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Abstract 21 

 22 

The paper presents results of a direct visualization study of membrane fouling by 23 

hexadecane-in-water emulsions (0.1% v/v) stabilized by sodium dodecyl sulfate (SDS; 24 

0.1 mM or 3 mM) in the presence of divalent counterions (Mg2+; 0 mM, 6.7 mM, or 42.6 25 

mM).  Direct Observation Through the Membrane (DOTM) tests were performed using 26 

an ultrafiltration membrane (Anopore; 𝑑𝑝𝑜𝑟𝑒 = 0.02 μm) and low wettability by 27 

hexadecane (contact angle, 𝜃, in 3 mM aqueous solution of SDS is ~164o).  Three 28 

emulsions employed in DOTM tests had different values of interfacial tension and 29 

surface charge and exhibited distinctly different behaviors of oil droplets on the 30 

membrane surface.  In addition to decreasing the solubility of SDS, MgSO4 had two 31 

opposing effects on emulsion stability wherein both interfacial tension and 𝜁-potential of 32 

oil droplets decreased; the overall effect of MgSO4 was a more facile droplet 33 

coalescence that was further promoted by permeate flux and concentration polarization 34 

of oil.  The dominant fouling mechanism was cake filtration with multilayer and sub-35 

monolayer coverages observed for different conditions.  Because of the relative 36 

oleophobicity of the membrane, the attached oil did not form contiguous oil films.  Under 37 

conditions of extensive coalescence (high MgSO4), oil droplets reached a critical size 38 

and were then removed by the crossflow resulting in minimal membrane fouling. 39 

 40 

 41 

Keywords: oil-water separation; ultrafiltration; crossflow filtration; direct observation 42 

through membrane (DOTM); coalescence. 43 

 44 

  45 
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1. Introduction 46 

 47 

Oil-in-water emulsions represent a major waste stream of oil and gas, metal finishing, 48 

mining and other industries.  The efficiency of commonly used oil-water separation 49 

technologies decreases dramatically with a decrease in oil droplet size; for example, 50 

hydrocyclone separation becomes ineffective when the droplet size decreased below 51 

~10 µm [1].  Yet, the amount of oil contained in small droplets can be sufficiently high to 52 

necessitate their removal to meet regulations on the maximum allowable concentration 53 

of oil in the discharge [2].  Membrane filters can remove small oil droplets and offer a 54 

viable alternative for treating oil-in-water emulsions [3].  Membrane fouling, however, 55 

remains a challenge especially when treating complex feeds such as flowback and 56 

produced water [4, 5] with their multicomponent and dynamically changing composition 57 

[6]. Most produced waters are saline or brackish [7] and elevated salinity in such feeds 58 

presents additional challenges for membrane separations.  First, salt removal, if 59 

required, raises the cost of treatment.  Second, when present in sufficiently high 60 

concentration, the salt can alter stability and other properties of oil-in-water emulsions 61 

possibly leading to increased membrane fouling. A number of studies have evaluated 62 

nanofiltration and reverse osmosis as treatment options for produced water (e.g. [8, 9]). 63 

 64 

Surfactants are typically employed to stabilize emulsions.  Sodium dodecyl sulfate 65 

(SDS) is a commonly used anionic surfactant and as such should interact strongly with 66 

divalent cations such as Ca2+ and Mg2+ that can be present in natural waters in high 67 

concentrations.  Typical concentrations in groundwater and surface water range from ~1 68 

to 50 mg/L for Mg2+ and from ~1 to 200 mg/L for Ca2+ [10].  In seawater, the 69 

concentrations of Mg2+ and Ca2+ are 1,350 mg/L and 400 mg/L, respectively [11].  Pore 70 

space brines brought to the surfaces during hydraulic fracturing may have much higher 71 

concentrations yet.  For example, analyses of brines from a range of geologic 72 

environments in western Pennsylvania yielded Mg2+ and Ca2+ concentrations of 4,150 73 

mg/L and 41,600 mg/L, respectively [12]. 74 

 75 
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Nanofiltration and reverse osmosis membranes reject these cations leading to even 76 

higher concentrations in the vicinity of the membrane surface where the ions can 77 

interact with other rejected dissolved or particulate species such as colloids and oil 78 

droplets.  The resulting concentration polarization may result in precipitative fouling of 79 

the membrane by inorganic compounds with low solubility products (e.g., Mg(OH)2, 80 

CaCO3, CaSO4).  Scaling of sparingly soluble salts leads to a dramatic decrease in 81 

permeate flux due to precipitative fouling [13].  Further, in the presence of salts the 82 

adsorption behavior of surfactants changes [14], which can translate into differences in 83 

membrane fouling [15]. At sufficiently high salinities, critical micelle concentration is 84 

exceeded, which can modify fouling behavior of surfactant-stabilized emulsions [16]. 85 

Finally, dissolved ions alter the interfacial tension of emulsions.  For example, 86 

Adamczyk et al. observed a significant reduction in surface tension for an aqueous 87 

solution of cetylrimethylammonium bromide (CTAB) with an increasing concentration of 88 

KCl in the solution [17]. 89 

 90 

Currently, the largest drawback to membrane-based treatment of oily wastewaters is 91 

membrane fouling and the subsequent costs associated with cleaning and replacing the 92 

membranes. Fouling mitigation methods include hydraulic cleaning (e.g., water flushes 93 

and water back flushes), chemical cleaning, and mechanical cleaning (e.g., air back 94 

pulses, ultrasound, vibrational cleaning, and sponges sent through the interior of tubular 95 

membranes).  Membrane cleaning is costly in terms of time and money as the treatment 96 

must be temporarily stopped, costs for chemicals and their disposal, significant capital 97 

investments for equipment. When irreversible fouling decreases permeate flux below a 98 

certain threshold value, the membrane cartridges have to be disposed of and replaced.  99 

Understanding membrane fouling by oil can help with the development of new 100 

membrane materials and operational approaches to better mitigate fouling and reduce 101 

cleaning costs. Yet surprisingly little is known about the formation dynamics and 102 

structure of the fouling layer formed on the membrane surface by emulsified oil [18]. 103 

 104 

Minimizing droplet deposition on the membrane surface by hydrodynamic means is one 105 

strategy for decreasing membrane fouling.  For droplets that do deposit on the 106 
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membrane, preferred behaviors can be promoted to avoid egregious forms of 107 

membrane fouling such as complete blocking [19] of individual pores or formation of a 108 

contiguous film of oil that “seals” large areas of the membrane surface.  For relatively 109 

unstable droplets, a preferred scenario would involve surface coalescence with other 110 

attached droplets to reach a critical size when the resulting larger droplet is swept off 111 

the membrane by crossflow [18].  For more stable emulsions, a preferred scenario 112 

might be the formation of relatively thin and permeable layer of oil droplets that can be 113 

easily removed by a hydraulic flush.  Sufficient stability would ensure that droplet 114 

deformation is minimal to avoid low porosity cakes.  Electrostatic forces may become 115 

more important (relative to hydrodynamic interactions) for smaller droplets expected in 116 

stable emulsions; under these conditions higher electrical charge on oil droplets would 117 

help minimize oil accumulation at the membrane surface and would facilitate membrane 118 

cleaning.  Whichever fouling scenario unfolds, droplet coalescence is a critical process 119 

that determines in part the rate and extent of membrane fouling.   120 

 121 

Coalescence of surfactant-stabilized droplets in a membrane filtration system can occur 122 

both in the bulk of the feed emulsion and at the membrane surface.  Coalescence can 123 

be viewed as a result of a sequence of several events: 124 

1) Long-range transport of droplets that brings them into close proximity to one 125 

another.  This transport is governed by hydrodynamic forces and long-range (> 5 126 

nm) droplet-droplet and droplet-membrane interactions [20].  In the classical 127 

flocculation theory, this step is described by collision frequency [21]. 128 

2) Droplet adhesion that results from an attractive force between droplets overcoming 129 

short-range repulsion due to surface-associated surfactants.  The droplets are 130 

separated by a very thin liquid film stabilized by surfactant layers.  The solubility of 131 

the surfactant [22-24] and, as a consequence, the ionic makeup of the dispersion 132 

media, play an important role in droplet stability.  The time that the droplets reside in 133 

a close proximity to one another, 𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡, can be limited by droplet removal from the 134 

surface or by droplet coalescence. In the classical flocculation theory this step is 135 

described by collision efficiency (also called “attachment efficiency” or “sticking 136 
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coefficient”), defined as the fraction of particle-particle (or droplet-droplet) contacts 137 

that result in attachment (or adhesion). 138 

3) Drainage of the thin film that separates the droplets.  If the film drains over a period 139 

of time, 𝑡𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 < 𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡, and ruptures, coalescence occurs.  There are several 140 

approaches to describing the probability of coalescence [25], with the film drainage 141 

model [26, 27] being most commonly used.  The model predicts that the 142 

coalescence efficiency is given by 143 

𝜆 = 𝑒𝑥𝑝 (−
𝑡𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒

𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡
) (1) 

