

direction [45]. Furthermore, it should be noted that based on previous investigations, particles 110 

with rough edges on their surface, commonly found in commercial antifoams, can cause 111 

rapture in liquid film at even contact angles less than 90°. Consequently, rough hydrophobic 112 

particles are more effective antifoam agents than smooth particles, and therefore rounded 113 

solid particles stabilise bulk foam [45].  114 

Alargova (2004) demonstrated that rod-shape particles can act as effective foam stabilisers in 115 

the presence of sodium dodecyl sulfate (SDS) surfactant [46]. They used rod-shape polymer 116 

particles with an average length of 23.5 μm and diameter less than 1 µm, which exhibited a 117 

contact angle of θ ≈ 80° at the air-water surface through the surfactant solution. Their fairly 118 

dilute micro-rod suspensions (0.2–2.2 wt%) in pure water,  produced foam upon shaking and 119 

it showed remarkably a stable structure which last for more than three weeks even under 120 

drying conditions in an open vessel [46]. 121 

Nowadays, silica and metal nanoparticles are frequently used as a foam stabiliser agent for 122 

enhanced oil recovery processes [38, 39, 41, 47]. It was found that nanoparticles at 123 

concentrations between 0.05 - 2 wt% can stabilise foam in the presence of both non-ionic and 124 

anionic surfactants.  These types of nanoparticle foam are two to eighteen times more stable 125 

compared to the same foam without nanoparticles in its structure [34, 38, 39, 41, 47].  126 
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Properties and performance of particle-stabilised foam have been investigated by many 127 

researchers [30-33, 36-40, 42, 43, 47-50].  However, the effects of scales and precipitates, 128 

such as natural particles in porous media, on foam stability and foam flooding performance 129 

have not been investigated. In this study, we explored effects of such naturally occurring 130 

particles on the properties of foam. A series of experiments were performed to evaluate the 131 

effects of solid particles on foam stability, foam texture and foam apparent viscosity. It can 132 

improve our understanding of foam flooding process, its design and performance for any 133 

specific reservoir. In the other words, the key findings from this work have potential 134 

significance in foam flooding in reservoirs with inherent large quantities of scale and 135 

precipitates, including offshore foam injection in the presence of divalent and trivalent 136 

cations. 137 

 138 

Experimental setup and procedure 139 

In this study, three sets of experiments were performed. First set of experiments is related to 140 

bulk foam stability where we evaluated stability of bulk foam in the presence of different 141 

solid particles with different concentrations of surfactant. We measured foam height and its 142 

half life time in these experiments [51, 52]. Second set of experiments deals with foam 143 

texture analysis. In these experiments we used stereo microscope and image processing tools 144 

to identify the average bubble size in the presence of different solid particles [53]. And the 145 

last set of experiments is designed to find foam apparent viscosity in the presence of different 146 

particles with the use of capillary tube [54].Research strategy and details of each set of 147 

experiments are summarized in Table 1. 148 

  149 
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Table 1: Basic property measurements 150 

Experiment Name  Purpose Equipment/ Method 

Bulk foam 

stability test 

Evaluate bulk foam stability with 

respect to solid particles and 

surfactant concentration 

Foam height 

measurement /half life 

Foam texture 

analysis 

Estimate bulk foam average bubble 

size in the presence of solid particles 

Stereo microscope 

and image processing 

Bulk foam 

apparent viscosity 

investigation 

Investigate bulk foam apparent 

viscosity in the presence of solid 

particles 

Capillary tube method  

 151 

Sulfotex AOS (Alpha Olefin Sulfonate) was used as a surfactant, and was supplied by the 152 

Henkel Company with the quality of 60% active in the solution, viscosity of 1cp, and pH of 153 

7.5. Alpha Olefin Sulfonate (AOS) has been widely used in enhanced oil recovery processes 154 

as it is effective in attaining low interfacial tension. Furthermore, it is relatively inexpensive 155 

and chemically stable surfactant, as it doesn’t adsorb on the surface of the majority of 156 

reservoir rocks because of the negative charge on the head group of its molecule [3, 41]. 157 

Solid particles with 99% purity and different range of sizes were used (provided by Sigma 158 

Aldrich). List of solid particles and their properties are presented in Table 2. 159 

 160 

Table2: List of reservoir occurring solid particles used in this study 161 

Name 
Chemical 

Formula 

Density 

g/cm3 

Solubility 

in 100 mL 

Water 

 (25°C) 

