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Abstract: 9 

Due to increasing volumes of produced water and environmental concerns related to its 10 

discharge, water treatment has become a major challenge during the production of crude oil 11 

and natural gas. With continuously stricter regulations for discharging produced water to sea, 12 

the operators are obliged to look for ways to improve the treatment processes or re-use the 13 

water in a beneficial way, for example as a pressure support during oil recovery (produced 14 

water re-injection). To improve the knowledge of the underlying phenomena governing 15 

separation processes, detailed information of the composition and interfacial properties of 16 

produced water is undoubtedly useful and could provide valuable input for better 17 

understanding and improving separation models. This review article summarizes knowledge 18 

gained about produced water composition and the most common treatment technologies, 19 

which are later used to describe the fundamental phenomena occurring during separation. 20 

These colloidal interactions, such as coalescence of oil droplets, bubble-droplet attachment 21 

or partitioning of components between oil and water, are of crucial importance for the 22 

performance of various technologies and are sometimes overlooked in physical 23 

considerations of produced water treatment. The last part of the review deals with the 24 

experimental methodologies that are available to study these phenomena, provide data for 25 

models and support development of more efficient separation processes. 26 
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1. Introduction 62 

Produced water (PW) is a natural by-product from oil and gas production. The composition of 63 

PW changes over the production life of the field and is highly dependent on the location and 64 

age of the reservoir, together with the water injection history. Composition can also be 65 

affected by various processes taking place in the reservoir, such as chemical (scaling), physical 66 

(sedimentation, biofilm attachment) or microbial (reservoir souring, degradation of organics 67 

and formation of biomass). Water injection is nowadays a normal process for increasing 68 

recovery of hydrocarbons and extending the lifetime of oilfields, where water is injected to 69 

increase pressure and improve the oil recovery. PW is therefore often a mix of formation and 70 

injection water, which is extracted from the reservoirs together with the hydrocarbons. 71 

Seawater and treated produced water are the normal sources for injection water offshore, 72 

while injection water onshore can be freshwater (groundwater, surface water) or seawater. 73 

The composition is complex, containing both dispersed and dissolved components of organic 74 

and inorganic nature, as well as microorganisms from the source. Some are indigenous 75 

components (hydrocarbon- and reservoir-related) and others are added chemicals needed in 76 

the production (scale- and corrosion inhibitors, emulsion breakers, sulphide scavengers etc.) 77 

or necessary for improving water treatment (flocculants). 78 

The amount of produced water required to be treated keeps going up. In 1990, the production 79 

of crude oil and water was approx. 65 and 190 million barrels per day, respectively. Almost 80 

30 years later, the daily worldwide production of oil has increased to more than 80 million 81 

barrels, whereas the water production has gone up to almost 320 million barrels per day. This 82 

means that the often-cited number of 3 barrels of water produced per barrel of oil [1] is 83 

nowadays probably closer to 4 to 1. During the 50 years history of oil and gas production at 84 

the Norwegian Continental Shelf (NCS), oil production reached the peak already after 25 years 85 

(1995: 180 million m3 of oil and 90 million m3 of PW). In 2018, the oil production was ca. 90 86 

million m3, whereas water production was close to 180 million m3. This is supported by the 87 

data in Figure 1, where a typical production profile for an oilfield at the NCS is presented. 88 

During the first couple of years, the production of oil and water is relatively stable, and the 89 

water cut (percentage of water in the total produced fluid volume) is low. Later, the oil 90 

recovery steadily declines, whereas the amount of water increases. Within 10 years or so, the 91 

production of water is already higher than the volume of produced hydrocarbons. Although 92 
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the water production eventually starts to decrease, the water cut keeps increasing, as 93 

indicated by the black line in Figure 1. Before decommissioning, the water cut can become as 94 

high as 95% [2]. 95 

Produced water is typically either re-injected, disposed into a waste well or discharged. The 96 

water must be treated to an acceptable quality prior to disposal. The continuously increasing 97 

water cut requires increased water treatment capacity. This can therefore become a 98 

bottleneck for prolonging the production. At the same time, the required treated water 99 

quality must meet stricter environmental regulations and reservoir requirements. Currently, 100 

the removal of dispersed oil is the primary objective during most of the produced water 101 

treatment processes, as the discharge limits are based on the concentration of dispersed oil 102 

[1]. Local and international regulations bind the oil producers to decrease the potential 103 

damage to the marine environment by limiting the discharge of harmful components (Figure 104 

2). At the NCS and other regions covered by OSPAR (Oslo-Paris Convention or the Convention 105 

for the Protection of the Marine Environment of the North-East Atlantic), discharge limit for 106 

oil is set to 30 ppm [3], but European operators are experiencing a push towards an emission 107 

production limit of 15 mg/l on existing installations and zero discharge on new facilities [4]. 108 

New standards for monitoring dispersed oil in water has reduced the amount of oil 109 

components included in the monitoring method, and good performance of PW treatment 110 

offshore has given authorities confidence that the operators can meet such stringent 111 

emission limits. 112 

Environmental Risk Assessment, applied at the NCS for many years and recently implemented 113 

in OSPAR, introduced the Environmental Impact Factor (EIF). EIF changes the focus from 114 

dispersed components (hydrocarbons and reservoir related) to dissolved compounds. 115 

Production chemicals in produced water are also receiving more attention. The concentration 116 

and composition of dissolved components will depend on a number of factors, including 117 

produced water volume, type of produced oil, maturity of the field and process conditions 118 

(temperature, water pH, pressure) [5]. The growing awareness about the environmental 119 

impact of the produced water makes it necessary for the operators to perform more in-depth 120 

analyses of the produced water composition, leading to better understanding of its chemistry. 121 

Currently produced water is mostly discharged to the sea or evaporation ponds and is treated 122 

as a waste product. This way of dealing with produced water accounts for 40% of the total 123 
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PW volume [1]. At the Norwegian Continental Shelf, more than 75% of the water produced is 124 

also discharged to the sea [6]. Nowadays, oil producers try to find other, more beneficial ways 125 

of dealing with this by-product. In offshore production, this typically means re-injecting 126 

produced water to reservoirs for production support, or to disposal formations to avoid 127 

contamination. Previously, only seawater was used for pressure support in the secondary 128 

recovery stage, but currently more oil producers consider re-injection of PW instead, both for 129 

environmental and economic reasons [7]. In contrast to seawater, produced water contains 130 

low amounts of sulphates, which decreases the activity of sulphate reducing bacteria (SRB) 131 

and reduces the risk of reservoir souring through H2S production. A major limitation for 132 

implementing produced water re-injection, however, is often the risk of uncontrolled 133 

injectivity decline. The presence of particles (both oil and solids, including scale particles and 134 

biomass from pipelines, tubing and vessels – Figure 3) is the main cause for this, and their 135 

removal before re-injection is desirable. Re-injection of PW is often considered to be the 136 

preferable solution for new field developments as well as for mature fields upon 137 

implementation of chemical enhanced oil recovery methods. It is also likely to be the 138 

preferred way of handling water in subsea production and processing facilities. 139 

The increasing amounts of water to be treated and the need for cleaner water must lead to a 140 

more holistic approach where oil recovery, produced water treatment and reservoir 141 

management become more integrated. In order to achieve this, better fundamental 142 

understanding of how the fluids behave in the reservoir and in the various production and 143 

processing stages is essential. In this review, we will focus on how microscopic phenomena, 144 

such as breakage and coalescence of droplets, flocculation and attachment of droplets to 145 

bubbles can influence various produced water treatment processes. Fundamental 146 

understanding of such phenomena is an important, but sometimes overlooked part of 147 

improving and optimizing produced water treatment. Better knowledge about interactions 148 

between dispersed droplets, solids and bubbles, and how interfacial properties can affect 149 

these, can provide better descriptions of the processes. Subsequently, this can make 150 

separation models more accurate and improve the description and prediction of actual 151 

treatment processes, including better understanding of the partitioning of chemicals between 152 

oil, gas and water phases in the PW treatment train. 153 
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Produced water, its composition and treatment methods had been reviewed by other authors 154 

[1, 5, 8-10]. Some colloidal aspects of produced water were also discussed in the review paper 155 

by Dickhout et al., however in connection with membrane treatment [11]. Research tools 156 

relevant to colloidal systems in oil-continuous systems were summarized by Sjöblom et al. 157 

[12, 13], while Kamp et al. reviewed experimental and modelling approaches for studying 158 

drop coalescence [14]. Therefore, the aim of this review article is twofold: (1) describe how 159 

large-scale produced water treatment processes are linked to microscopic dispersions and 160 

interfacial phenomena, and (2) provide an overview of experimental methods that can be 161 

used to study fundamental aspects of produced water. In the first two parts, an overview of 162 

the vital steps in petroleum production and processing, and the composition and treatment 163 

methods for produced water are given. The colloid chemistry of produced water is described 164 

in part 4, while an overview of analytical methods is outlined in the last part. 165 

2. Petroleum production and processing 166 

Crude oil is created from sedimented and decomposed organic matter trapped under thick 167 

layers of rock over hundreds of millions of years [15]. The high pressure and temperature 168 

conditions allowed the long-term thermal reactions, catalysed by clay particles, to convert 169 

incompletely decayed plankton, plants and animal remains into petroleum. Typically, crude 170 

oil is composed of predominantly saturated, but also non-saturated, cyclic and aromatic 171 

hydrocarbons. More complex molecules also contain heteroatoms such as nitrogen, oxygen 172 

and sulphur, and to lesser extent also metals, e.g. nickel, vanadium or copper [16]. Crude oil 173 

can be found in underground reservoirs both onshore and offshore. The composition and 174 

properties of petroleum highly depend on the biological origin of crude oil, the geological 175 

formation (thermal conditions, reservoir rock type), its age and exposure to microorganisms. 176 