The drainage occurs differently depending on whether the droplets are deformable 144 

and whether their interfaces are mobile [25].  In the case of deformable particles with 145 

partially mobile interfaces, drainage time is given by [28]: 146 

𝑡𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 =
𝜋𝜇𝐹1/2

2(2𝜋𝜎/𝑟𝑑𝑟𝑜𝑝)
3/2

(
1

ℎ𝑓
−

1

ℎ𝑖
) (2) 

where 𝜎 (Nm-1) is interfacial tension, ℎ𝑖 and ℎ𝑓 are initial and critical film thickness 147 

(m), 𝜇 is the dynamic viscosity of oil (Pa∙s), 𝑟𝑑𝑟𝑜𝑝 is droplet radius (m), and 𝐹 is the 148 

compressive force (N). 149 

 150 

The structure of the oil fouling layer as it develops on the membrane surface during the 151 

separation of an oil-in-water emulsion is not fully understood.  Mechanistic dead-end 152 

filtration studies have described the oil deposit as a highly compressible gel layer or a 153 

“cake” based on the expression derived for spherical, non-deformable particles.  Our 154 

previous work [18] described the first application of a direct visualization technique - 155 

Direct Observation Through the Membrane (DOTM) - to capture real-time images of a 156 

membrane surface under conditions of fouling by emulsified oil in the presence of 157 

crossflow. This previous study employed a microfiltration membrane (Anopore, 0.2 µm 158 

nominal pore size) and hexadecane-in-water emulsions stabilized by SDS (0.1 mM, or 159 

0.4 mM, or 0.8 mM) and revealed three characteristic stages of membrane fouling: 1) 160 

droplet attachment and clustering, 2) droplet deformation, and 3) droplet coalescence 161 

followed by removal of droplets larger than a critical size.  In that study, the emulsion 162 

was prepared by adding hexadecane and the surfactant to DI water with no other ions 163 
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present in the dispersion phase.  The observed stages of membrane fouling can be 164 

mapped by the steps leading to droplet coalescence in a straightforward manner.  165 

Droplet attachment and clustering corresponds to the long-range transport of droplets to 166 

the membrane surface and initial adhesion of droplets to one another.  Droplet 167 

deformation corresponds to continual adjustment of droplet-droplet and droplet-168 

membrane contact lines in response to the changing compressive (i.e. drag) force and 169 

crossflow shear.  The dynamics of the three-phase contact line is affected by initial 170 

conditions such as the kinetic energy of the attaching droplet [29].  The third stage – 171 

coalescence – is affected by the presence of the membrane.  Coalescence of sessile 172 

droplets is different from the free droplet coalescence in at least two aspects.  First, 173 

attachment to the membrane surface extends droplet residence time, 𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡, in the 174 

vicinity of other attached droplets, which according to eq. (2) should facilitate droplet-175 

droplet coalescence.  At the same time, the membrane imposes surface viscous 176 

stresses on attached droplets, which should hamper the coalescence process.  In 177 

general, the lower the contact angle is (i.e. the more wettable by oil the surface is), the 178 

more significant the deviations in coalescence dynamics are expected to be with 179 

respect to those in bulk emulsions. Ionic composition of the background electrolyte can 180 

play an important role in defining droplet-droplet and droplet-membrane interactions, 181 

coalescence of droplets, and, ultimately, membrane fouling by emulsified oil. 182 

 183 

This study examines the effects of an anionic surfactant and divalent counterions on 184 

membrane fouling by emulsified oil.  DOTM tests are employed to visualize oil droplet 185 

behavior and related various fouling scenarios by direct observation of an ultrafiltration 186 

membrane during emulsion filtration; while specific patterns (sizes and locations of 187 

individual droplets, coalescence dynamics) varied to some extent from one location to 188 

another, the videos are generally representative of each specific condition that was 189 

evaluated.  Thus, the focus is on the range of specific droplet behaviors (as opposed to 190 

ensemble-level statistics for the emulsion) that become possible under different 191 

conditions. The observed behaviors are interpreted in terms of emulsion and membrane 192 

properties and how they translate into concrete fouling mechanisms. 193 

  194 
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2. Materials and methods 195 

 196 

2.1. Reagents 197 
 198 

Hexadecane (99%), sodium dodecyl sulfate (SDS, ≥ 98.5%), and magnesium sulfate 199 

heptahydrate (MgSO4(H20)7, ≥ 98%) were purchased from Sigma-Aldrich and used as 200 

received.  Potassium chloride (KCl, 99%) was purchased from J.T. Baker and used as 201 

received.  DI water was supplied by a Milli-Q ultrapure water system (Integral 10, 202 

Millipore) equipped with a terminal 0.2 µm microfilter (MilliPak, Millipore); the water 203 

resistivity was ~18 MΩ·cm.   204 

 205 
2.2. Preparation of oil-in-water emulsions. Nomenclature 206 
 207 

The non-saline model emulsions were prepared by adding hexadecane to water in the 208 

presence of SDS as a stabilizing agent and stirring the resulting mixture at 1,000 rpm 209 

using a digital stand mixer (RW 20 digital dual-range mixer, IKA) for 20 min.  Hereinafter 210 

the hexadecane-water-surfactant emulsions will be referred to as HWS-X where X is the 211 

concentration of SDS in units of mM.  In all emulsions the hexadecane concentration 212 

was 0.1% v/v (773 mg/L), while the concentration of SDS was either 0.1 mM (HWS-0.1 213 

emulsions) or 3 mM (HWS-3 emulsions).  These values were below the critical micelle 214 

concentration (CMC) for SDS, which is in the 6 mM to 8 mM approximate range [30].   215 

 216 

The saline model emulsion was prepared the same way as non-saline emulsions, 217 

except that 804 mg/L of MgSO4 (6.7 mM) was added to the water along with 0.1 mM of 218 

SDS prior to the addition of hexadecane.  In what follows, the hexadecane-water-219 

surfactant-MgSO4 emulsions will be referred to as HWSS-X where X is the 220 

concentration of SDS in units of mM.  During the DOTM tests with HWSS-0.1 221 

emulsions, the salt concentration was increased by 4,328 mg/L of MgSO4 after 10 222 

minutes to reach a total concentration of 5,131 mg/L of MgSO4 (42.6 mM). 223 

 224 

Two concentrations of MgSO4 were tested: 6.7 mM and 42.6 mM.  The lower value was 225 

chosen based on the average Mg2+ concentration reported for produced waters from the 226 
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Powder River Basin in Wyoming [31].  The higher concentration was calculated based 227 

on the MgSO4 concentration polarization factor for a NF270 membrane rejecting the salt 228 

at a permeate flux of 95 L/(m2·h) (2.6∙105 m/s) [32].   229 

 230 

2.3. Characterization of oil-in-water emulsions 231 

 232 

Light diffraction (Mastersizer 2000, Malvern Instruments) was used to determine an oil 233 

droplet size distribution in the bulk for each emulsion.  During the measurement, the 234 

emulsion was continuously circulated through the optical cell of the Mastersizer using a 235 

Malvern sample dispersion unit mixed at 1,000 rpm.  The refractive index of 1.434 for 236 

hexadecane was used as an input in the calculation of droplet size distribution.  The 237 

volume-based distribution reported by the Mastersizer software was converted into a 238 

number-based distribution.  Droplet size distributions at the membrane surface were 239 

estimated based on images captured during DOTM tests. 240 

 241 

The interfacial tension for each emulsion was measured using the pendant drop method 242 

and a standard goniometer (model 250-F4, ramé-hart instrument co.).  First, the surface 243 

tensions of the pure liquids (DI water and hexadecane) and the aqueous solutions (of 244 