Average Diameter 

μm 

Calcium Carbonate CaCO3 2.71 0.15 g 12.16 

Calcium Sulfate CaSO4 2.96 0.21 g 7.61 

Barium Sulfate BaSO4 4.50 0.000285 g 1.38 

Strontium Sulfate SrSO4 3.96 0.0135 g 64.14 

Iron oxide Fe2O3 5.24 0.0000011 g 131.04 

 162 

Physical model used in this study, is shown in Figure 1. It consists of a transparent cylinder 163 

with the volume of 1000 mL, which is fixed with a clamp system in a bath. Bath was used 164 

to regulate the temperature of the graduated cylinder during each experiment. It provides 165 
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an isothermal condition with the accuracy of 1°F at the temperature of 75°F, and a 166 

maximum of 200°F. A crystalline alumina gas diffuser with diameter of 25.4 mm is 167 

located inside the cylinder. The gas diffuser has a maximum pore diameter of 80µm and 168 

was calibrated with the standard of ASTM D892-06. CO2 supply provides gas flow rate 169 

of 94 mL per second through gas diffuser a n d  c u m u l a t i v e  volume of CO2 passing 170 

through upper exit of cylinder was measured using a volumetric flask. It should be noted 171 

that all experiments were conducted in the absence of oil. 172 

 173 

 174 

Figure 1. Schematic diagram of the apparatus used in foam generation 175 

 176 

Surfactant solutions with different concentrations were mixed gently with de-ionized water. 177 

Then, surfactant solution was slowly poured into the transparent test cylinder. To perform an 178 

accurate bulk foam stability test, surfactant solution should completely cover porous gas 179 

diffusing stone. Flow pressure was set at 3.45 kPa. Foam was generated with flow of carbon 180 

dioxide into the cylinder for 25 seconds, before we start measuring the initial and final 181 

heights of foam. Foam drainage was recorded every 1 to 3 minutes following foam 182 
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generation process. Results are comparable with the presented trend of bulk stability tests 183 

patented by Klaus et al. 2004 (Figure 2) [51]. 184 

 185 

 186 

Figure 2: Standard foam stability plot [51] 187 

Figure 2 indicates that foam lifetime might be divided into two sections, namely “foaming” 188 

and “decay” sections, which are shown with green and orange colour zones, respectively. 189 

Foaming section corresponds to foam generation and maximum height which is the 190 

difference between the top of foam and liquid solution that is maintained until the deviation 191 

time, tde. Maximum height stays unchanged until deviation time, tde, at which liquid films 192 

inside foam begin to rupture. A transition time, ttr, corresponds to the half-life of foam with 193 

respect to its maximum height. Foam drainage beyond transition time can also be used to 194 

describe foam stability, i.e., ttr < 10 seconds corresponds to unstable foam, whereas ttr > 10 195 

seconds corresponds to meta-stable foam; the longer transition time, the more stable foam 196 

system [51]. 197 

To evaluate bulk foam texture (average bubble size), images of bulk foam in the presence and 198 

absence of solid particles were captured. Figure 3a shows a 24 bit picture taken from the 199 

cross sectional area of the cylinder. It was analysed using IMAGEJ digital image processing 200 
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software. Analysis requires conversion of 24-bit image to 8-bit image where an edge 201 

detection algorithm can be applied. Thresholding yields binary images (Figure 3b), which are 202 

then calibrated using histogram equalization to minimise differences between the image 203 

acquisition procedures (Figure 3c) and the average foam bubble size is extracted. In the next 204 

step, similar tests were conducted in the presence of different solid particles to identify their 205 

effects on bulk foam stability. Then, to characterise solid particle size and shape, high 206 

resolution SEM images of particle samples after drying them for 24 hours in an oven at the 207 

temperature of 100°C, were analysed using an image processing tool, IMAGETOOL [53]. 208 

 209 

Figure 3: Bubble size determination using IMAGEJ software: (a) 24-bit coloured foam 210 

image, (b) 8-bit image and (c) histogram equalisation and average bubble size determination 211 

 212 

Apparent viscosity of bulk foam was determined by capillary tube method, using foam with 213 

continuous foam quality of 80±5% with a flow rate of 4 mL per minute at 25°C.   Apparent 214 

viscosity of bulk foam was measured using a capillary tube with the length of 25 cm and 215 

diameter of 2 mm, where flow rates were between 100-500 mL per hour. Then viscosity at 216 

different shear rates can be measured. 217 

Pressure difference across capillary tube with flow of surfactant solution was measured every 218 

sixty seconds to achieve a stabilised differential pressure. The flow of initial pre-generated 219 

foam was directed through the capillary assembly bypass in order to allow the flow rate and 220 

texture of the generated foam to be stabilised. Upon attaining bubble uniformity, foam was 221 