Crude oils are often characterized in terms of the SARA fractions, meaning the weight 177 

percentages of saturates, aromatics, resins and asphaltenes. This classification is based on 178 

the polarity of the first three fractions, also called maltenes, and the (in)solubility of 179 

asphaltenes in aliphatic solvents. Saturates and aromatics have less complex structure and 180 

are considered the most valuable products of petroleum. The two most polar groups, resins 181 

and asphaltenes, consist of molecules that can adsorb at various interfaces, therefore can be 182 

considered surface-active. This may result in flow assurance and separation problems like 183 

stable emulsions or asphaltene aggregation and deposition. The acidic or basic nature of 184 
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crude oils can also be characterized by total acid number (TAN) and total base number (TBN). 185 

It should also be pointed out that the composition of the crude oil greatly influences both its 186 

physicochemical and interfacial properties, as well as the quality of the produced water [17]. 187 

Produced water is any water co-produced with petroleum and is often a mix of water from 188 

different sources [18], adding to its complexity. The main source is the formation water, which 189 

the geological formation was saturated with before the hydrocarbons migrated there. 190 

Another source is the water injected to aid the recovery process, i.e. freshwater, seawater or 191 

treated produced water. Typically, the salinity of produced water varies between the 192 

seawater salt concentration and almost completely saturated brine (30-35% wt.). The ionic 193 

composition of produced water is often unique for a given field and is modified during the 194 

production cycle. It also contains a range of dissolved and dispersed organic and inorganic 195 

components that can influence the petroleum production process (detailed description is 196 

given later).  197 

During petroleum production, the high pressure of the formation initially sustains a steady 198 

flow of hydrocarbons without additional energy input. Up to 15% of the hydrocarbons 199 

originally in place can be retrieved during this primary recovery. After expansion of gas and 200 

subsequent reduction of pressure in the reservoir, the formation will require additional 201 

support to maintain production. Then, injection of additional fluid is needed for a pressure 202 

boost in the formation, which marks the beginning of the secondary recovery stage. The water 203 

injected into the reservoir can either be treated produced water or raw/purified seawater. At 204 

the Norwegian Continental Shelf, this secondary process can recover up to 50-60% of all 205 

hydrocarbons in the formation. Still, slightly less than half of the oil remains, predominantly 206 

trapped by capillary forces in small, micron-sized pores. This is when the enhanced oil 207 

recovery (EOR or tertiary recovery) often are utilized. These methods can be categorized into 208 

gas (foam) injection, chemical injection or thermal displacement. 209 

2.1. Offshore crude oil and natural gas production 210 

The example below describes a typical offshore production process of petroleum at the NCS, 211 

either on a platform or on a FPSO (Floating Production, Storage and Offloading) unit, which is 212 

a ship designed for both production and transportation of crude oil and natural gas. In an 213 
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offshore facility, several oil wells are usually connected to a production manifold, from which 214 

the fluids flow topside for further processing (Figure 4).  215 

Initially, the fluids enter a gravity separator, where three-phase separation (gas, oil and water) 216 

takes place. Due to the turbulent flow, significant pressure drops (e.g. in chokes or manifolds) 217 

and the presence of resins and asphaltenes, foams and emulsions (oil- and water-continuous) 218 

may be formed. These can negatively impact the separation. Most of the free gas is removed 219 

during the three-phase separation. The gas phase typically contains some water, acid gases 220 

(H2S and CO2) and longer hydrocarbons (>C4), and must be processed before compression and 221 

export. The oil and water are separated by sedimentation and creaming of the dispersed 222 

phases. Larger solid particles also settle in the gravity separator, whereas fine solids will follow 223 

the fluid streams. After initial separation, crude oil is treated in a second-stage and sometimes 224 

third-stage separator, where the oil usually reaches export quality (<0.5% of water in oil). 225 

Finally, the produced water undergoes treatment in order to reach discharge or re-injection 226 

quality. This will be described in section 3.2. 227 

2.2. Subsea production and processing 228 

The oil reserves in easily accessible locations are slowly running out. To meet the demand for 229 

petroleum products, the oil producers are developing production facilities in less accessible 230 

reservoirs. Typically, this entails reservoirs far from the existing infrastructure and/or located 231 

in deep waters (>2000 m). Furthermore, the conditions in such locations are usually more 232 

extreme, which increases the health and environmental concerns of the operations. Examples 233 

include oil and gas fields in the Barents Sea or deep-water oil supplies in the Gulf of Mexico 234 

and off the coast of Brazil. Subsea production can aid in development of such fields. In 235 

addition, it can increase the recovery from mature fields with already existing infrastructure 236 

(so-called brown fields) with high water cuts [19]. 237 

The idea behind subsea separation is to move as much of the crude oil, natural gas and 238 

produced water treatment facilities to the sea floor to de-bottleneck production capacity or 239 

even completely remove the need for manned production platforms. Many of the existing 240 

and planned subsea separators focus on the removal of free water from the fluid stream to 241 

increase the production rate of hydrocarbons that can later be processed topside. There are 242 

several additional requirements regarding subsea processing, compared to standard topside 243 
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equipment. Commonly, subsea systems are divided into modules for easier installation, 244 

replacement and decommissioning. For this reason, the units should be compact. The fluid 245 

behaviour in high pressure and temperature conditions might also be quite different, which 246 

creates the need for additional research in the fundamental aspects of production and 247 

separation. Nonetheless, the benefits of subsea separation may outweigh the additional 248 

process requirements. The proximity to the well can reduce the wellhead pressure and help 249 

stabilize the flow of the produced fluids. In addition, higher pressure and temperature of the 250 

production stream will result in lower viscosity, higher density difference, and less problems 251 

with asphaltene or wax precipitation, all of which should enhance the separation. Regarding 252 

water treatment, partial or complete removal of water at the seabed offers more compact 253 

topside facilities, reduced use of chemicals and decreased backpressure on the reservoir [20]. 254 

Higher pressure during treatment will also keep the CO2 in the water phase, preventing the 255 

increase of pH and subsequent adsorption of acids to interfaces or even partitioning into the 256 

water phase [21]. This should decrease scaling and corrosion problems of the water lines and 257 

reduce the amount of dissolved components in the produced water. Subsea-treated 258 

produced water will also require less pumping energy for re-injection. All in all, the idea of a 259 

complete subsea factory, envisioned by several oil producers, should lead to reduced CAPEX, 260 

increased hydrocarbon recovery and reduced environmental footprint. 261 

Operators have already gained field experience through a number of subsea installations, for 262 

example: bulk separation of gas, oil and water (Equinor's Troll Pilot and Tordis SSBI at the 263 

Norwegian Continental Shelf), gas-liquid separation (Petrobras' Marlim Field in Brazil, Total's 264 

Pazflor in Angola, Equinor's Åsgard Field in Norway), and desanders and hydrocyclones in 265 

Petrobras' Marlim Field (Brazil). Qualification of other types of separators, mostly focused on 266 

the treatment of produced water (flotation units, settling tanks, biological treatment), is 267 

under way. 268 

3. Produced water 269 

The composition of produced water is complex and varies from field to field. Some general 270 

properties of produced water and a comparison to seawater are given in Table 1. The major 271 

constituents of produced water are typically divided into the following categories : dissolved 272 

inorganic and organic compounds, dispersed hydrocarbons, dissolved gases, production 273 

chemicals and suspended solids. 274 
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In the next section, an overview of the dispersed and dissolved components in produced 275 

water is given. Subsequently, several established produced water treatment methods are 276 

described. 277 

3.1. Composition of produced water 278 

3.1.1. Dispersed oil 279 

Crude oil becomes dispersed in produced water as micron-sized droplets as a result of shear 280 

forces, which induce mixing between oil and water. This typically occurs across the choke, 281 

valves, in pipelines etc. Most PW treatment methods rely on gravity separation, and therefore 282 

the size distribution of oil drops is important. Large oil droplets (>100 µm) will be removed in 283 

the gravity separator, while hydrocyclones or gas flotation units aim at removing smaller 284 

droplets. Notably, most produced water treatment processes are currently only targeting 285 

removal of dispersed oil. 286 

3.1.2. Dissolved organics 287 

Some crude oil components have partitioned into the formation water in the reservoir, while 288 

some become water-soluble during the production process. The concentration and 289 

composition of dissolved components in produced water will depend on numerous factors, 290 

including produced water volume, type of oil produced, maturity of the field, water cut and 291 

process conditions (temperature, water pH, pressure) [5]. Several papers reported the 292 

complexity of the dissolved organics found in produced water [22, 23]. Figure 5 illustrates the 293 

ratio of different organic species in the PW samples from the Norwegian Continental Shelf 294 

[6]. 295 

Most of the dissolved organic components are polar. Organic acids are typically much more 296 

water-soluble than other constituents of crude oil. In addition, the presence of inorganic salts 297 

causes the salting-out effect, which can decrease the solubility of pure hydrocarbons, 298 

compared to the polar ones [24]. The acids present in PW are mostly short-chained, with 1 to 299 

5 carbons in their chain, meaning they will be fully water-soluble regardless of the conditions. 300 

Longer acids are in the literature often termed as naphthenic acids, although this description 301 

is not accurate [25]. Per definition, naphthenic acids should contain a naphthene ring, 302 

however in practice all organic acids found in crude oil (or all acids with more than 5 carbons) 303 

are included in that category. The water solubility of these acids will heavily depend on the 304 
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pH, temperature and salinity of the water phase [26]. Certain production chemicals, such as 305 

scale inhibitors or de-oilers can also contribute to the presence of organic acids [27], but the 306 

indigenous acidic species are predominant in the dissolved organic matter of produced water 307 

[8, 27]. 308 

Out of all the dissolved organics in produced water, the low molecular weight aromatic 309 

components such as benzene, toluene, ethyl benzene and xylenes (BTEX), polycyclic aromatic 310 

hydrocarbons (PAH), other heterocyclic aromatic species and phenols are considered the 311 

most toxic [28]. PAHs are also slowly biodegradable and have high affinity to oil and fat, which 312 

results in increased removal in efficient oil/water separation systems, but also increased 313 

bioaccumulation, and acute and chronic effects on the marine organisms if discharged. The 314 

most abundant type of organics of the dissolved organic components, the short acids (or 315 

volatile fatty acids - VFA), are usually relatively harmless as they are readily biodegradable by 316 

the microorganisms in the seawater [29]. They can, however, contribute to the corrosion of 317 

the process equipment [30] and lead to increased biofilm formation in the process equipment 318 