SDS only or of SDS and MgSO4) were determined.  The data would later serve as 245 

inputs to the DROPimage Advanced v2.6 software during the interfacial tension 246 

measurements.  A microsyringe (part 100-10-20, ramé-hart instrument co.) was filled 247 

with each of the liquids, which was then dispensed until a pendant droplet was 248 

produced.  The surface tension of the liquid was determined based on the droplet’s 249 

shape as quantified by the software.  The interfacial tension measurements were 250 

performed by filling the standard quartz cell (part 100-07-50, ramé-hart instrument co.) 251 

with DI water or one of the aqueous solutions (of SDS only or of SDS and MgSO4) and 252 

using a microsyringe with inverted stainless steel 22g needle (part 100-10-13-22, ramé-253 

hart instrument co.) filled with hexadecane to produce a submerged pendant droplet.  254 

The interfacial tension was determined by the software based on the shape of the 255 

submerged oil droplets in the different aqueous solutions. 256 

 257 
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The 𝜁-potential of droplets for each emulsion was measured using phase analysis light 258 

scattering (ZetaPALS, Brookhaven Instruments).  The electrophoretic velocity was 259 

calculated based on the measured values of electrophoretic mobility and electric field at 260 

the particle in order to compare with estimates of the Stokes velocity for a range of 261 

droplet sizes to determine if the 𝜁-potential values were reliable. 262 

 263 

2.4. Membranes used in DOTM tests 264 
 265 

The DOTM method required membranes that had sufficient optical transparency when 266 

wet, and inorganic anodized alumina (Anopore) membranes met this criterion.  As 267 

reported by the manufacturer, the Anopore membrane (Anodisc membrane filters, 268 

Whatman) with a nominal pore diameter of 0.02 μm has surface porosity in the 30 to 269 

35% range and a “nondeformable honeycomb pore structure with no lateral crossovers 270 

between individual pores” [33].  A new membrane was used in each test. Although oil 271 

rejection by the membranes was not determined experimentally, critical pressure 272 

calculations show that complete rejection is expected (see SM, section S4). 273 

 274 

2.5. Membrane characterization 275 
 276 

The surface charge of the membrane was measured using an electrokinetic analyzer 277 

(Anton Paar).  The 𝜁-potentials were determined based on a streaming 278 

potential/streaming current method with 1 mM KCl solution as the background 279 

electrolyte.  The membrane was submerged feed side down in an aqueous solution of 280 

either 0.1 mM of SDS or 3 mM of SDS for 30 min.  The membranes were not tested 281 

after being submerged in an aqueous solution of 0.1 mM of SDS and 6.7 mM of MgSO4 282 

as the salinity of the solution would interfere with the testing solution of 1 mM of KCl. 283 

 284 

The contact angle of hexadecane on the membrane surface was measured using a 285 

goniometer (model 250-F4, ramé-hart instrument co.).  The membrane was attached to 286 

the environmental fixture (part 100-14, ramé-hart instrument co.) with the feed side 287 

facing downward and then submerged in an aqueous solution of SDS or a combination 288 

of SDS and MgSO4 when the fixture was placed in the standard quartz cell (part 100-289 
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07-50, ramé-hart instrument co.).  The microsyringe (part 100-10-20, ramé-hart 290 

instrument co.) was filled with hexadecane and a single droplet was dispensed from the 291 

inverted stainless steel 22g needle (part 100-10-13-22, ramé-hart instrument co.) until 292 

the droplet attached to the feed side of the submerged membrane.  DROPimage 293 

Advanced v2.6 software determined the contact angle between the oil droplet and the 294 

membrane surface in an aqueous solution. 295 

 296 
2.6. Direct Observation Through the Membrane system 297 
 298 

The DOTM setup has been described in detail previously [34].  The central feature of 299 

the DOTM system is the microscope (Axio Imager.M1, Zeiss) fitted with a video camera 300 

(Digital Color video camera model TK-C921BEG, JVC) capable of capturing both still 301 

images and videos, and the optically transparent membrane (see section 2.4).  All of the 302 

images and videos recorded during filtration tests used a 32X magnification microscope 303 

objective resulting in a total magnification of 320X.  A crossflow membrane filtration cell 304 

fitted with two acrylic windows for visualization had a crossflow channel that was 106 305 

mm long, 36 mm wide and 2 mm deep.  The active membrane area was only 7.56 cm2 306 

and was located in the middle of the crossflow channel with the permeate side of the 307 

membrane facing up towards the objective.  The light emitted by the microscope’s 308 

illuminator transmitted through the membrane as the images were captured by focusing 309 

through the membrane and onto its feed side.  The feed emulsion was stirred 310 

throughout each experiment by a magnetic stir plate (SP131320-33, Thermo Scientific) 311 

and stir bar, and the retentate was returned to the feed.  DOTM experiments were 312 

carried out at a constant crossflow velocity of 3.6∙105 L/(m2·h) (0.1 m/s) that translated 313 

into a Reynolds number of 377. 314 

 315 

During experiments with HWSS-0.1 emulsions, 100 mL of the feed emulsion was 316 

extracted prior to the start of the DOTM test and was mixed with the additional 8.86 g of 317 

MgSO4(H2O)7 using the stand mixer operated at 215 rpm during the first 10 min of the 318 

DOTM test.  After that, the 100 mL emulsion with the added salt was slowly poured into 319 

the circulating feed emulsion so that the total concentration of MgSO4 in the emulsion 320 

was 5131 mg/L of MgSO4 (42.6 mM).  The final concentration of MgSO4 matched the 321 
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value expected at the surface of a NF270 membrane separating MgSO4 at a permeate 322 

flux of 95 L/(m2·h) (2.6∙105 m/s) [32]. 323 

 324 

Table 1 lists the DOTM tests that were conducted to explore the effect of the following 325 

three variables on membrane fouling by emulsified oil: MgSO4 concentration, SDS 326 

concentration, and permeate flux.  327 

Table 1: Six DOTM tests carried out with Anopore membranes (nominal pore size 

of 0.02 µm) and three different emulsions.   
#  Permeate flux was maintained constant at 52 L/(m2·h) = 1.4∙10-5 (m/s). 

 328 

                Emulsion 
Permeate flux 

HWS-0.1 HWS-3 HWSS-0.1 

Zero Test 1 Test 2 Test 3 

Non-zero and constant # Test 4 Test 5 Test 6 

 329 

Throughout each DOTM experiment, the permeate flux was either maintained constant 330 

by the peristaltic permeate pump (Minipuls 3, Gilson) or the permeate rate was zero as 331 

the pump was turned off.  The buildup of hydraulic resistance due to membrane fouling 332 

by oil led to an increase in the transmembrane pressure. 333 

 334 

In contrast to our prior work with microfiltration polycarbonate track-etch membranes 335 

where individual 5 µm pores could be discerned in DOTM images and videos, pores of 336 

the 0.02 µm ultrafiltration Anopore membrane were too small to be seen with an optical 337 

microscope.  Thus all features observed in DOTM images were either droplets or 338 

defects on the membrane surface. 339 

 340 

3. Results and discussion 341 

 342 

3.1. Characteristics of oil-in-water emulsions 343 
 344 

3.1.1. Droplet size distribution 345 
 346 

Hydrodynamic forces as well as droplet-droplet and droplet-membrane interactions 347 

result in selective deposition so that the size distribution of droplets at the membrane 348 
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surface differs from that in the feed.  To elucidate this difference for the three emulsions 349 

tested, droplet size distributions were measured both in the bulk of the feed emulsions 350 

and on the membrane surface.  The distributions in the bulk were determined using light 351 

diffraction. The light diffraction method relies on Mie light scattering theory and was 352 

chosen over dynamic light scattering because of the relatively large size of droplets. 353 

The buoyancy-driven motion of larger droplets can confound dynamic light scattering 354 

measurements. The distributions on the membrane surface were estimated based on 355 

optical microscopy images obtained in DOTM experiments. The light diffraction and 356 

optical microscopy methods were selected as optimal for quantifying the target droplet 357 

populations. The diffraction-based method samples the entire ensemble of droplets 358 

suspended in the bulk emulsion. At the same time, optical microscopy embedded within 359 

the DOTM technique selectively samples attached droplets to identify which size 360 

droplets reach the membrane surface while ignoring the rest of the droplet population. 361 