24 bit 8 bit 

a b c 
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directed through the capillary tube assembly and the differential pressure across the tube was 222 

measured using data-acquisition system. Poiseuille's equation (Equation 1) was used for fluid 223 

flow through a horizontal tube with circular cross-sectional area, to calculate the apparent 224 

viscosity, µapp,: 225 

𝜇𝑎𝑝𝑝 = 𝜋𝑅4Δ𝑃2𝑄𝐿 [ 𝑛3𝑛+1]    (1) 226 

where R (cm) is the radius of capillary tube, ΔP (atm) is pressure drop across capillary tube, 227 

Q (cm3/sec) is the flow rate of foam, L (cm) is the length of capillary tube and n is the power-228 

law fluid index, which in this study, it was assumed to be 0.7 for foam quality in the range of  229 

80-90% [54] . 230 

Since it is assumed that foam is a non-Newtonian fluid, viscosity was determined with 231 

respect to the shear rate through Equation 2: 232 𝛾̇𝑤 = 𝑄𝜋𝑟3 [3𝑛+1𝑛 ]    (2) 233 

where 𝛾̇𝑤 is the shear rate (1/sec). Foam flow through smooth capillary tubes at flow rates of 234 

100, 300, 500 and 1000 mL per hour and foam quality of 80% was conducted. Based on the 235 

monitored data, one can develop graph of apparent viscosity versus shear rate. This test has 236 

been conducted for foam flow in the presence of different solid particles. In the following 237 

section results of different tests and detailed analyses were presented.  238 

 239 

Results and discussion 240 

In the first series of experiments bulk foam was generated with Alpha Olefin Sulfonate 241 

(AOS) at different concentrations (50, 100, 200, 500, 1000 and 5000 ppm). Generated foam 242 

was used to understand the behaviour of bulk foam without the presence of other phases. 243 
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 244 

 245 

Figure 4: a) bulk foam stability for different concentrations of AOS, b) a sample image of foam 246 

stability test in a transparent cylinder (scale size of 5 mm is shown) [1 ppm of AOS solution = 247 

3.17×10-6 mol/L] 248 

 249 

 250 

Figure 4 shows the effect of surfactant concentration on foam height and its stability. It can 251 

be seen that higher surfactant concentration enhances bulk foam stability and also the 252 

maximum foam height. Inset plot of Figure 4 magnifies first two minutes of foam stability 253 

test. It shows that AOS bulk foam with concentrations less than 500 ppm exhibit different 254 

profiles in the first thirty seconds compared to foam with higher concentrations of surfactant 255 

(foam agent). This might be attributed to intermolecular forces; such as capillary, gravity, 256 

viscous and elasticity forces. These interactions are dominant in the lamellae and at the 257 

plateau borders which are critical for foam stability at lower concentrations. On the other 258 

hands at higher concentrations of surfactant, foam stability is predominantly developed by 259 

micelles formation. Due to these molecular interactions, foam that corresponds to higher 260 

concentrations of surfactant has more stable behaviour as shown in Figure 4, where 261 

concentrations more than 500 ppm show a plateau trend for a period of time, before the 262 
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collapse in foam structure. These results are consistent with the reported behaviour of foam 263 

stability by Osei-Bonsu et al., 2011 [55]. They showed that foam that is generated using 264 

lower concentrations of AOS has a significant tendency to be ruptured, which leads to a rapid 265 

draining process; (e.g. 50 ppm AOS solution). 266 

 267 

In the rest of this study we explored the effect of naturally occurring solid particles on foam 268 

generated with different concentrations of surfactant. In the first series of solid particle tests, 269 

we used calcium carbonate. The effects of calcium carbonate, 0.05-1 wt%, on bulk foam 270 

stability generated from 200, 500, 1000, and 5000 ppm AOS solutions were evaluated.  271 