[31].  The naphthenic acids in the water phase, which are of more environmental concern, are 319 

characteristic for process waters from the production of bitumen from oil sands [32, 33], 320 

where the water phase is recycled, leading to continuous increase of concentration of these 321 

acidic species if not treated. However, a growing number of conventional oilfields are also 322 

found to be acidic in nature. This means that the presence of naphthenic acids in the discharge 323 

waters will soon become of equal importance as other dissolved organic material. BTEXs  are 324 

quite volatile and typically evaporate from water rather quickly [34], although this is affected 325 

by the water temperature. In addition, some metals like cadmium, cobalt, copper, lead, 326 

mercury and nickel, or naturally occurring radioactive materials (e.g. 226Ra and 228Ra) can also 327 

increase the toxicity of produced water [5]. Lastly, some of the chemicals added during crude 328 

oil production can also end up in the discharged water stream and contribute to the harmful 329 

consequences on the marine environment [35]. It should be noted, however, that the acute 330 

toxic effects can occur only in the direct vicinity of the discharge pipes and when the dilution 331 

is less than 100-fold, as shown both by direct measurements and dispersion modelling [36, 332 

37]. In addition, the discharge of produced water has not been linked to any irreversible or 333 

significant negative ecological effects on the marine environment [38]. The reader is kindly 334 
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referred to other sources for a comprehensive description of the studies on toxicity and 335 

impact of dissolved species in produced water, for example [28, 36, 39, 40]. 336 

3.1.3. Solid particles 337 

The solid particles dispersed in produced water come from different sources, for example 338 

formation solids, inorganic scale, gas hydrates and microorganisms (dead or alive) [9]. Their 339 

concentration is often expressed as the total suspended solids (TSS). The solids can contribute 340 

to the stabilization of emulsions [41] or flow assurance problems [42]. The partitioning of 341 

particles between the water stream, oil stream and oil-water interface will depend on their 342 

wettability, size and density. The number of particles can be controlled to some extent with 343 

production chemicals (wax, scale, hydrates, corrosion inhibitors, flocculants) or adequate 344 

treatment of the injection water to reduce bacteria growth or scale formation. 345 

3.1.4. Dissolved minerals 346 

The location and type of the reservoir will largely determine the salinity and composition of 347 

the formation water. Table 2 provides an overview of different ions typically found in the 348 

North Sea produced water, in comparison to seawater. 349 

Produced water also contains heavy metals (zinc, lead, copper, cadmium) and sometimes 350 

even naturally occurring radioactive materials [9], but their concentration should not exceed 351 

tens of ppm. The information about the ionic composition of the brine is vital for process and 352 

environmental reasons. The presence of certain cations and anions can lead to inorganic scale 353 

formation in production equipment or in the reservoir. On the other hand, produced water 354 

can contain harmful levels of heavy metals or naturally-occurring radioactive materials, which 355 

adds to the toxicity of the discharged fluids [36]. 356 

 357 

 358 

3.1.5. Production chemicals 359 

During crude oil production, various additives are injected to maintain, aid and secure the 360 

integrity of the production process and facilities. These production chemicals can be divided 361 

into four groups [43]: (1) inhibitors against fouling and deposition; (2) chemicals to improve 362 
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separation (3) corrosion inhibitors to maintain process integrity and (4) chemicals added for 363 

other purposes, for example environmental reasons or increased oil recovery. The type and 364 

concentration of the additives varies from field to field. Depending on the application, 365 

production chemicals can be oil- or water-soluble, and in some cases both. The production 366 

chemicals that can be found in produced water include corrosion, hydrate and scale 367 

inhibitors, H2S and O2 scavengers, and flocculants. Their concentration typically does not 368 

exceed tens of ppm, but in some cases (e.g. gas hydrate inhibitors) it can be quite substantial 369 

with concentrations over 1 g/L [8]. At the Norwegian Continental Shelf, operators are 370 

encouraged to use chemicals from "green" or "yellow" list, which classifies them as having no 371 

or minor effect on the natural environment [44].  372 

Production chemicals discharged with produced water, similarly to the other dissolved 373 

components, may have local effects close to the discharge points, and their disposal is 374 

regulated at the national level. These include all additives used during drilling and production 375 

operations. Discharges of chemicals are largely related to drilling activities. In 2016, almost 376 

70% of the discharged chemicals originated from drilling operations at NCS [6]. Chemicals that 377 

are not discharged, are deposited below the seabed or transported onshore and treated as 378 

hazardous waste. Norway established a zero-discharge target for hazardous substances 379 

released as a result of petroleum activities in 1997, which, according to the Norwegian 380 

Environmental Agency was achieved in 2010, but the regulations are getting stricter and new 381 

targets are being defined [45] together with the OSPAR. 382 

3.1.6. Dissolved gases 383 

Produced water can contain dissolved gases, like volatile hydrocarbons, CO2, O2 and H2S. Their 384 

concentration highly depends on the process conditions (pressure, temperature) and is rather 385 

insignificant during the topside PW treatments conducted at low pressure. If, however, the 386 

separation is to be performed at higher pressures (e.g. subsea), the dissolved gases can cause 387 

flow assurance problems such as free gas release or hydrate formation during pressure drops 388 

[20]. 389 

3.2. Produced water treatment 390 

The water downstream the gravity separators contains dispersed oil droplets, solids and 391 

dissolved organics that to various extents need to be removed. The water phase can contain 392 
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up to 1000 ppm of oil-in-water (OiW) and up to 350 ppm of TSS [46]. Most oil droplets will be 393 

(significantly) smaller than 100-150 µm in size [47], whereas solid particles will typically not 394 

be larger than 50 µm [48]. Some of the most commonly applied produced water treatment 395 

methods used by the operators are described in the following. For more comprehensive 396 

descriptions of the techniques, please refer to other reviews [1, 9, 10]. 397 

Produced water treatment (PWT) can typically be divided into three categories: (1) primary 398 

PWT, predominantly gravity-based separation and aimed at removing dissolved gas, the 399 

largest dispersed oil droplets and suspended particles; (2) secondary PWT that aims at further 400 

reduction of dispersed oil content, and (3) tertiary PWT, often called water polishing step, 401 

which also targets the dissolved components in produced water. 402 

Using a second gravity separator (skimmer) is considered a primary PWT method. This process 403 

is predominantly used onshore, as it requires long residence times (hours). Skimmers can 404 

have either horizontal or vertical configuration. The specific design will depend on the need 405 

for solid removal or limitation of slugging. In a horizontal setup, the water phase enters the 406 

separator from one side. The lower density of oil causes the droplets to rise to the oil-water 407 

interface, where they form an oil layer. Conversely, the solid particles sediment to the bottom 408 

of the separator. The skimmed oil passes over a baffle and is removed from the skimmer, 409 

whereas water (and particles) is forced downwards to the water outlet. The performance of 410 

the skimmer is relatively insensitive to the inlet OiW concentration, but requires high 411 

retention times (i.e. low flowrate or large volume) for necessary separation. The footprint of 412 

a skimmer can be reduced by introducing plate coalescers. These internal plates capture 413 

droplets on horizontally inclined plates and decrease their rising distance, which leads to 414 

more efficient coalescence between droplets. The plate coalescers can reduce the minimum 415 

removed drop size from approximately 100-150 µm to 20-40 µm [49]. 416 

Another primary PWT, more common offshore, are hydrocyclones, which utilize the 417 

centrifugal force to remove the dispersed oil droplets from the water. Produced water enters 418 

the separator through an axial or tangential inlet, which creates a swirling flow towards the 419 

bottom part of the unit. The dispersed oil is pushed towards the centre and is combined with 420 

the reject flowing upwards. The cleaner water phase exits the hydrocyclone from the bottom. 421 

The gravitational acceleration is multiplied by the centrifugal forces in this process. The 422 

acceleration increases with the narrowing of the liner, which facilitates gradual removal of 423 
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droplets of different sizes. The largest droplets are removed in the upper part, whereas 424 

smaller drops can be separated in the lower, narrower section. Hydrocyclones can remove 425 

droplets down to 5-15 µm in size [47], and significantly reduce the OiW concentration. Their 426 

compact size and robustness make them attractive for offshore produced water treatment. 427 

Typically primary water treatment reduces the content of dispersed oil to between 50 and 428 

200 ppm [7]. If used in series, they can lower the oil-in-water content close to the discharge 429 

limit. 430 

A secondary treatment technique is gas flotation, although it can also be used in series as 431 

both primary and secondary water treatment. Gas flotation relies on dispersing small gas 432 

bubbles in the water phase and their attachment to the oil droplets. The combined bubbles 433 

and droplets have lower density than water and typically large size, which increases their 434 

rising velocity and benefits separation. In the dissolved gas flotation (DGF), the gas bubbles 435 

are generated through nucleation in super saturated water and oil phases. Part of the recycle 436 

water passes through a saturation vessel, where it is pressurized with gas. Afterwards, the 437 

water flows back to the separation vessel, where the lower pressure forces the gas to nucleate 438 

and form very fine bubbles, typically below 100 µm [50]. Additionally, some gas is already 439 

dissolved in the fluids, which further enhances the nucleation of bubbles upon pressure 440 

reduction. During the induced gas flotation (IGF) process, the gas bubbles are formed by 441 

mechanical dispersion. One way to disperse gas bubbles is with eductors, where the flow of 442 

recycled water and gas through a nozzle creates a jet of dispersed gas bubbles ejected to the 443 

separator. Another way is to use motor-driven rotors that draw gas from above the liquid and 444 

disperse it in the water phase. The average bubble size range in the induced gas flotation is 445 

usually between 100 and 1000 µm [50]. 446 

The IGF is more frequently used in the produced water treatment systems at NCS, being a 447 

more robust technology and less sensitive to parameter changes (droplet size or pressure 448 

level). In most cases, natural gas is used as the gas phase, being the most abundant and safest 449 

gas available due to lack of oxygen. Gas flotation performance can be enhanced with the 450 

addition of water treatment chemicals, which improves the attachment efficiency between 451 

bubbles and droplets [50]. This process can effectively reduce the concentration below the 452 

discharge limit and can even serve as a single water treatment technology if used in series.  453 
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Offshore water treatment processes often include a gas flotation unit. This unit can be either 454 

dissolved or induced gas flotation, or a combination of both if the water to be treated is 455 

supersaturated. In the NCS fields, most of the gas flotation units are more compact than 456 

traditional flotation cells used onshore, and are called compact flotation units (CFU). For the 457 