 362 

For bulk HWS-0.1 and HWSS-0.1 emulsions, the number-based distributions showed 363 

that more than 99% of droplets were smaller than 10 µm (Figure 1).  Comparison of the 364 

size distribution data with the Kolmogorov length scale [35-37] for the mixing conditions 365 

employed in this work (~25 µm; see Supplementary Material (SM), section S1) points to 366 

the significant role of surfactant in reducing the droplet size.  The droplet size 367 

distribution for the bulk HWS-3 emulsion could not be accurately measured as the 368 

minimum required light obscuration ratio (i.e. the percentage of laser light lost during its 369 

passage though the sample) could not be met due to a combination of the small droplet 370 

size and the low concentration of oil. 371 

 372 

The process of droplet coalescence is controlled in part by droplet-droplet and droplet-373 

membrane interactions.  Longer interactions translate into higher likelihood of 374 

coalescence.  In suspension, the time scale of droplet-droplet interactions, 𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡, is 375 

~ 𝑑𝑑𝑟𝑜𝑝(�̅�𝑑𝑑𝑟𝑜𝑝)−1 =  �̅�−1, where �̅� is the mean velocity gradient.  For bulk emulsions, �̅� 376 

in the mixing vessel can be calculated based on the vessel volume and viscosity, 377 

impeller diameter and mixing speed [38].   378 
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Figure 1: Number-based droplet size distributions for each of the emulsions tested.  

The distribution in the bulk emulsion was measured by light diffraction while 

the distribution of the sub-population of droplets that attached to the 

membrane surface was based on DOTM image analysis. 
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For all emulsions used in this work, �̅� ≅ 1426 s-1 (see SM, section S2).  In the crossflow 379 

channel with a no slip boundary condition at the channel walls, the shear is highest at 380 

the membrane surface with �̅� of ~ 300 s-1.  Based on these �̅� values, interactions of 381 

suspended droplets in the bulk are longer in the crossflow channel (𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ~ 3 ms) than 382 

in the mixing vessel (𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ~ 0.7 ms) indicating that suspended droplets coalesce 383 

mostly in the crossflow channel of the membrane module.  The relative importance of 384 

particle transport mechanisms in a membrane channel depends on the particle size 385 

(e.g. [39]); thus droplet coalescence in the membrane channel impacts the sizes of 386 

deposited droplets as well as the overall amount of deposited oil..  Surface coalescence 387 

of droplets that do reach and attach to the membrane depends on their residence time 388 

on the membrane surface. 389 

 390 

For each of the three emulsions, the DOTM images chosen for the characterization of 391 

droplet size distributions were taken from the tests with Anopore membranes with 392 

permeate flux of ~ 52 L/(m2·h) (1.4∙10-5 m/s) 60 s into the filtration process.  The 60 s 393 

lag was sufficient for the droplets to reach the membrane surface, yet short enough to 394 

ensure that no observable droplet coalescence had occurred.  The resolution of the 395 

DOTM microscope is not sufficient to discern droplets smaller than 1 μm, so the 396 

histograms do not extend beyond this limit.  Droplets observed on the membrane 397 

surface were on average larger than droplets in the bulk (Figure 1); the difference was 398 

likely due to two effects: 1) coalescence in the polarized layer near the membrane 399 

surface and, possibly, 2) droplet sorting by the buoyancy force (~ 𝑑𝑑𝑟𝑜𝑝
3 ) directed 400 

towards the membrane.  The buoyancy effect is present because in the DOTM system 401 

the feed channel is below the permeate channel and the membrane is positioned with 402 

its feed side facing down (see section 2.6 and earlier publications for a detailed 403 

description of the DOTM setup [18, 34]). It appears that these two effects were more 404 

than the back transport due to the shear-induced diffusion (~ 𝑑𝑑𝑟𝑜𝑝
4/3

). 405 

 406 

  407 
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3.1.2. Critical micelle concentration and formation of precipitates 408 
 409 

In the presence of divalent cations, SDS may form precipitates at concentrations below 410 

its CMC (CMCSDS = 8.2 mM at 25 oC [30]).  For example, when CaCl2 is added, calcium 411 

dodecyl sulfate forms, which has a CMC much smaller than that of SDS [40].  In our 412 

study, an aqueous solution of 3 mM of SDS and 6.7 mM of MgSO4 produced a 413 

crystalline precipitate.  Avoiding precipitation is important both from the application point 414 

of view (precipitative fouling would contribute to flux decline) and from the point of view 415 

of this study’s design (formation of precipitates would confound the interpretation of 416 

fouling by oil droplets).  To elucidate precipitation conditions, a number of aqueous 417 

solutions were prepared with varying concentrations of SDS and MgSO4. Precipitation 418 

was determined through visual inspection by the solutions after 24 h of preparation. 419 

 420 

 

 421 

Figure 2: Solubility of SDS in the presence of MgSO4.  Light gray area represents 

the likely precipitation domain; the area is bounded by data points 

corresponding to conditions where precipitation was observed (filled 

circles) and where no precipitation was observed (empty circles).  Due to 

the sparsity of the dataset, domain boundaries are approximate.  Red 

data points correspond to the three emulsion types used in DOTM 

experiments. 

 422 
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The solutions were swirled and examined in front of a light source to ascertain whether 423 

crystalline precipitates had formed. Figure 2 summarizes these observations and 424 

approximately outlines domains with and without SDS precipitation.  Pinpointing the 425 

exact boundary between the domains would require a large number of additional 426 

experiments and would still produce only an approximation as the precipitation process 427 

is kinetically limited.  Three zones can be identified in the diagram shown in Figure 2.  428 

The dark gray zone above the filled circles corresponds to concentrations of SDS and 429 

MgSO4 where precipitation is expected.  The zone below the empty circles represents 430 

the region where one of the constituents has a sufficiently low concentration so that no 431 

precipitation should occur.  Empty circles correspond to experimental conditions for 432 

which no precipitation was observed for at least a week.  No precipitation occurred 433 

when the concentration of SDS was low (≤ 0.4 mM) even for high MgSO4 contents.  434 

Concentrations of MgSO4 between 0 mM and 0.4 mM were not tested in solutions with 435 

SDS, but no precipitation was observed when the concentration of SDS was as high as 436 

18 mM in the absence of MgSO4. 437 

 438 

Studies of aqueous solutions containing surfactants and either monovalent or divalent 439 

salts have reported the salts’ ability to decrease the CMC or induce particle formation 440 

[40, 41].  Corrin and Harkins found that the addition of salts to aqueous solutions of 441 

detergents lowers the CMC, and this can lead to the precipitation of the surfactant in the 442 

form of crystals; data for SDS showed a seven-fold decrease in CMC with the addition 443 

of 0.354 M NaCl [41].  To our knowledge, no results with MgSO4−SDS solutions have 444 

been published.  In a study of a similar system, Iyota et al. [40] showed that the critical 445 

mole fraction of SDS to precipitate out of a solution is much larger for a CaCl2-SDS 446 

mixture than for a NaCl-SDS mixture due to the larger electrostatic attraction within the 447 

aggregates between Ca2+ and DS− ions than between Na+ and DS− ions.  DS− ions 448 

should be strongly attracted to the Mg2+ ions as well.  This might explain why the 449 

HWSS-0.1 emulsion remains precipitate free, while the HWSS-3 emulsion forms 450 

crystalline precipitates. 451 

 452 

  453 
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3.1.3. Interfacial tension as a function of surfactant and MgSO4 concentrations 454 
 455 

The values of interfacial tension between hexadecane and an array of aqueous 456 

solutions containing varying concentrations of either SDS or a combination of SDS and 457 

MgSO4 were measured to quantify the impact that SDS and MgSO4 have on droplet 458 

stability.  Measurements could only be performed with the precipitate-free aqueous 459 

solutions of SDS and MgSO4 and were carried out using the pendant drop method. 460 

 

Figure 3: Effect of surfactant (SDS) and 2-2 salt (MgSO4) on the interfacial tension 

of hexadecane-in-water emulsions. Red data points correspond to the 

three emulsion types used in DOTM experiments. 