 272 

 273 

Figure 5 : bulk foam stability in the presence of calcium carbonate solid particles at different 274 

concentrations of AOS, (a) 200 ppm (b) 500 ppm , (c) 1000 ppm , (d) 5000 ppm [1 ppm of AOS 275 

solution = 3.17×10-6 mol/L] 276 

 277 

Figure 5 shows improved bulk foam stability in the presence of calcium carbonate. There is 278 

no chemical reaction to be considered, however, it seems solid-fluids interactions of 279 
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suspended particles and foam result in an effect associated with apparent viscosity 280 

enhancement and average bubble size reduction.  281 

Suspended particles attract bubbles, and liquid film of bubble sticks on the surface of 282 

particles where the chance of bubble coalescence decreases and as a result bubbles stay small 283 

and do not merge into each other, therefore foam structure breaks down at a longer time 284 

period. Also these interactions as a balance between capillary, gravity, viscous and elasticity 285 

forces, create a resistance to flow for foam, which in turns increases apparent viscosity of 286 

foam. This behaviour has been observed in the experiments where apparent viscosity of foam 287 

increased by about 0.2 cp in the presence of calcium carbonate at different shear rates as 288 

shown in Figures 6. 289 

 290 

 291 

Figure 6: Comparison of bulk foam apparent viscosities versus shear rate in the absence and 292 

presence of 1 wt% of: calcium carbonate, calcium sulfate, barium sulfate, strontium sulfate 293 

and iron oxide. 294 

 295 

Foam texture is also affected by the same solid-fluids interactions in the presence of such 296 

particles. As particles have a tendency to stay on the surface of foam bubbles, and 297 

consequently avoid bubble from merging into adjacent bubbles, the average bubble size 298 
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(diameter) reduces from about 6 mm (in the case of pure foam) to 2.75 mm (in the presence 299 

of suspended calcium carbonate), therefore, majority of bubble sizes were found to be in the 300 

range 1-4 mm (Figure 7). It is shown that bubble size distribution changes from right skewed 301 

shape (b) to left skewed shape (a), due to addition of solid calcium carbonate particles. These 302 

particles avoid the enlargement of bubbles and their film rupture. On the other side, bubbles 303 

in pure foam can easily merge into each other and create larger bubbles which are 304 

thermodynamically unstable and film rupture would happen fast.  305 

And as a result, decrease in the average bubble size diameter translates into a more stable 306 

bubble structure, which can be achieved through a thicker lamellae and plateau borders. 307 

 308 

 309 

Figure 7: Bubble size distribution (a) in the presence of calcium carbonate particles, (b) in 310 

pure foam (in the absence of calcium carbonate particles) 311 

 312 

Similar trend was observed at higher surfactant concentrations, as it is shown in Figure 5(d), 313 

prominent enhanced foam stability was developed. These results show that surfactant solution 314 

of 5000 ppm AOS in the presence of 1 wt% calcium carbonate is able to maintain foam 315 
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structure for approximately 300 minutes; more than twice the life span of foam in the absence 316 

of calcium carbonate particles.  317 

 318 

Next series of experiments were conducted for calcium sulfate particles (0.05-1 wt%). Unlike 319 

calcium carbonate, calcium sulfate appears to destabilise foam generated by surfactant 320 

solution of AOS, with concentrations between 200-5000 ppm as shown in Figure 8. This 321 

might be due to high tendency of sulfate particles to adsorb water which makes the lamellae 322 

and plateau borders thinner and eventually leads to bubble rupture. This destabilising effect is 323 

supported by the results observed in apparent viscosity tests (Figure 6). Apparent viscosity 324 

was decreased in the presence of calcium sulfate; by about 0.1 cp. Figure 8 shows the degree 325 

of foam destabilisation for various AOS solutions at different particle concentrations. For 326 

example for the solution of 1000 ppm of AOS, the duration of bulk foam collapse is 327 

approximately 51 minutes in the presence of 1 wt% calcium sulfate, which is less than half of 328 

the period that observed for foam in the absence of calcium sulfate (120 minutes). Based on 329 

the results shown in Figure 8, it should be noted that destabilisation effects can be seen for all 330 

solutions, however it is more dominant at lower surfactant concentrations. Therefore, foam 331 

generated by lower surfactant concertation is more prone to instability source of calcium 332 

sulfate particles. Foam destabilisation occurs when calcium sulfate particles adsorb surfactant 333 

solution in foam lamella and plateau border which rapidly changes the aqueous foam from 334 

wet to dry. Dry foam can break easily as the lamellas become very thin, and interfacial 335 

tension in foam lamellas increases as the surfactant solution gets adsorbed on the surface of 336 

the calcium sulfate. 337 

 338 
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 339 

Figure 8 : Foam stability in the presence of calcium sulfate at different concentrations of 340 