CFUs operating as IGFs, the induced gas is dispersed into the water through a shearing device 458 

(various designs) to give small bubble sizes. However, often low pressure drops are required 459 

in the production process, leading to a compromise in bubble size distribution. The compact 460 

flotation units have internals that makes the fluid distributions more optimal, both in the bulk 461 

water flow and for handling of the gas/oil reject (e.g. swirling flow). For the latest 462 

developments of CFUs, full performance for the residence time of 30 seconds or less have 463 

been documented. Most CFUs are fully dependent on the coalescence/attachment 464 

mechanism acting between oil droplets and gas bubbles to be efficient (explained in detail in 465 

the next section). Any interference of this mechanism, like changing production chemicals 466 

(types and/or dosing), adding new wells, changing pressures/temperatures, may strongly 467 

impact the performance. Many vendors have entered the market since Epcon launched the 468 

first commercial CFU for offshore water treatment in the 90-ties, but all of them are based on 469 

the same fundamental mechanisms to be efficient. CFU technology is also currently 470 

undergoing qualification process for subsea produced water treatment. 471 

Recently, also membrane separation was suggested as an alternative for secondary produced 472 

water treatment [11].  Micro- and ultrafiltration with membranes following primary 473 

treatment can reduce the oil-in-water concentration below 5 ppm [51]. Ceramic membranes 474 

are typically preferred over the polymeric membranes for produced water treatment due to 475 

their higher resistance against fouling and better performance at elevated temperatures [52]. 476 

However, in practice the application of membrane technology for produced water separation 477 

is still hindered by the risk of reversible and irreversible clogging of pores with oil droplets, 478 

solid particles, and biofouling which can greatly reduce the performance and safety of the 479 

process. Currently water treatment using membrane technology at the Norwegian 480 

Continental Shelf is used only at gas/condensate fields.  481 

For most production facilities, the treatment of produced water stops with the secondary 482 

PWT. At NCS, many facilities have a degasser tank for removing supersaturated fraction of gas 483 

from the water phase before discharging or re-injecting. It can operate in a similar manner as 484 
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dissolved gas flotation, which removes additional dispersed oil droplets. Degassers are 485 

considerably larger than CFUs, with a residence time of few minutes. If the water must be of 486 

higher quality (<10 ppm), it can also undergo a water polishing step. This typically includes 487 

almost complete removal of the dispersed oil and considerable reduction of the dissolved 488 

organic and/or inorganic components from the water phase. Walnut shell filtration, 489 

coalescing filters, gas stripping, biological treatment, liquid-liquid extraction or high-G 490 

centrifugation are examples of such treatment processes, however mostly used onshore [8, 491 

9]. 492 

As it can be seen, most of the produced water operations is focused on the crude oil-related 493 

contaminants. Solid particles (formation solids, corrosion products, microorganisms) 494 

however, can also cause significant problems during production. Examples include 495 

stabilization of emulsions, settling in or erosion of the processing equipment or formation 496 

damage during re-injection [7]. Solid management can be performed on several levels [48]. 497 

The sand production can be minimized as a result of production limitation (lowest inflow 498 

without solid particles in the stream), sand retention at the well, solid separation process or 499 

incorporating a solid separation step during fluid separation.  500 

At NCS, the solid particles are typically settling in the separators during three-phase 501 

separation or further water treatment steps. These are later removed through e.g. sand jets 502 

or manually during scheduled maintenance. While larger solids usually settle in the gravity 503 

separator, finer solids (<25 µm) can follow either water or oil stream, depending on their 504 

wettability. The particles in crude oil are typically not treated and add to the impurities of 505 

crude oil (basic sediment and water – BS&W). The water-wetted particles, however, need to 506 

be removed to avoid damaging the equipment or, later, the reservoir. This can be done with, 507 

for example, desanding cyclones, sand traps or filtration [48]. 508 

4. Colloidal aspects of produced water 509 

Colloidal systems and their interfacial aspects are crucial at almost every stage of crude oil 510 

production. The knowledge on these fundamental phenomena can often help prevent 511 

separation problems, reduce flow assurance issues, enable more cost-efficient process 512 

designs and improve the overall quality of hydrocarbons and produced water. Interestingly, 513 

the reservoir fluids are, to some extent, stratified in the formation. Therefore, it is the 514 
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production process that creates the need for separating dispersed bubbles and droplets from 515 

the gas, oil and water phases later. Fundamentally, these fluid particles are kinetically-516 

stabilised, meaning that they will separate into the individual phases given enough time. 517 

However, since the residence time in gravity separators is typically insufficient to achieve 518 

complete phase separation, additional treatment processes must be used to remove the 519 

remaining dispersed or dissolved components. Therefore, especially for offshore production, 520 

the increasing environmental awareness, reduced footprint of the processing units and 521 

dynamically changing composition of the fluids collected from several tie-ins force better 522 

understanding of what is happening during the process. 523 

As mentioned above, the dispersions are predominantly created during the petroleum 524 

extraction process. The flow and pressure of fluids passing through the well and wellhead is 525 

controlled by choke valve(s). They can also be installed upstream any kind of separator, both 526 

in the oil and water treatment trains to ensure correct parameters of the flow. The pressure 527 

reduction releases huge amount of energy, transformed into shear forces and turbulence in 528 

the produced fluids, which can create dispersions of various degree of complexity. Many 529 

fundamental studies performed decades ago showed that the higher the shear forces, the 530 

smaller the size of generated droplets. The size distribution will of course depend on more 531 

factors, such as temperature or the type of oil and the volume fractions of fluids, however 532 

these parameters cannot be controlled. Since many separators are based on some form of 533 

gravity separation, smaller droplets will obviously take much longer to separate. Improved 534 

knowledge on the breakage phenomena led to the design of low shear valves. Further 535 

development included low-shear pumps, another element that could apply strong shear 536 

forces to fluids. 537 

While the lack of small droplets, generated at the choke valve, will in fact improve the quality 538 

of produced water, it still requires further treatment, for example with gas flotation. The 539 

latest generation of highly efficient compact flotation units bears little resemblance to 540 

flotation cells, originally adapted for produced water treatment in 1970s from flotation 541 

columns used for mineral processing. Attachment of gas bubbles to small oil droplets, the 542 

underlying phenomena of gas flotation, multiplies their rising velocity through increased size 543 

and density difference. Simple observation of the process and fundamental research using 544 

single bubbles and droplets or lab-scale flotation devices allowed to understand the 545 
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behaviour of fluid particles in various conditions (oil/water composition, droplet/bubble size 546 

distribution, aging effects, temperature etc.). Consequently, the correlation between the 547 

microscopic phenomena and performance of the process motivated the oilfield industry to 548 

introduce innovative changes to flotation units, such as centrifugal flow or reduced 549 

generation of extremely small bubbles. 550 

Even deeper colloidal knowledge is required for understanding of the effects of production 551 

chemicals, added during petroleum processing. These specialized products, with often 552 

custom-tailored chemistry, must be extensively tested before being applied in the field. Often 553 

dosed at low-ppm level, they can promote growth or aggregation of particles (flocculants), 554 

mitigate separation issues (defoamers, de-emulsifiers), inhibit precipitation and/or 555 

deposition of various materials in pipelines (asphaltene, scale or wax inhibitors) or improve 556 

reservoir recovery rates (surfactants or polymers). They can also have undesired effects, for 557 

example stabilization of dispersions (often the case with corrosion inhibitors) or interacting 558 

with other chemicals or components that can compromise their efficiency. Lack of 559 

understanding on how they work and affect the produced fluids at any given stage of 560 

separation might lead to serious consequences, ranging from manageable separation 561 

problems to even temporary production shut-down. 562 

These are just a few examples where the colloidal chemistry of produced fluids has a high 563 

impact on the process. Clearly, the efficiency of the water treatment processes, which are the 564 

focus of this review, will depend on many factors that affect the interactions of bubbles and 565 

droplets (i.e. process conditions, equipment design and fluid properties). Here, we will 566 

primarily focus on the fluid composition and elucidate how this can affect size distributions 567 

through breakage, flocculation and coalescence of the dispersed phases. 568 

4.1. Droplet break-up and coalescence 569 

The dispersed oil in produced water constitutes an o/w emulsion. Formation of emulsions is 570 

a multi-step process that can be divided into three stages [53]: 1) Deformation of the two 571 

immiscible phases (oil and water) into coarse drops; 2) Disruption and break-up of the drops 572 

into smaller drops; 3) Counterbalance of the drop break-up by coalescence of drops. These 573 

three stages can occur simultaneously or successively, and they can influence each other. 574 

Furthermore, the adsorption of surface-active components originating from crude oil at the 575 
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interface between the oil and water can affect these stages by lowering the interfacial tension 576 

(IFT), giving rise to interfacial tension gradients (Marangoni effects) and formation of 577 

interfacial layers. The first phenomena will generally promote breakage of drops, while the 578 

latter two can stabilize the drops towards coalescence. Also, for this reason, the droplets with 579 

“fresher” interface will coalesce more readily. Mathematical expressions for both breakage 580 

and coalescence are the foundation of population balance equations [54], which can be used 581 

to model the evolution of size distributions and separation during treatment. 582 