 461 

The accepted values of surface tension of DI water and hexadecane are 72.8 mN/m 462 

and 27.6 mN/m, respectively [42], and these were confirmed in our tests.  The interfacial 463 

tension of hexadecane and DI water was measured to be 41.8 mN/m.  The surface 464 

tensions for all of the aqueous solutions were measured first, and were used as inputs 465 

for the DROPimage Advanced v2.6 software during the interfacial tension 466 

measurements with hexadecane.  During the filtration tests, it was assumed that 467 
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coalescence-induced desorption of surfactant was sufficiently fast to make the resulting 468 

transient changes in the interfacial tension relatively unimportant.  The interfacial 469 

tension between hexadecane and an aqueous solution of SDS decreases with the 470 

addition of SDS until the CMC is reached (-○-, Figure 3).  The trend is consistent with 471 

the observed changes in the droplet size distributions (Figure 1) where lower interfacial 472 

tensions resulted in smaller oil droplets.  The CMC values for emulsions with non-zero 473 

MgSO4 concentrations could not be determined because precipitation of MgDS 474 

occurred before the plateau in the 𝜎 versus 𝐶𝑆𝐷𝑆 dependence (Figure 3) could be 475 

reached.  The values of interfacial tension, 𝜎, measured for HWS-0.1 and HWS-3 476 

emulsions were 32.7 mN/m and 18.4 mN/m, respectively. 477 

 478 

Figure 3 also illustrates the strong effect that MgSO4 concentration has on interfacial 479 

tension.  The salt-induced decrease in the interfacial tension can be attributed to “salting 480 

out” of SDS so that the equilibrium partitioning of the surfactant shifts towards the 481 

adsorbed phase (i.e. shifting the hydrophilic-lipophilic balance of SDS towards 482 

lipophilicity). For HWSS-0.1 emulsion (0.1 mM SDS and 6.7 mM MgSO4), 𝜎 = 21.7 483 

mN/m, which is closer to the corresponding value for HWS-3; yet the droplet size 484 

distribution of HWSS-0.1 was very similar to that of HWS-0.1, and not HWS-3.  This 485 

lack of correlation between the interfacial tension values and the droplet size 486 

distributions for emulsions containing MgSO4 may be due to the difference in the 𝜁-487 

potential of oil droplets. 488 

 489 

3.1.4. Droplet charge 490 
 491 

The only difference between HWS-0.1 and HWSS-0.1 emulsions is the presence of 492 

MgSO4 in HWSS-0.1.  The addition of the salt dramatically decreases the 𝜁-potential of 493 

oil droplets from -101  22 mV (HWS-0.1 emulsion) to -58  4 (HWSS-0.1 emulsion).  494 

The initial IS without electrolyte is orders of magnitude lower than that after electrolyte is 495 

added. The higher ionic strength of the dispersion medium reduces electrostatic 496 

repulsion between droplets by compressing the electrical double layer and by charge 497 

screening.  The lower charge could also be attributed to complexation with SDS on the 498 
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oil surface by Mg2+; however we have not confirmed this experimentally.  There was no 499 

statistical difference between the 𝜁-potentials of oil droplets in the HWS-0.1 (-101  22 500 

mV) and the HWS-3 (𝜁 = -112  17 mV) emulsions.  The large standard deviations are 501 

likely due to the absence of a background electrolyte during the measurement.  502 

 503 

Measured electrophoretic velocities were compared with Stokes velocities for a range of 504 

droplet sizes to evaluate if the buoyancy of the droplets was significant enough to 505 

interfere with droplet charge measurements (see section 2.3). The comparison of 506 

settling and electrophoretic velocities is needed because the phase analysis light 507 

scattering method assumes that droplet motion is driven by electrophoresis. When 508 

gravity settling makes a commensurate contribution to the overall particle velocity the 509 

results of the charge measurements are not reliable. It was determined that the 510 

electrophoretic velocity was of the same magnitude as the Stokes velocity for droplets 511 

of ~17 μm in diameter for the HWSS-0.1 emulsion; for the HWS-0.1 and HWS-3 512 

emulsions electrophoretic velocity and Stokes settling velocity were of the same 513 

magnitude for droplet diameters ≳ 25 μm.  Based on the measured droplet size 514 

distributions (Figure 1), HWS-0.1 emulsion contained at least 92.7% of the oil surface 515 

area in droplets ≤ 25 μm in diameter.  For HWSS-0.1 emulsions, droplets ≤ 17 μm 516 

corresponded to 74.8% of the total droplet surface area.  Thus, the 𝜁-potential values for 517 

these emulsions were reliable. 518 

 519 
3.2. Characteristics of membranes 520 
 521 

In the absence of MgSO4, the 0.02 µm pore size Anopore membrane had hexadecane 522 

contact angles of 163  4o and 164  2o in 0.1 mM SDS and 3 mM SDS solutions, 523 

respectively.  The membrane is more oleophobic than the Anopore membrane with 0.2 524 

µm nominal pore size, for which the hexadecane contact angle in 0.1 mM SDS solution 525 

is 152o [18]. With MgSO4 in the solution, the contact angle was 157  6o.  Thus, the 526 

variations in the solution composition did not lead to statistically significant changes in 527 

the contact angle and, for all solutions tested, the membrane could be classified as 528 

superoleophobic [42]. 529 



© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 

 

21 
 

 530 

Prior to charge measurements, each membrane was soaked in a solution of either 0.1 531 

mM SDS or 3 mM SDS for 30 min.  The 𝜁-potentials were measured to be -5.3  0.8 mV 532 

and -6.1  1.2 mV, respectively.  The effect of MgSO4 on the membrane’s charge was 533 

not determined as the ionic strength of the background solution (0.1 mM of SDS and 6.7 534 

mM of MgSO4) was much higher than that of the background electrolyte (1 mM KCl) 535 

used in electrokinetic analysis tests. 536 

3.3. DOTM tests with oil-in-water emulsions 537 
 538 

3.3.1. Effect of SDS concentration on UF membrane fouling by SDS-stabilized oil 539 
 540 

Observations in the absence of permeate flux 541 

 542 

Two SDS concentrations were considered in this work: 0.1 mM (in HWS-0.1 and 543 

HWSS-0.1 emulsions) and 3 mM (in HWS-3 emulsion).  Accordingly, droplets in HWS-3 544 

emulsions (Figure 1) were smaller due to the lower interfacial tension (18.4 mN/m in 545 

HWS-3 versus 32.7 mN/m in HWS-0.1).  546 

 547 
The difference was particularly evident for droplets at the membrane surface in the 548 

absence of permeate flux (Figure 4A versus Figure 4C).  This was due to the effect of 549 

the buoyancy force (see section 3.1.1) that preferentially moved larger droplets to the 550 

membrane surface. 551 

 552 

During the early stages of DOTM Test 1, droplets of HWS-0.1 emulsions are seen 553 

moving along the membrane with more deposition observed later into the test (Video 1).  554 

The crossflow direction can be deduced from droplet trajectories.  Droplet deformation 555 

is observed, but the droplets are not held tightly to the membrane surface.  Note that 556 

Figure 4 shows images that correspond to the same filtration time (9 min) into each 557 

DOTM test allowing for a direct comparison of fouling patters.  Videos 1 through 8 558 

provide snapshots of the dynamic behavior of droplets at different stages of DOTM tests 559 

highlighting unique patterns observed in different tests at different filtration times. 560 
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Figure 4: DOTM images of the membrane surface from six DOTM tests 9 min into 

each test (see Table 1): Test 1 (A); Test 2 (C); Test 3 (E); Test 4 (B); 

Test 5 (D); and Test 6 (F). 
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Video 1: DOTM Test 1 with HWS-0.1 emulsion.  The recording starts 7 min into the 

experiment.  Oil droplets are large and relatively mobile at the membrane 

surface. 

 561 

 

 

Video 2: DOTM Test 1 with HWS-0.1 emulsion.  The recording starts 11 min into 

the experiment.  The membrane is covered by a multilayer cake of 

coalesced droplets with readjustments observed in different sublayers.  A 

larger droplet closer to the illuminator serves as a “magnifying glass” 

focusing the light and helping to more clearly see droplets and droplet-

droplet interfaces in the layers between the larger droplet and the 

membrane surface. 
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 562 

 

 

Video 3: DOTM Test 2 with HWS-3 emulsion.  The recording starts 61 min into the 

experiment.  A survey of the membrane surface shows sparse (mostly 

sub-monolayer) coverage by droplets that are on average much smaller 

than droplets in tests with HWS-0.1 emulsions. 