AOS (a) 200 ppm, (b) 500 ppm, (c) 1000 ppm, (d) 5000 ppm [1 ppm of AOS solution = 341 

3.17×10-6 mol/L] 342 

 343 

 344 

 345 

Another type of solid particles that naturally exist in the reservoir is Barium Sulfate. We 346 

examined their effects on foam and results are presented in Figure 9. It indicates the addition 347 

of barium sulfate (0.05-1 wt%) to surfactant solution of AOS  with  concentrations between 348 

200-5000 ppm, increases the stability of bulk foam compared to foam in the absence of solid 349 

particles. It can be seen from Figure 9 that foam stability in the presence of barium sulfate 350 

particles was slightly improved for all solid concentrations. 351 

 352 
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 354 

 355 
Figure 9 : Bulk foam stability in the presence of barium sulfate at different concentrations of 356 

AOS (a) 200 ppm, (b) 500 ppm, (c) 1000 ppm, (d) 5000 ppm [1 ppm of AOS solution = 357 

3.17×10-6 mol/L] 358 

 359 

 360 

The reason for foam stability enhancement is due to the physical properties of barium sulfate 361 

particles. These particles are very small (average diameter of 1 µm) and exhibit an 362 

intermediate degree of hydrophilicity, which results in a smaller and more homogeneous 363 

bubble size distribution. These small solid particles form multi-layered connected chains 364 

(particle gel) within foam structure. Developed chains increase the thickness of lamellae and 365 

plateau borders which result in a more viscous bulk foam as it was observed during apparent 366 

viscosity measurements (Figure 6). However, barium sulfate particles have relatively high 367 

density (4.4 g/mL), which means there is a larger gravity force, therefore, this decreases the 368 
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overall stability of foam compared to lighter solid particles. As a result barium sulfate 369 

multilayer slugs were separated from foam lamellae and plateau borders after some time, and 370 

they sink down into the surfactant solution, as shown in Figure 10. 371 

 372 

 373 

Figure 10: Foam stability and drainage of a) barium sulfate multilayer particles (particle gel), 374 

b) iron oxide and c) strontium sulfate 375 

 376 

Forth type of solid particles used in this study was strontium sulfate particles. The results of 377 

the addition of strontium sulfate (0.05-1 wt%) to the surfactant solution of AOS with 378 

concentrations between 200-5000 ppm are presented in Figures 11. These results indicate that 379 

the presence of strontium sulfate increases bulk foam stability. Strontium sulfate particles 380 

with the density of 3.69 g/mL give this enhanced stability through increased viscosity in a 381 

similar manner to barium sulfate particles; however the size and shape of the larger strontium 382 

particles impinges on the degree of enhancement and can lead to drainage. Figure 11 shows 383 
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different surfactant solutions of AOS have more stability in foam structure in the presence of 384 

various strontium sulfate concentrations. As it can be seen, increased foam stability, 385 

manifested at higher surfactant concentrations.   386 

 387 

 388 

 389 

Figure 11: Foam stability in the presence of strontium sulfate at different concentrations of 390 

AOS (a) 200 ppm, (b) 500 ppm, (c) 1000 ppm, (d) 5000 ppm [1 ppm of AOS solution = 391 

3.17×10-6 mol/L] 392 

 393 

 394 

Last type of solids used in this study is iron oxide particles. Iron oxide particles are magnetic 395 

particles which have good capacity of heat transfer through foam structure. The results of 396 
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AOS with concentrations between 200-5000 ppm, significantly destabilises foam. Iron oxide 398 

is denser than other particles, and significantly larger in size with hydrophilic properties 399 

which fall down through lamellas and lead to an increase of disjoining pressure and 400 

interfacial tension in the thin liquid films between gas bubbles. These characteristics of iron 401 

oxide cause rapid foam degradation even at high surfactant (AOS) concentrations. Figure 10b 402 

shows that larger black spots were deposited in surfactant solution which left foam structure 403 

due to gravity force and bubbles can merge into each other fast. Exhibited instability was 404 

confirmed with apparent viscosity measurements which indicated that iron oxide particles 405 

decrease bulk foam apparent viscosity (Figure 6).  406 

 407 

 408 

Figure 12: Foam stability in the presence of iron oxide at different concentrations of AOS (a) 200 409 

ppm, (b) 500 ppm, (c) 1000 ppm, (d) 5000 ppm [1 ppm of AOS solution = 3.17×10-6 mol/L] 410 