During the break-up of droplets, the hydrodynamic conditions and the interfacial properties 583 

between oil and water are important. Even though reliable models for predicting drop size 584 

distributions are not available, mechanistic models for estimating maximum stable drop sizes 585 

in given hydrodynamic conditions have been established [55]. These models normally account 586 

for the cohesive and disruptive stress acting on a drop. The cohesive stress depends on the 587 

IFT, the viscosity of the dispersed phase and the radius of the drop. The disruptive stress, on 588 

the other hand, is governed by the viscosity of the continuous phase, the radius of the drop 589 

and the type and intensity of the flow. A drop is stable if the disruptive stress is smaller than 590 

the cohesive stress. The breakage of droplets in dispersions was first described by Kolmogorov 591 

[56] and Hinze [57], but since then many other models have been developed [58]. The 592 

breakage in mathematical terms is often described with breakage frequency and the number 593 

and size of droplets created through the breakage of the original droplet. Both functions, 594 

characterizing the frequency of breakage and its outcome, are necessary in the population 595 

balance models used for simulation separation processes [59].  596 

Coalescence is the main mechanism of droplet growth in produced water. The film drainage 597 

model is often used to describe this phenomenon [60]. It defines collisions and merging of 598 

drops as a multistage process. Initial approach of droplets results in a thin liquid film between 599 

them. This is followed by drainage of the thin film and finally the film ruptures at a critical 600 

thickness of the film and the drops merge into a larger drop. Each stage is depicted in Figure 601 

6. The film drainage depends on the drop size, fluid parameters and surface forces, which 602 

effect is described below. Typically, the initial film thickness is in the range of hundreds of 603 

nanometres [61], whereas the critical thickness is at least an order of magnitude lower [62]. 604 

Furthermore, the rupture time is usually considerably faster than the drainage time [63]. This 605 

means that the drainage of the aqueous film is the rate-determining step in the process, and 606 
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it is important to understand and control the factors influencing it. It should also be 607 

mentioned that not all collisions will end up in coalescence. If the average contact time 608 

between droplets is shorter than the drainage time required for them to merge, the droplets 609 

will detach without coalescence. This can occur, for example, when the thin film is extremely 610 

stable (repulsion dominating) or when the emulsion is mixed due to high turbulence (very 611 

short contact time). 612 

Collisions between drops depend on the flow regime and can occur through different 613 

mechanisms. The most important are turbulent fluctuations (mixing), velocity field gradients, 614 

single eddy capture, buoyancy differences and wake interactions [60]. The resulting collisions 615 

will involve forces that affect the rate of film drainage. Many drainage models consider these 616 

forces purely as a function of the flow conditions (i.e. local shear rate) and some basic physical 617 

properties of the fluids. However, at the distances comparable to the thin film thickness (tens 618 

to hundreds of nanometres), the so-called surface forces will become significant. These forces 619 

have molecular origin and can be attractive or repulsive. The relative magnitude of the 620 

attractive and repulsive forces will vary with separation distance between droplets (i.e. film 621 

thickness). The resulting difference between pressure within the film and in the bulk is called 622 

the disjoining pressure. If the attractive forces dominate, giving rise to negative disjoining 623 

pressure, the drainage of the thin film will be spontaneous. If, on the other hand, the repulsive 624 

forces dominate (i.e. positive disjoining pressure), additional forces are necessary for the thin 625 

film to drain. 626 

The attractive surface forces include the van der Waals forces and the so-called hydrophobic 627 

forces. The van der Waals forces are due to interactions between permanent and induced 628 

dipoles in the molecules constituting the droplets and will always be present. Another 629 

characteristic of these forces is that they become strong at short separation distances. The 630 

hydrophobic forces between dispersed entities can be divided into two categories [61]: 631 

structuring of water molecules in the vicinity of hydrophobic surfaces and interactions caused 632 

by the presence of the dissolved gas. In the latter case, dissolved gas molecules preferentially 633 

adsorb at hydrophobic surfaces, and induce the formation of nanobubbles that can form 634 

gaseous bridges, pulling the surfaces together and facilitating coalescence [64]. These forces 635 

are normally longer ranged than the van der Waals forces. 636 
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The repulsive surface forces include double-layer electrostatic forces, steric forces and 637 

hydration forces. Electrostatic repulsion occurs when the electrical double layers of similarly 638 

charged interfaces start to overlap each other. These interactions are, however, negligible in 639 

produced water, since the electrical double layers are efficiently supressed in high salinity 640 

environments. Steric repulsion takes place when interfacial active species are present at the 641 

interface and provide a steric hindrance for close approach. These can typically be resins, 642 

asphaltenes and added production chemicals containing surfactants or polymers. Finally, the 643 

hydration effect will give rise to repulsion when water molecules are attached to approaching 644 

interfaces [65]. 645 

In addition to the disjoining pressure, Marangoni effect will also influence the film drainage 646 

process. When the aqueous film is drained, it also pulls the molecules at the interfaces along 647 

with it and creates a concentration gradient at the interface. The result is a flux of components 648 

from the high concentration region towards the low concentration region, as illustrated in 649 

Figure 7, which will slow down the film thinning rate [61]. Furthermore, the adsorption of 650 

resins and asphaltenes can result in formation of elastic interfacial layers and change the 651 

interfacial rheology at the oil-water interface. This will also impact the Marangoni effect and 652 

further alter the film drainage [66]. 653 

The stability of drops against coalescence can be affected by other dissolved and dispersed 654 

components in the produced water [11], such as small particles at the interface (so-called 655 

Pickering emulsions), low-molecular organic species, multivalent inorganic ions or production 656 

chemicals [67]. For example, the addition of flocculants can neutralize the charge on the 657 

surfaces of droplets, reducing the repulsive forces, or promote bridging between them. This 658 

will lead to increased coalescence or, if the film is stable against rupture, aggregate formation. 659 

If overdosed, the flocculant can lead to increased stability against coalescence and worse 660 

treatment performance. 661 

4.2. Drop-bubble attachment 662 

Oil removal by gas flotation relies on the similar fundamental description as above [68, 69]: 663 

approach of bubbles and droplets by various forces, followed by drainage and rupture of the 664 

thin aqueous film arising between the bubble and droplet (Figure 8). However, some 665 

differences exist as well. 666 



23 
 

The size ratio between bubbles and droplets is an important aspect during flotation. The 667 

collision mechanisms will largely depend on the relative size between bubble and drop sizes 668 

[70], as summarized by Niewiadomski et al. [69]. Encounters by gravity occur because of the 669 

large buoyancy difference between bubbles and oil droplets. The interception mechanism 670 

dominates when the droplets are larger, and the droplet is trapped in the water streamlines 671 

passing the bubble. Inertial impacts occur when the droplet is not following the water 672 

streamlines due to its inertia, but it is considered to play a small role during gas flotation of 673 

oil droplets. Finally, in turbulent motion the bubbles and drops tend to become located in the 674 

centre of turbulent eddies, which should increase the chance of encounter. 675 

Once thin films between droplets and bubbles are formed, the disjoining pressure and 676 

Marangoni effect will play a similar role for the film drainage as described above. The 677 

adsorption of resins and asphaltenes at the oil-water interface will influence the film thinning 678 

rate. In addition, dissolved oil components in the produced water will adsorb onto gas-water 679 

interfaces [71, 72] . This has been shown to slow down the drainage of the thin film [73] and 680 

reduce the oil removal efficiency during gas flotation [74]. 681 

Oil can be removed by gas flotation whether the film ruptures or not. If the film does not 682 

rupture, drops can become attached to rising bubbles, entrapped in the hydrodynamic wake 683 

of rising bubbles (Figure 9a) or pushed upwards by a "pillow" of flocculated bubbles (Figure 684 

9b) [75]. These mechanisms are, however, vulnerable to turbulence and collisions, which can 685 

result in detachment of the droplets and bubbles. The critical thickness when the aqueous 686 

film ruptures is often quoted to be around 100 nm [76, 77]. When it ruptures, two 687 

mechanisms are possible (Figure 9c, d): 1) the oil spreads around the gas bubble and forms 688 

an oil film. This mechanism is considered the most stable and ensures efficient flotation of 689 

the droplets. Furthermore, additional droplets can coalesce with the oil-coated bubbles, 690 

forming thicker oil films. 2) The oil forms a lens inside the bubble, which is more unstable than 691 

the previous, since the oil can detach from the bubble due to for example turbulence. A simple 692 

and convenient method to determine the type of attachment is to consider the spreading 693 

coefficient (Sow – Equation 1) [78]: 694 

𝑆𝑆𝑜𝑜𝑜𝑜 = 𝛾𝛾𝑜𝑜𝑤𝑤 − 𝛾𝛾𝑜𝑜𝑜𝑜 − 𝛾𝛾𝑜𝑜𝑤𝑤 (1) 
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where γwg is the interfacial tension between water and gas, γow is the interfacial tension 695 

between oil and water, and γog is the interfacial tension between oil and gas. If the value of 696 

the spreading coefficient is positive, the spreading of oil on gas will be favourable from a 697 

thermodynamic point of view. If the spreading coefficient is negative, the oil droplets will not 698 

spread over the surface. For most gas flotation processes in produced water treatment, 699 

however, the spreading coefficient will be positive [68]. The time of the spreading can also be 700 

significant [69, 73]. 701 

During dissolved gas flotation, bubbles can also nucleate at the oil droplet surfaces. While this 702 

will not have a large effect on the buoyancy of the droplet, it can lead to improved flocculation 703 

between droplets and/or other bubbles through additional attractive (hydrophobic) forces. 704 

The presence of these nanobubbles was observed to aid the flotation of both solid particles 705 

[79] and oil droplets [80]. 706 

4.3. Interactions between solid particles 707 

The wettability and wettability alterations of the various solids in produced water will 708 

influence their tendency to aggregate, sediment and form particle-stabilized emulsions [81-709 

83], and ultimately increase the separation difficulties. The surface properties of particles can 710 

be altered by adsorption of interfacially active components from the crude oil [84] or by 711 

adsorption of water-soluble crude oil components in the produced water. This adsorption 712 

often provides steric repulsion that slows down the aggregation or flocculation of the solids. 713 