 563 

 

 

Video 4: DOTM Test 4 with HWS-0.1 emulsion.  The recording starts 6 min into the 

experiment.  The membrane surface in the field of view is covered with 

deformed droplets.  A droplet can be seen coalescing in the center of the 

focus area ~ 16 s into the video. 

  564 
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With time, the more favorable droplet-droplet interactions in HWS-0.1 emulsions led to 565 

the attachment of numerous droplets eventually creating more than one layer of 566 

droplets on the membrane surface.  Eleven minutes into DOTM Test 1, the membrane 567 

is covered by a thick multilayer cake of large, deformable droplets that remain mobile 568 

and continuously readjust their position within the layer (Video 2). 569 

 570 

In DOTM Test 2 (Figure 4C), the observed droplets are smaller (due to the lower 571 

interfacial tension of HWS-3) and mobile.  Although occasionally large droplets are seen 572 

on the membrane surface, the surface coverage is much sparser than in tests with 573 

HWS-0.1 (Figure 4C versus Figure 4A).  Even as late as 60 min into the test, the 574 

coverage remains mostly sub-monolayer (Video 3). 575 

 576 

Observations in the presence of permeate flux 577 

 578 

DOTM Tests 4 and 5 were also performed with MgSO4-free emulsions (HWS-0.1 and 579 

HWS-3, respectively) but in the presence of permeate flux.  Droplet populations on the 580 

membrane surface in these tests (Figure 4B and Figure 4D) were more representative 581 

of those in the bulk and more similar to one another.  While buoyancy was still bringing 582 

larger droplets to the membrane surface, the permeate flux acted on droplets of all sizes 583 

and helped bring more small droplets to the membrane. The permeate flux constrained 584 

droplet mobility significantly resulting in more droplet deformation, but leading to only 585 

limited surface coalescence (Video 4). 586 

 587 

In DOTM Test 4, droplets of the less stable HWS-0.1 emulsion eventually formed a 588 

multilayer on the membrane surface (Video 5).  While permeate flux limited droplet 589 

mobility (e.g., Video 1 vs Video 4), there was collective movement of droplets within 590 

deposited sub layers.  Droplet deformation was less evident in layers other than the one 591 

adjacent to the membrane surface.  This was likely because droplets in the upper 592 

sublayers have fewer neighboring droplets in the lateral plane.  The interfaces between 593 

droplets positioned at least one layer away from the membrane surface were likely  594 

  595 
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 596 

 

 
Video 5: DOTM Test 4 with HWS-0.1 emulsion in the presence of permeate flux.  

The recording starts 23 min into the experiment.  Collective movements of 

droplets in sub-layers are observed at time stamps of ~ 3 s, ~ 5 s, and ~ 

21s into the video in lower left, lower center, and upper right sections of 

the focus area, respectively. 

 597 

 

 

Video 6: DOTM Test 5 with HWS-3 emulsion in the presence of permeate flux.  

The recording starts 2 min into the experiment. 

  598 



© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 

 

27 
 

deformed from contact with the first layer of droplets, but the resulting linear interfaces 599 

were not visible. 600 

 601 

In DOTM Test 5 (Figure 4D), droplets of the HWS-3 emulsion were seen rapidly 602 

attaching to the Anopore membrane at the beginning of the filtration experiment forming 603 

small clusters of significantly deformed droplets (Video 6).  Seven minutes into the test 604 

the membrane was completely covered by small droplets, and within 9 minutes droplets 605 

attached and rearranged to form a secondary layer of droplets.  606 

 607 
In summary, smaller droplet sizes and a reduced amount of deposited oil were the most 608 

salient characteristics of fouling by HWS-3 emulsions with respect to that by HWS-0.1. 609 

 610 
3.3.2. Effect of MgSO4

 concentration on UF membrane fouling by SDS-stabilized 611 
oil 612 
 613 

Most produced waters are saline or brackish [7], which is why elucidating the effect of 614 

salinity on membrane fouling by emulsified oil is critical for optimizing membrane 615 

filtration of such waters.  DOTM tests allowed for the visual comparison of membrane 616 

fouling by oil in the presence and in the absence of MgSO4.  The MgSO4 concentration 617 

was increased from 6.7 mM to 42.6 mM after 10 min into the DOTM tests with HWSS-618 

0.1 emulsions (i. e. Tests 3 and 6) to simulate the calculated concentration polarization 619 

values (see section 2.2). 620 

 621 

Observations in the absence of permeate flux 622 

 623 
In DOTM Test 3, droplets of HWSS-0.1 emulsion coalesced more readily than in the 624 

absence of MgSO4. This was expected due to the lower electrostatic charge on droplets 625 

both because the Debye layer is compressed at a higher ionic strength and because of 626 

the possible bridging of dodecyl sulfate ions at the oil droplet surface by Mg2+ cations.  627 

At the same time, MgSO4 also lowers the interfacial tension of the emulsion (Figure 3).  628 

The lower interfacial tension should decrease the likelihood of oil droplet coalescence, 629 

but the DOTM tests with HWSS-0.1 emulsions demonstrate that the effect of smaller 630 

droplet charge outweighs the impact of the lower interfacial tension.  The additional 631 
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MgSO4 added to the emulsion after 10 min promoted more coalescence on the 632 

membrane surface (Video 7). 633 

 634 

Observations in the presence of permeate flux 635 

 636 

In the presence of permeate flux all three stages of coalescence became more 637 

pronounced.  Video 8 begins 10 min into DOTM Test 6, as the additional MgSO4 was 638 

added to reach a total of 42.6 mM MgSO4.  The video captures the onset of rapid and 639 

extensive coalescence of oil droplets that removes oil from large sections of the 640 

membrane surface.  The ~ 17 s delay between the start of Video 8 and the onset of 641 

coalescence is due to the finite holdup volume within the tubing that connected the feed 642 

vessel and the DOTM cell as well as the fact that the extra MgSO4 was added to the 643 

feed vessel slowly.  The Anopore membrane was marginally more wettable by 644 

hexadecane droplets in HWSS-0.1 (�̅� =157o) than in HWS-0.1 (�̅� =163o) and HWS-3 645 

(�̅� =164o).  However, the residence time of droplets at the membrane surface was 646 

sufficient for droplets to coalesce until reaching a critical size when a droplet is typically 647 

removed by the crossflow shear [18].  Thus, the combination of faster coalescence and 648 

a slightly more wettable membrane by hexadecane did not lead to the formation of oil 649 

films in DOTM Test 3 (Figure 4E) or Test 6 (Figure 4F). 650 

 651 

In summary, a high concentration of divalent counterions promoted droplet 652 

coalescence.  In the presence of permeate flux, the Mg2+-induced changes were 653 

dramatic wherein the moderately oleophobic membrane was mostly cleared of 654 

deposited oil. 655 

 656 
3.4. Effect of permeate flux on oil droplet fouling behavior – general trends 657 
 658 

By comparing results from DOTM tests with and without permeate flux (Test 1 vs 4, 659 

Test 2 vs 5, Test 3 vs 6), several overarching trends could be identified in how 660 

permeate flux affects membrane fouling.  In general, all three characteristic stages of 661 

membrane fouling (droplet attachment and clustering, droplet deformation, and droplet 662 

coalescence [18]) were more clearly defined in the presence of permeate flux. 663 
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Video 7: DOTM Test 3 with HWSS-0.1 emulsion.  The recording starts 12 min into 

the experiment.  Coalescence events are observed at time stamps of ~ 18 

s, 19 s, 43 s, 1min 15 s and 1 min 42 s into the video. 

 664 

 

 
Video 8: DOTM Test 6 with HWSS-0.1 emulsion in the presence of permeate flux.  

The recording starts 10 min into the experiment, which is when a slow 

addition of MgSO4 to the feed vessel begins to increase the concentration 

of the salt from 6.7 mM to 42.6 mM.  Approximately 17 s into the video, 

one observes an onset of rapid coalescence, which removes most of the 

oil from the membrane surface. 