 411 
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 413 

Figure13: Average particle size of different solid particles 414 

 415 

Figure 13 shows SEM images of different particles used in this study. As can be seen in the 416 

Figure 13a and 13b, the average particle size for strontium sulfate is 50 times larger than 417 

barium sulfate which can probably make only monolayer particle stabilised foam lamellas. 418 

It is also found that rounded solid particles stabilise bulk foam more than particles with sharp 419 

edges, since particles with sharp edges can easily break the lamellas by film bridging and 420 

dewetting mechanisms. Figure 14 presents the schematic effect of particle shape on bulk 421 

foam stability. As it is shown in this figure, foam breakage with round shaped particles 422 

occurs in four steps with different mechanisms. Initially, particles move into thick liquid film 423 

between gas bubbles and push the surfactant solution out of liquid film. This phenomenon 424 
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increases the interfacial tension in the area of liquid film as a result of decrease in surfactant 425 

concentration and liquid film thickness, which increases the disjoining pressure in foam 426 

lamella. In the next step rounded shape particle bridges foam lamella with a contact angle of 427 

more than 90° because of their geometry. The foam breakage usually happen faster and with 428 

particles with sharp edges solid particles as they skip lamella thinning (deweting) step and 429 

bridge the thick lamella foams directly.    430 

 431 

 432 

Figure14: Effect of particle shape on foam stability 433 

Furthermore, in order to investigate the effect of solid particles on surface tension of AOS 434 

solution, a series of complementary experiments on surface tension were carried out using Du 435 

Noüy ring method. In these tests, surfactant concentration showed the dominant effect on 436 

surface tension reductions, and different solid particles used in this study, regardless of their 437 

concentration (0.05-0.5 wt%), have very negligible effect on surface tension of AOS solution. 438 

However, as calcium sulfate has higher adsorption rate of aqueous solution than the other 439 

solid particles discussed in this study, it contributes to a larger number of sulfate ions in bulk 440 

of aqueous phase, which in turn increase surface tension. Overall, as it is shown in Figure 15 441 

(a) (b) 
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other solid particles of calcium carbonate, barium sulfate, strontium sulfate and iron oxide do 442 

not have significant effect on surface tension of AOS solution.  443 

 444 

Figure 15: Surface tension of AOS solution in the absence and presence of solid particles (a) no solid 445 

particle, (b) calcium carbonate, (c) calcium sulfate, (d) barium sulfate, (e) strontium sulfate, (f) 446 

iron oxide (1 ppm of AOS solution = 3.17×10-6 mol/L) 447 

 448 

Conclusions and Recommendations: 449 

In this study we explored solid-fluids interactions between foam and solid particles. Stability, 450 

texture and rheological properties of foam in the presence of five solid particles of calcium 451 

carbonate, calcium sulfate, barium sulfate, strontium sulfate and iron oxide were tested. Each 452 

of these micro- and nano- particles shows its own characteristics of density, shape, size, and 453 
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ionic (wettability) properties in contact with foam generated by CO2 and Sulfotex AOS 454 

surfactant. It was found that calcium carbonate, barium sulfate and strontium sulfate increase 455 

the stability of bulk foam through aggregation at the lamellae and plateau borders where they 456 

make liquid film of foam thicker, and as a result bubbles stay small and do not merge into 457 

each other easily. This enhanced stability is tempered by compound effects of density, shape, 458 

size and wettability, where round edges of small size and low density particles of calcium 459 

carbonate and barium sulfate are favourable. However, strontium sulfate showed less stable 460 

foam compared to barium sulfate and calcium carbonate as the particles are much larger and 461 

make monolayer bridges which induce disjoining pressure in the lamellas and destabilises 462 

foam by dewetting and film rupture. 463 

Calcium sulfate and iron oxide on the other side destabilised bulk foam by liquid film rupture 464 

through different mechanisms. Calcium carbonate particles have predominantly hydrophilic 465 

property where they adsorb water inside the lamellae and plateau borders, leading to changes 466 

in contact angle and therefore a thinner liquid film and fast rupture.  467 

These rheological properties and stabilising criteria can be investigated before running any 468 

foam-based enhanced oil recovery. 469 

It is anticipated that hydrophobic particles absorb residual oil entrapped in porous media, 470 

however these particles may affect the persistence of foam and thus its performance. In this 471 

regard, the results of this study indicate that the hydrophobicity of particles may contribute to 472 

stability or instability of foams; thus their ability to recover oil from porous media should be 473 

considered for further investigation. 474 
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