It can also lead to attachment of particles at emulsion droplets, which can inhibit coalescence 714 

between droplets [85]. 715 

5. Research tools for studies concerning produced water 716 

Many aspects of produced water, from unique chemical composition and environmental 717 

concerns to optimization of treatment processes, require specific research methodologies to 718 

provide insight into the fluids and the treatment process. In this section we present 719 

experimental methods to study interfacial properties, drop breakage, coalescence and 720 

flocculation of droplets, bubbles and solids, and composition of PW. Many of the techniques 721 

are well established and have been used for years, whereas some are relatively new and not 722 

yet widely utilized.  723 
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5.1. Interfacial properties 724 

The interfacial tension and rheology are of great importance in coalescence and breakage 725 

processes. These can be investigated with drop tensiometers, where a drop of dispersed 726 

phase is immersed in a continuous phase and recorded over time. Pendant and spinning drop 727 

techniques are commonly used in the produced water field. In the pendant drop method, a 728 

drop is immersed in a bulk phase from a capillary. Images of the drop profile are used to 729 

convert the shape parameters to the interfacial tension. Due to its simplicity and versatility, 730 

this method is frequently used to measure the IFT between the crude oil and water phase [86, 731 

87], also at high pressure and temperature conditions [88, 89]. In addition, high-frequency 732 

oscillations of the volume drop allow calculations of the elastic (E') and viscous (E'') moduli 733 

and have been used for characterization of the viscoelastic properties of oil/water interfaces 734 

[90-92]. In spinning drop tensiometer, a drop is placed in the centre of a rotating capillary due 735 

the centrifugal force. The elongation of the drop is imposed by the capillary rotation speed, 736 

physical properties of the phases and the interfacial tension. The technique is especially useful 737 

for measuring extremely low values of the IFT, even down to 10-6 mN/m, for example in high 738 

pH conditions or with a surfactant in a system [93, 94].  739 

Depending on the composition of the produced water, it can exhibit different surface tension 740 

values. This is often measured with the du Noüy ring [95], the pendant drop [96] or the 741 

maximum bubble pressure method [72, 97]. The bubble pressure method is a useful 742 

technique to study the surface tension as a function of the surface age, also allowing to 743 

calculate the kinetics of surfactant diffusion. 744 

5.2. Droplet break-up 745 

Droplet break-up studies require the possibility of following the events in dynamic conditions. 746 

Such experiments are typically performed in a static mixer, a pipe flow or a stirred tank, using 747 

high speed cameras to obtain the breakage time and the number and size of droplets. The 748 

stirred tank (Figure 10) is probably the most common out of the three, due to its simplicity 749 

and good control over the parameters, although the turbulence distribution is not as 750 

homogenous as for the other two. The pipe flow experiments are usually the closest to the 751 

process reality of crude oil production, however are also quite difficult to follow. The 752 

literature on the breakage of crude oil drops in water with visual methods is very scarce. 753 
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During our literature search we only found one paper that dealt with the breakup of crude oil 754 

droplets in a stirred tank [98]. Other authors, such as Maaß et al. [99] or Solsvik and Jakobsen 755 

[100], used kerosene or other model hydrocarbons in their studies, which, although 756 

petroleum-derivatives, do not really represent the complexity of a crude oil. Many efforts are 757 

undertaken to precisely describe and model the breakage process [101] and probably for this 758 

reason the use of real crude oil products is sporadic. Regardless, more comprehensive 759 

descriptions of mostly visual-based methods for model oil droplet breakup studies were 760 

reported elsewhere [99, 100]. 761 

5.3. Drop-drop interactions and coalescence 762 

The visual methods for following coalescence can roughly be divided into two types: (1) quasi-763 

static, where the fluid particles are slowly pushed against each other or allowed to rise to an 764 

interface, and (2) dynamic, where the interactions are followed during flow. The first type of 765 

methodology is typically easier to work with and offers much better control over the 766 

experiment, however the latter allows to study interactions between droplets in similar, to 767 

some extent, conditions as the water treatment process. Starting with the static methods, 768 

Flumerfelt et al. presented a method based on the spinning drop technique, where two oil 769 

droplets in a rotating capillary were first allowed to age and then came into contact [102]. 770 

This technique was later utilized by Peru and Lorenz to determine the coalescence time of 771 

crude oil drops in alkaline water, also at elevated temperatures [103]. In another approach, a 772 

pendant drop was used to study the coalescence between the drop and interface [104, 105] 773 

(Figure 11a). A drop of oil was released from a hook and rose to a layer of oil on top of the 774 

water phase. After sufficient time, the thin film broke and the droplet merged with the 775 

interface. The entire experiment was recorded and analysed to determine the drainage time. 776 

Further modification of this technique included adding another capillary to generate two 777 

single drops simultaneously, and observe their binary coalescence with a camera. The setup 778 

of Ata et al. [106] allowed to follow the coalescence of two ca. 2 mm drops of kerosene in 779 

temperatures up to 75°C (Figure 11b). Gaweł et al. used a droplet bubble micro manipulator 780 

(DBMM) to study the coalescence between droplets of different crude oils [66]. In contrast to 781 

the techniques presented so far, DBMM relies on measuring capillary pressure, rather than 782 

image analysis (Figure 11c). A similar setup, with a better control over the approach velocity 783 

between two drops and video image analysis, was presented by Ayirala et al., who 784 
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systematically studied the effect of inorganic ions in the water phase on the coalescence times 785 

of crude oil drops [107]. Finally, microscopy can be useful for determining coalescence of 786 

crude oil drops [108, 109], but it provides coalescence rates, rather than coalescence times. 787 

All of these experimental techniques require static environments, which makes the timescale 788 

of the phenomena significantly longer than in dynamic conditions. 789 

New possibilities for studying coalescence of droplets during flow emerged after recent 790 

advances and popularization of high-speed imaging. This also altered the measured timescale 791 

of coalescence times from tens of seconds for static to tens or hundreds of milliseconds for 792 

dynamic conditions. Kamp and Kraume [110], Villvock et al. [111] and Gebauer et al. [112] 793 

developed a cell for single drop coalescence investigations. Although model fluids were used, 794 

their work provided interesting insights into the importance of inorganic ions and the 795 

direction of mass transfer (from or to the continuous phase). Coalescence kinetics of crude 796 

oil droplets in alkali-surfactant-polymer solutions using high-speed imaging was also studied 797 

by Luo et al. [113].  798 

Recently, microfluidic methodology has become a useful tool to study fundamental aspects 799 

of emulsions [114]. Microfluidics enables control of fluids in small channels, where at least 800 

one of the dimensions is in the micrometre size range. The flow can be manipulated and 801 

observed by auxiliary equipment or with internal sensors and valves. The possibility of 802 

combining various tools in one small device lead to the name 'Lab-on-a-Chip' (LOC). 803 

Microfluidics combines the advantages of visual observations in dynamic conditions with high 804 

throughput, short measurement times and small droplet size, often relevant for industrial 805 

applications. While the application of microfluidics for petroleum-related research keeps 806 

growing, the main focus is directed towards fluid analysis and behaviour [115], rather than 807 

separation aspects. However, some groups reported the microfluidic methods for studying 808 

coalescence in water-in-crude oil systems [116, 117]. For oil drops in water, microfluidic 809 

devices were used for studying both coalescence dynamics (frequency) [118] and kinetics 810 

(coalescence time) [119, 120]. Krebs et al. also presented a microscopic method to study 811 

coalescence of oil under enhanced gravity (i.e. simulating hydrocyclone conditions) [121]. 812 

Following their work, Dudek et al. presented a method to study the coalescence of model oils 813 

at higher pressure [122]. It was later used to study coalescence of crude oil droplets in 814 

synthetic produced water [123, 124] (Figure 12). In contrast to the DBMM studies done in our 815 
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group, the microfluidic method allowed to follow coalescence in dynamic conditions and with 816 

(monodisperse) droplets 1-2 orders of magnitude smaller, which is more relevant for 817 

produced water treatment processes. The study, however, used only light crude oils due to 818 

method limitations. 819 

While visual observation methods are useful for investigating single droplets or dilute 820 

systems, light scattering and transmission techniques allow to follow the bulk behaviour of 821 

dispersions over longer periods of time. The light scattering techniques can follow the 822 

dynamic changes of size distributions, and thereby provide information about the extent of 823 

coalescence or breakage in the systems (Figure 13). These methods were used to study the 824 

dynamic changes of oil droplet size distribution in water, influenced by various parameters, 825 

such as mixing time and speed [125, 126], volume fraction of the dispersed phase [127], 826 

presence of EOR chemicals [128] and water composition [129]. Furthermore, flocculation of 827 

oil drops upon addition of polymeric flocculants was studied by Fernandes et al. [130]. 828 

Turbidity measurements can also be used to follow the sedimentation or creaming of 829 

dispersions. This method relies on the detection of transmitted light (for some cases also the 830 

detection of back-scattered light) through a dispersion. However, the method is better suited 831 

for studying sedimentation, creaming or massive changes due to flocculation [82, 131], rather 832 

than subtle changes in the particle sizes. 833 

For more in-depth analysis of forces occurring between single drops or particles, another class 834 

of instruments can be used. Atomic force microscopes (AFM) scan a surface with a sharp, 835 

flexible cantilever, which movement is detected and converted into the force of interaction. 836 

It allows measurements of not only the mechanical properties of a surface, but also the 837 

interaction forces between a surface and the cantilever tip. The precision of the instrument 838 

is high enough to measure the forces in the Ångström range. It was used for the measurement 839 

of the van der Waals forces [132] and hydrophobic interactions between surfaces in water 840 

phase [133]. In petroleum research, AFM was successfully used to measure interaction forces 841 

applicable for the bitumen extraction process [134] and asphaltene-covered surfaces [135].  842 

5.4. Gas flotation and bubble-droplet interactions 843 

Starting with bench scale instrumentation, gas flotation processes are frequently investigated 844 

using columns for batch flotation. Depending on the process, these are open or closed 845 
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columns, made from glass, plastic or steel, with the total volume in the range of litres. In the 846 

case of induced gas flotation, the gas is typically dispersed through a sparger or stirrer, 847 

whereas the dissolved gas flotation requires prior pressurization of the water phase. 848 