 665 
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First, the permeate drag led to more attachment of droplets to the membrane surface 666 

and to the increased droplet’s residence time at the membrane.  In the absence of 667 

permeate flux, droplets often attached to the membrane and shortly thereafter detached 668 

or migrated along the membrane surface in the direction of the crossflow, which was not 669 

compensated by the permeate drag force.  Another recurring behavior pattern in the 670 

absence of permeate flux was droplet removal by crossflow immediately upon 671 

coalescence when the newly formed larger droplet was adjusting its point of contact 672 

with the membrane. 673 

 674 

Second, permeate drag led to more deformation in attached droplets.  Under the 675 

constant permeate flux conditions of DOTM experiments, the interstitial velocity of the 676 

solution permeating the droplet layer increased with an increase in the amount of 677 

fouling. This in turn increased the force on the droplets pinned at the membrane 678 

surface, which is why the deformation stage was observed much more distinctly in tests 679 

with permeate flux. 680 

 681 

Third, permeate drag promoted surface coalescence of oil droplets.  Droplet 682 

coalescence is a function of both the residence time and the drainage time (eq. (1)).  As 683 

directly observed in our tests, permeate drag increased droplet residence time on the 684 

membrane surface.  The drainage time represents the time needed for the thin film of 685 

liquid between two droplets to drain for coalescence to occur.  Permeate drag exerts the 686 

compressive force, 𝐹 (eq. (2)) on the droplets decreasing the drainage time.  Further,  687 

permeate flux leads to the concentration polarization of oil droplets increasing their 688 

concentration at the membrane surface. The higher concentration would also increase 689 

the rate of coalescence as the rate of orthokinetic flocculation that is proportional to the 690 

2nd power of particle concentration.  The aggregate effect is an earlier onset of 691 

coalescence as was indeed observed in DOTM tests with permeate flux. 692 

 693 
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Figure 5: DOTM images from Test 5 (A) and Test 6 (B) showing a number of 

smaller droplets pinned between the membrane surface and an 

overhanging large oil droplet. 

 694 

The reduced lateral mobility could also lead to additional steric constraints and slower 695 

dynamics of the three phase contact line.  In the presence of permeate flux, larger 696 

droplets were often seen overhanging or depositing on top of already deposited 697 

droplets.  Figure 5A illustrates a large (~150 µm) droplet of HWS-3 emulsion residing on 698 

top of a sub-layer of much smaller (several microns in diameter) droplets pinned at the 699 

membrane surface.  In some areas the large droplet was attached directly to the 700 

membrane surface possibly as a result of coalescence with smaller droplets that had 701 

occupied these areas.  The fluid wedge adjacent to the contact line is believed to have 702 

unusual properties (high dissipation factor, 𝜉 (Pa∙s)) responsible for the anomalously 703 

slow movement of the contact line [43], where contact line velocity is given by [29, 44]: 704 

𝑣 =
𝜎

𝜉
(𝑐𝑜𝑠𝜃𝑒𝑞 − 𝑐𝑜𝑠𝜃).  Thus, the presence of small droplets in the wedge may slow 705 

down the spread of larger droplets over the membrane and alter the dynamics of 706 

surface coalescence. 707 

 708 

3.5. Combined effects of surfactant, divalent actions, and membrane wettability 709 
on membrane fouling by emulsified oil. Practical implications. 710 
 711 

Once deposited on the membrane surface, droplets may remain there and interact with 712 

other attached droplets on a time scale far exceeding the contact time (~ �̅�−1) of 713 
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droplets in the bulk.  Droplet residence time observed in DOTM tests ranged from close 714 

to zero (corresponding to a transient contact of a droplet with the membrane surface) to 715 

many minutes (corresponding to droplets that deposited onto the membrane and 716 

remained there for the entire duration of the DOTM test).  The droplet-membrane 717 

interactions are determined in part by membrane wettability by oil.  Considering the 718 

contrasting cases of membranes with high and low wettability by oil and of emulsions of 719 

different stabilities, one can expect four different fouling scenarios (Table 2). 720 

 721 

Table 2 describes the expected behavior of oil droplets at the membrane surface and 722 

corresponding fouling scenarios for different conditions of emulsion stability and 723 

membrane wettability by oil.  For an oil-wettable membrane (𝜃 < 900, 𝑃𝑐𝑟𝑖𝑡 < 0), droplet 724 

adhesion and spreading over the surface should lead to the formation of contiguous oil 725 

films blocking large areas of the membrane surface, intrapore fouling, and precipitous 726 

flux decline.  The crossflow is likely to be of limited effectiveness in alleviating such 727 

fouling both because of the high adhesive force between the attached oil and the 728 

membrane and because of the small lever arm of the moment of crossflow drag force 729 

that acts on a flattened oil droplet.  In the case of membrane surfaces poorly wettable 730 

by oil, pore sealing by spreading oil droplets and films should be minimal.  Still, 731 

deformable droplets can form dense, low porosity cake layers with high hydraulic 732 

resistance especially in the absence of crossflow.  Intrapore fouling can still occur under 733 

conditions of small droplet sizes, low contact angles, and high transmembrane 734 

pressures.  Given sufficient residence time, attached oil droplets with favorable droplet-735 

droplet interactions can coalesce to reach a critical size and be swept off the membrane 736 

surface by crossflow. 737 

 738 

In Table 2, the effects of divalent cations and surfactant are implicitly taken into account 739 

as they impact both wettability/oleophilicity (approximately characterized by the contact 740 

angle, 𝜃) of the membrane and emulsion stability (via interfacial tension, zeta potential, 741 

𝜁, and ionic strength, 𝐼). 742 

 743 

 744 
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Table 2: Fouling scenarios under different conditions corresponding to different 

droplet-droplet and droplet-membrane interactions. 
# Highly wettable membranes were not tested in the present work; therefore the described 

fouling patterns are hypothetical. 
 

         Emulsions 
 
Membranes 

Stable 

(low 𝜎, high 𝜁, low 𝐼) 

Coalescing 

(high 𝜎, low 𝜁, high 𝐼) 

Highly wettable#  
by oil (low 𝜃) 

- Possible formation of a 
contiguous oil film on the 
membrane surface. 

- Fouling patterns depend 
strongly on the contact angle, 𝜃 

- Limited efficiency of crossflow 
due to strong oil-membrane 
adhesion 

- Rapid formation of a contiguous oil 
film on the membrane surface. 

- Intrapore fouling (via complete 
blocking and pore intrusion) 
leading to a dramatic flux decline 
and possibly low rejection. 

- Low efficiency of crossflow due to 
strong oil-membrane adhesion and 
droplet flattening. 

Poorly wettable  
by oil (high 𝜃) 

- Formation of droplet multilayers 
on the membrane with relatively 
low hydraulic resistance. 

- For 𝑑𝑑𝑟𝑜𝑝 > 𝑑𝑝𝑜𝑟𝑒 and 𝑃 ≥ 𝑃𝑐𝑟𝑖𝑡: 

intrapore fouling by individual oil 
droplets. For 𝑑𝑑𝑟𝑜𝑝 > 𝑑𝑝𝑜𝑟𝑒 and 

𝑃 < 𝑃𝑐𝑟𝑖𝑡: cake formation; 
complete pore blocking possible 
for membranes with non-
interconnected pores.  For 
𝑑𝑑𝑟𝑜𝑝≲ 𝑑𝑝𝑜𝑟𝑒: intrapore fouling 

via standard blocking. 
- Limited efficiency of crossflow 

due to small droplet size. 

- Formation of droplet sub-
monolayers on the membrane with 
minimal hydraulic resistance. 

- High efficiency of crossflow in 
removing coalesced droplets. 

 745 

Table 3 describes the four domains that correspond to different states of surfactant-746 

stabilized emulsions in the presence of divalent counterions. The effects are coupled via 747 

surfactant solubility, which can affect membrane fouling in several ways.  First, 748 

surfactant solubility regulates surfactant partitioning between the dissolved and 749 

adsorbed phase thereby indirectly affecting droplet stability.  Second, droplet adhesion 750 

is higher when the surfactant solubility is lower [22-24].  Third, in the presence of 751 

divalent cations, a higher concentration of surfactant creates a potential for precipitative 752 

fouling (Figure 2). 753 

 754 
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 755 
Table 3: State of an SDS-stabilized hexadecane emulsion as a function of SDS and 

MgSO4 concentrations. 