Strickland Jr. published a thorough report on the effect of various parameters on the 849 

performance and characteristics on the induced gas flotation process [68]. He showed the 850 

effect of salinity on the bubble size distribution, the influence of oil type and concentration, 851 

together with water pH and process temperature, on the oil recovery. Later, Sylvester and 852 

Byeseda reported a detailed study on a multi-stage IGF process [136]. The number and size 853 

of oil droplets were determined at the inlet and the outlets of each flotation cell. It was shown 854 

that droplets smaller than 2 µm were produced during mechanical dispersion of gas and were 855 

hardly removed during the gas flotation. An interesting concept was also reported by Bai et 856 

al., who improved the hydrocyclonic separation by introducing dispersed gas bubbles to the 857 

process [137], bearing some similarities to the CFUs. da Silva et al. combined the gas flotation 858 

with a photo-Fenton process, which further reduced the oil content through photochemical 859 

degradation [138]. Eftekhardadkhah et al. compared the laboratory gas flotation column tests 860 

with experiments in a pilot-scale flotation rig [74], where the large-scale equipment was run 861 

in induced, dissolved or combined induced-dissolved gas flotation mode. The dissolved gas 862 

flotation was also studied by several research groups. Multon and Viraraghavan [139] 863 

reported the removal of dispersed oil and suspended solid particles from two produced water 864 

samples from heavy oil operations with DGF, with and without polymeric additives. Etchepare 865 

et al. [80] and Oliveira et al. [140] focused on the application of nanobubbles to dissolved gas 866 

flotation and understanding their impact during separation process. While batch flotation is 867 

a simple way of studying the effect of various parameters (bubble/droplet size, water/oil 868 

composition, temperature etc.) on the treatment performance, it should be noted that most 869 

flotation units are dynamic systems. It is also relatively difficult to describe the mechanisms 870 

of bubble-droplet interactions, unless the process is followed with high-speed imaging or the 871 

experiments are combined with more fundamental investigation on individual fluid particles, 872 

as described next.  873 

Oliveira et al. studied the separation of model oil from water containing different 874 

concentrations of salt and surfactant by dissolved gas flotation [76]. They also used a bubble-875 

drop instrument to measure the induction time between a gas bubble and an oil droplet. It 876 
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was shown that both the induction time and the interfacial properties of the system (i.e. 877 

spreading coefficient) had significant impact on the performance of gas flotation. Chakibi et 878 

al. investigated the effect of salt on the flotation process and showed that the salinity level 879 

has a positive effect on the separation performance up to certain level, above which it no 880 

longer affected the separation [141]. Furthermore, they also reported a simple, but effective 881 

setup for determining the induction time between an oil drop and planar air-water interface 882 

with high accuracy (Figure 14). The measurements obtained on the microscale complemented 883 

well the flotation column results. While the hydrodynamic conditions of the fundamental and 884 

batch scale experiments were quite different, the observed trends were similar and proved 885 

that the underlying attachment mechanisms are of great importance to the efficiency of gas 886 

flotation. 887 

Nikolov et al. used a capillary force balance technique to probe the stability of thin films 888 

between oil and gas interfaces [142]. They found that by adding a de-emulsifying agent, the 889 

stability of the film decreased, which should aid in the separation efficiency by gas flotation. 890 

A custom-built setup was used to measure the induction time between a gas bubble and a 891 

bitumen-covered surface [143, 144]. The method relied on the generation of a microbubble 892 

and slow approach and retraction towards and from a bitumen-coated plate. The induction 893 

time can be found through progressively increasing the contact time between the bubble and 894 

the surface. The drop-bubble micromanipulator technique was also used to measure the 895 

drainage and coverage times between crude oil drops and air bubbles (Figure 15) [73]. 896 

Microfluidic experiments of the induced gas flotation were performed by Dudek and Øye, 897 

who systematically studied the attachment of crude oil droplets to gas bubbles in various 898 

conditions [95]. Monodisperse drops and bubbles were generated and pumped through a 899 

coalescence channel, where they could get in contact and interact. High-speed imaging 900 

allowed to determine the number for oil droplets attached to gas bubbles during flow in a 901 

microchannel. Recently, also AFM was used to measure the interaction forces between 902 

bitumen and gas bubbles [145]. 903 

5.5. Size distributions 904 

Knowledge of the distribution of dispersed particles and drops is crucial for the treatment of 905 

produced water. Since the droplets or particles are often in the micrometre size range, 906 

microscopic analysis is one of the easiest ways to measure the size of dispersed matter [17, 907 
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83, 128] (Figure 16a and b). A sample is put on a glass slide or in a cuvette, and analysed with 908 

a microscope, which is often coupled with a camera. Later, these pictures can be processed 909 

with an image analysis software to obtain average drop sizes or drop size distributions. 910 

Furthermore, confocal microscopy can be used to obtain distribution of droplet sizes in water 911 

[146, 147]. Microscopic analysis, is however a static technique and the results greatly depend 912 

on the appropriate and consistent sampling methods. 913 

Size distributions measurements can also be performed with light scattering techniques. 914 

Particles of different sizes scatter light at specific angles. The intensity of the scattered light 915 

at different angles can later be transformed into a size distribution. In contrast to microscopy, 916 

light scattering instruments can be coupled in a flow system (for example, a stirred tank) and 917 

allow to directly follow the dynamic changes of drop sizes during the experiment. Flow and 918 

turbulence cause the droplets to continuously break up, collide and coalesce with each other, 919 

which bears much more resemblance to the actual process of produced water treatment. 920 

Light scattering methods are popular tools to measure the distribution of both oil droplets in 921 

water [125, 128] and suspended particles [42, 82, 148]. It should be noted, however, that due 922 

to the risk of multiscattering, the studied systems must be quite dilute. In addition, some 923 

instruments used for dynamic light scattering also allow to measure the surface charge (zeta 924 

potential) of the dispersed matter [147, 149]. 925 

Coulter counters can also be used to measure the particle size distributions. The apparatus 926 

contains a cell with two chambers filled with an electrolyte, connected with a microchannel. 927 

When a drop or particle passes through the channel, it causes a change of the electrical 928 

resistance, proportional to the volume of the particle, which is detected by the instrument. 929 

These types of devices were used to determine the size distribution of solid particles [82] and 930 

oil droplets [131, 150] in petroleum-related research. However, the method works best when 931 

the particles are of near-spherical shape [151], which is often not the case for solid particles. 932 

5.6. Oil-in-water analysis 933 

The definition of dispersed oil depends on the local regulators [5]. For example, in the US, the 934 

Environmental Protection Agency sets the limit for discharge to sea to 29 mg/L monthly 935 

average and 42 mg/L daily maximum of oil and grease, which is defined as the materials 936 

extracted with n-hexane and not evaporated at 70°C. Meanwhile, OSPAR specifies dispersed 937 
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oil as all compounds extractable with n-pentane and not adsorbed on Florisil® (a magnesium 938 

silicate-based adsorbent), with chromatographic retention time values between n-heptane 939 

(C7) and n-tetracontane (C40). These differences in definitions and sample preparation can 940 

lead to considerable differences in the acquired oil concentration values. Regardless of the 941 

definition, the standard techniques for determination of OiW concentration can be classified 942 

into three types [152]: gravimetric, infrared (IR) absorption and gas chromatography with 943 

flame ionisation detection (GC-FID). All methods require acidification and extraction of oil 944 

from water with a solvent. In the gravimetric method, the solvent (e.g. n-hexane) is separated 945 

from water and evaporated, leaving the extracted oil in the flask for weighing. The IR 946 

absorption technique relies on the use of chlorofluorocarbons as solvent to avoid interference 947 

with the sample absorbance, which is proportional to the concentration of the oil in the 948 

solvent. In the last method, the oil extracted to the solvent (n-pentane or n-hexane) is fed to 949 

a GC column, which separates the oil components based on their boiling point and polarity. 950 

Then, they are carbonized and detected by a flame ionization detector. This method gives 951 

information about the concentration, as well as the type of hydrocarbons extracted from the 952 

water phase. It should be noted that in the last two methods, the most polar crude oil 953 

components that are dissolved (not dispersed) in the water phase could significantly influence 954 

the results. These components are often removed after extraction (e.g. with Florisil® [27]) or 955 

excluded post factum (based on the retention times in the GC column).  956 

There are also other, novel techniques for OiW analysis that have been proposed recently. 957 

For example, Fan et al. used confocal laser fluorescence microscopy [146]. Their procedure 958 

correlated well with a reference method and was also tested in more realistic conditions, i.e. 959 

at different pH levels, in the presence of solid particles, at high salinity and at high 960 

temperature [147]. Wagner et al. reported a nuclear magnetic resonance (NMR) method for 961 

assessment of oil-in-water concentration [153], which later was improved to enable separate 962 

quantification of aliphatics and aromatics in the water phase [154]. Lastly, Ottaviano et al. 963 

determined the OiW concentration with fluorescence measurements after treating the oily 964 

water with flocculants [149]. 965 

5.7. Dissolved components 966 

5.7.1. Inorganics 967 
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The total salinity of water can roughly be estimated by density, conductivity or with γ-ray 968 

measurements [155]. For more comprehensive data on the ionic composition of produced 969 

water, spectroscopic techniques are used. The concentration of common cations, such as 970 

sodium, potassium, magnesium, calcium, barium or iron, can be determined with inductively 971 

coupled plasma atomic emission spectroscopy (ICP-AES) [36, 37], mass spectrometry (ICP-MS) 972 

[39, 156], direct current plasma optical emission spectrometry (DCP-OES) [156, 157] or ion 973 

chromatography (IC) [158]. Other cations (e.g. heavy metals), for example cadmium, cobalt, 974 

lead, nickel or zinc are commonly detected with atomic absorption spectrometry (AAS) [22, 975 