 756 

                            MgSO4 contents 
SDS contents 

Low High 

Low Coalescence Rapid coalescence 

High Limited coalescence Precipitation 

 757 

 758 

From the practical perspective, the optimal separation poses constraints on the 759 

properties of the membrane and is constrained by the properties of the emulsion. 760 

The membrane has to be oleophobic (to ensure 𝑃𝑐𝑟𝑖𝑡 > 0) although for surfactant-761 

stabilized emulsions extreme oleophobicity is not needed for as it would be lost anyway 762 

due to the membrane coating by surfactants.  The membrane pores should be 763 

sufficiently small to avoid intrapore fouling (𝑑𝑝𝑜𝑟𝑒 ≪ 𝑑𝑑𝑟𝑜𝑝; for a membrane with 764 

cylindrical pores eq. (S-3) (see SM, section S3) predicts exact critical values of the 765 

transmembrane pressure) and interconnected so that complete pore blocking does not 766 

render the entire pore volume unavailable for permeate flow.  Further, in contrast to 767 

model Anopore filters studied in this work, most practicable membranes are 768 

characterized by a distribution of pore sizes and irregular pore geometries.  This 769 

variability in morphology translates into a finite range of entry pressure values making 770 

oil passage and pore plugging more difficult to predict and prevent. 771 

 772 

Even if the membrane specifications are optimal to ensure complete rejection of oil and 773 

minimal fouling, the extent of fouling may vary broadly depending on emulsion 774 

properties such as interfacial tension, ionic strength of the dispersion phase, and 775 

presence of multivalent ions.  Specifically, in the presence of multivalent ions emulsion 776 

droplets have lower electrical charge and may be more likely to coalesce.  The lower 777 

stability can also be expected because of the precipitative removal of the excess 778 

surfactant (e.g. as MgDS in the case of SDS-stabilized emulsion and Mg2+).  Even if an 779 

emulsion is stable in the bulk, for membranes that reject salt or ionic surfactants or both 780 

the concentration polarization of these species near the membrane surface may lead to 781 
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precipitation and precipitative fouling of the membrane once the solubility product of an 782 

anion-surfactant (or cation-surfactant) complex is exceeded.  When separating such 783 

emulsions it is particularly important to employ membranes in a crossflow regime.  The 784 

crossflow velocity has to be sufficient for the crossflow drag to overcome the permeate 785 

drag and remove coalesced oil droplets from the membrane surface. 786 

 787 

4. Conclusions 788 

 789 

The study explored membrane fouling by model oil-in-water emulsions in the presence 790 

of divalent counterions and focused on the specific case of an ultrafiltration membrane 791 

with low wettability by oil.  Distinctly different behaviors of oil on the membrane surface 792 

were observed in tests with emulsions of different compositions.  The behaviors were 793 

interpreted in terms of emulsion and membrane properties, which defined the possible 794 

range of droplet-membrane and droplet-droplet interactions and specific fouling 795 

mechanisms. 796 

 797 

The membrane provided for an extended droplet-droplet contact that was required, but 798 

not always sufficient, for coalescence. The surface coalescence of droplets was 799 

impacted by the permeate drag and the ionic makeup of the emulsion’s dispersion 800 

phase. By inducing concentration polarization of oil droplets, constraining their mobility, 801 

and exerting a compressive force on the droplets, permeate flux promoted droplet 802 

coalescence.  MgSO4 had two opposing effects on emulsion stability wherein both the 803 

interfacial tension and the 𝜁-potential of oil droplets decreased; the overall effect of 804 

MgSO4 was a more facile coalescence.  In addition, MgSO4 decreased the solubility of 805 

SDS due to the formation of relatively insoluble MgDS. 806 

 807 

In the absence of intrapore fouling (oleophobic surface, 𝑑𝑑𝑟𝑜𝑝 ≫ 𝑑𝑝𝑜𝑟𝑒) the dominant 808 

fouling mechanism was cake filtration with both multilayer and sub-monolayer 809 

coverages observed for different conditions.  Because of the relative oleophobicity of 810 

the membrane, the attached oil did not form contiguous oil films on the surface. Under 811 

conditions of extensive coalescence (high MgSO4), oil droplets could reach a critical 812 
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size and be removed by the crossflow leading to minimal membrane fouling. This 813 

preferred scenario was only possible within the range of surfactant and MgSO4 814 

concentrations where the surfactant did not precipitate. 815 
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List of Tables 830 

 831 

Table 1: Six DOTM tests carried out with Anopore membranes (nominal pore size 

of 0.02 µm) and three different emulsions.  

#  Permeate flux was maintained constant at 52 L/(m2·h) = 1.4∙10-5 (m/s) 

 

Table 2: Hypothetical fouling scenarios under different conditions corresponding to 

different droplet-droplet and droplet-membrane interactions. 

 

Table 3: State of an SDS-stabilized hexadecane emulsion as a function of SDS 

and MgSO4 concentrations. 
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List of Figures 834 

 835 

Figure 1: Number-based droplet size distributions for each of the emulsions 

tested. The distribution in the bulk emulsion was measured by light 

diffraction while the sub-population of droplets that attached to the 

membrane surface was based on DOTM image analysis. 

 

Figure 2: Solubility of SDS in the presence of MgSO4. Light gray area represents 

the likely precipitation domain; the area is bounded by data points 

corresponding to conditions where precipitation was observed (filled 

circles) and where no precipitation was observed (empty circles).  Due 

to the sparsity of the dataset, domain boundaries are approximate. Red 

data points correspond to the three emulsion types used in DOTM 

experiments. 

 

Figure 3: Effect of surfactant (SDS) and 2-2 salt (MgSO4) on the interfacial 

tension of hexadecane-in-water emulsion. Red data points correspond 

to the three emulsion types used in DOTM experiments. 

 

Figure 4: DOTM images of the membrane surface from six DOTM tests (see 

Table 1): Test 1 (A); Test 2 (C); Test 3 (E); Test 4 (B); Test 5 (D); and 

Test 6 (F). 

 

Figure 5: DOTM images from Test 5 (A) and Test 6 (B) showing a number of 

smaller droplets pinned between the membrane surface and an 

overhanging large oil droplet. 
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List of Videos 837 

 838 

Video 1:  

1-420s.mpg 

DOTM Test 1 with HWS-0.1 emulsion.  The recording starts 7 min 

into the experiment.  Oil droplets are large and relatively mobile at 

the membrane surface. 

 

Video 2: 

1-660s.mpg 

DOTM Test 1 with HWS-0.1 emulsion.  The recording starts 11 min 

into the experiment.  The membrane is covered by a multilayer cake 

of coalesced droplets with readjustments observed in different 

sublayers.  A larger droplet closer to the illuminator serves as a 

“magnifying glass” focusing the light and helping to more clearly see 

droplets and droplet-droplet interfaces in the layers between the 

larger droplet and the membrane surface. 

 

Video 3: 

2-3660s.mpg 

DOTM Test 2 with HWS-3 emulsion. The recording starts 3660 s 

(61 min) into the experiment.  Survey of the membrane surface 

shows sparse (mostly sub-monolayer) coverage by droplets that are 

on average much smaller than in tests with HWS-0.1 emulsions. 

 

Video 4: 

4-360s.mpg 

DOTM Test 4 with HWS-0.1 emulsion. The recording starts 6 min 

into the experiment.  The membrane surface in the field of view is 

covered with deformed droplets.  A droplet can be seen coalescing 

in the center of the focus area ~ 16 s into the video. 

 

Video 5: 

4-1380s.mpg 

DOTM Test 4 with HWS-0.1 emulsion in the presence of permeate 

flux.  The recording starts 23 min into the experiment.  Collective 

movements of droplets in sub-layers are observed at time stamps of 

~ 3 s, ~ 5 s, and ~ 21s into the video in lower left, lower center, and 

upper right sections of the focus area, respectively. 
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Video 6: 

5-120s.mpg 

DOTM Test 5 with HWS-3 emulsion.  The recording starts 2 min 

into the experiment.  

 

Video 7: 

3-720s.mpg 

DOTM Test 3 with HWSS-0.1 emulsion.  The recording starts 12 

min into the experiment.  Coalescence events are observed at time 

stamps of ~ 18 s, 19 s, 43 s, 1min 15 s, 1 min 42 s into the video. 

 

Video 8: 

6-600s.mpg 

DOTM Test 6 with HWSS-0.1 emulsion.  The recording starts 10 

min into the experiment, which is when a slow addition of MgSO4 to 

the feed vessel begins to increase the concentration of the salt from 

6.7 mM to 42.6 mM.  Approximately 17 s into the video, one 

observes an onset of rapid coalescence, which removes most oil 

from the membrane surface. 
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