159, 160], but also ICP-OES [161] or ICP-MS [162]. The concentration and type of anions can 976 

be measured with IC [156, 163]. An interesting microfluidic alternative to ICP-MS for 977 

determination of boron in produced water was reported by Floquet et al. [164]. The authors 978 

coupled ion exchange with colorimetric analysis to obtain a precise concentration of the 979 

element in a complex mixture. 980 

5.7.2. Organics 981 

The composition of the dissolved organic components in produced water is more complex 982 

than the inorganic components. The species partitioned from the crude oil have a 983 

hydrocarbon-based structure, relatively low molecular weight (<600 g/mol [23]) and different 984 

levels of polarity. The total organic carbon (TOC) is probably the most basic parameter to 985 

quantify the organic pollution in PW and other types of wastewater [165]. TOC is commonly 986 

measured by high-temperature catalytic oxidation or low-temperature photooxidation that 987 

converts the organic matter into carbon dioxide. The quantification of CO2 is typically 988 

performed with an IR detector. This method is quite popular to describe the concentration of 989 

dissolved components in produced water [17, 37, 166]. It is often possible to run the total 990 

nitrogen (TN) measurement on the same instrument. A big advantage of this method is the 991 

possibility of running analysis directly on water samples. Nonetheless, it does not provide any 992 

information on the composition of the organics. UV analysis (ultraviolet-visible spectroscopy) 993 

can also be used to measure the level of TOC in water samples [165, 167]. However, this 994 

method can underestimate the concentration of some components since aliphatic 995 

hydrocarbons, acids and many other organic components are undetectable with UV analysis. 996 

Another technique, gas chromatography, requires first to extract the dissolved components 997 

from water to organic phase (typically dichloromethane). The GC analysis allows not only to 998 



34 
 

measure the total concentration of dissolved hydrocarbons, but also enables to identify their 999 

structure (in combination with mass spectrometry). This, together with the low boiling 1000 

temperatures of the water-soluble species found in water, have made it a well-established 1001 

technique for in-depth analysis of produced water. Still, GC techniques have some limitations, 1002 

such as the need to use specific type of columns for different kinds of components. 1003 

For simplicity, the classification of dissolved organics in this review is as follows: BTEXs, PAHs, 1004 

phenols, acids and bases (like the one presented in Figure 5 in the introduction). Although 1005 

harmful to the environment, aliphatic hydrocarbons are scarcely water-soluble and are often 1006 

associated with the dispersed oil [34]. Produced water samples are often fractionated based 1007 

on the size of molecules and/or chemical properties. This is commonly performed with liquid 1008 

chromatography techniques (in the past with open columns, nowadays with high-1009 

performance liquid chromatography – HPLC) [163, 168]. Benzene, toluene, ethyl benzene and 1010 

xylenes, are quite volatile compounds and can be separated with purge-and-trap systems 1011 

before entering the GC column [37, 39, 159]. The rest of the dissolved organics fractions, i.e. 1012 

PAHs and phenols, are injected separately and with the use of different GC programmes (oven 1013 

temperature, ramp). After the column, the solutes can be identified and quantified with MS 1014 

[168-170] or FID [22, 40, 171] (Figure 17), the latter technique being more useful for 1015 

quantification purposes. The fractions can also be quantified by gravimetric [168, 171] or IR 1016 

analyses [163, 171]. Even though GC is the dominating technique when it comes to analysis 1017 

of dissolved organic components, there are other methods for obtaining supplementary 1018 

information about the functional groups or the average molecular weight. These include 1019 

nuclear magnetic resonance [37]; Fourier transform ion cyclotron resonance mass 1020 

spectrometry (FT-ICR) [172] or spectroscopy (FT-IR) [97]; and electrospray-ionization mass 1021 

spectrometry (EI-MS) [71]. 1022 

The most polar components of produced water are the acids and bases. Their water solubility 1023 

is highly affected by the water pH – dissociated acids or protonated bases have a higher 1024 

affinity to the aqueous phase. The most abundant components in the polar fraction of 1025 

produced water are short-chained organic acids (VFA) [34]. Their presence and concentration 1026 

can be determined with isotachophoresis [22, 36], ion chromatography [163, 171], IR 1027 

spectroscopy [173] or direct gas-liquid chromatography FID of water [27]. The water-soluble 1028 

naphthenic acids (longer than C5) also require comprehensive analysis due to their 1029 
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complexity, but with different methodologies. Most analyses can only be performed with 1030 

organic solvents, therefore acidification and extraction of the dissolved components to a 1031 

hydrocarbon-based solvent is often necessary. Spectroscopic methods (e.g. FT-IR) for 1032 

characterization of naphthenic acids were reported, but give little information about the 1033 

molecular composition of the acidic fraction and can overestimate their quantity in the 1034 

sample [174]. When it comes to the structural analysis of naphthenic acids, mass 1035 

spectroscopy techniques like FT-ICR MS [175-177] and GC-MS (or two-dimensional GC-GC-1036 

MS) [32, 178, 179] are used, although other methods, such as Orbitrap [180] and 1037 

Orbitrap/HPLC system [177] were used as well. FT-ICR MS analyses of naphthenic acids 1038 

typically give high mass accuracy, resolution and selectivity in the measurements due to 1039 

limited fragmentation of the molecules [175]. In addition, it provides the information about 1040 

the presence and abundance of heteroatoms in the molecular structure of naphthenic acids. 1041 

Nevertheless, the instrumentation is expensive and requires advanced expertise [181]. This 1042 

prompted the development of GC-MS methodology, as a less complicated alternative for the 1043 

analysis of acids in water. To improve the quality of the spectrum and avoid excessive 1044 

fragmentation of the aliphatic chains, a derivatization agent is added to convert acids to 1045 

esters, which allows to resolve the mixture and obtain molecular mass and structure of the 1046 

species in the sample, as described by St. John et al. [182] and others [26, 179]. 1047 

Before probing the composition of the crude oil-indigenous species in the water phase, one 1048 

must transfer them from the oil phase. A large portion of the water-soluble crude oil 1049 

components are short-chain acids that are easily biodegradable and rather harmless to the 1050 

marine environment. However, the dissolved aromatic hydrocarbons are significantly more 1051 

harmful, even though their concentration is typically low. The fraction of these components 1052 

will depend on couple of factors, such as the temperature, pressure, crude oil and water 1053 

composition (including pH) and flow characteristics. For this reason, studies on the 1054 

partitioning of water-soluble components from crude oil to water phase are also important. 1055 

Many tests involving partitioning typically include the use of the shake flask method [183], 1056 

however, as the crude oil contains surface-active components and tends to create emulsions, 1057 

this method is scarcely used for crude oil-related experiments. Instead, gentle shaking [26, 1058 

184, 185] or mixing [21, 186, 187] of the two phases over an extended period is the preferred 1059 

way of promoting mass transfer from one phase to another. With the former, the extraction 1060 
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process can be quite lengthy due to low interfacial area, while the latter cannot be used if 1061 

interfacially-active components are in the system, due to the risk of emulsion formation and 1062 

sampling issues. An interesting setup to study partitioning in high-pressure and temperature 1063 

conditions was developed by Bennett and Larter [188]. They used segmented flow in a long 1064 

steel coil to induce faster equilibration through increased interfacial area and better mixing. 1065 

The coil was placed in an oven to control the temperature of measurements, whereas 1066 

pressure was regulated with valves. The setup was later upgraded to use live oil (i.e. crude oil 1067 

with dissolved natural gas) in addition to dead oil [189] (Figure 18), and work in lower 1068 

temperature range, simulating subsea oil production conditions [190]. Considering the flow 1069 

rates and tubing diameters, this idea bears some resemblance to microfluidic extraction 1070 

methodologies, for example presented by Breisig et al., who studied droplet-based liquid-1071 

liquid extraction [191]. Although the mass transfer studies in microfluidics are considerably 1072 

faster and more efficient, and have already been used for studying extraction in crude oil 1073 

systems [192, 193], to the best of our knowledge, these tools have not yet been applied to 1074 

study mass transfer between crude oil and water. More on microfluidic extraction methods 1075 

can be found in other reviews [194, 195]. 1076 

6. Conclusions 1077 

The amount of generated produced water will only continue to increase in the future, 1078 

therefore efficient water treatment processes are crucial for the oil and gas production. The 1079 

environmental regulations of acceptable quality of produced water discharged are becoming 1080 

stricter. This makes alternative ways of disposal (e.g. re-injection) more appealing. Better 1081 

understanding of produced water composition and properties plays a key role in these 1082 

processes. Fundamental phenomena, such as coalescence or partitioning, has a significant 1083 

impact on the separation performance and, in the end, the discharged produced water 1084 

quality. Since these fundamental processes can be affected by several factors during 1085 

petroleum production, it is paramount to perform experimental measurements to obtain 1086 

knowledge on the decisive (chemical and colloidal) aspects impacting performance during 1087 

produced water treatment. 1088 
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 1544 

TABLES 1545 

Table 1 Basic properties of produced water and seawater. Based on [8, 9, 18] 1546 

Parameter 
Produced water 

Seawater 
North Sea World 

Density [kg/m3] 1 014 – 1 085 1 014 – 1 140 1 020 – 1 029 
Temperature [°C] 3 – 80 N/D 3 – 17 

pH 6 – 7.7 4.3 – 10 7.6 – 8.3 
Surface tension [mN/m] N/D 43 – 78 72 – 73 

Total Organic Carbon 
[mg/L] 

0 – 1 500 0 – 1 

Total dissolved solids 
[g/L] 

Similar to seawater  0.1 to 300 Ca. 35 

 1547 

 1548 

Table 2 Concentrations of inorganic ions in produced water and seawater. Based on [27]. 1549 

Ion 
Concentration [mg/dm3] 

Produced water Seawater 
Cl- 12 400-81 000 18 800-20 800 

HCO3- 420-1430 134-155 
SO42+ 18-1 650 2 810-2 960 
Na+ 5 000-43 600 10 700-11 500 
K+ 160-744 472-564 

Mg2+ 25-791 1 180-1 322 
Ca2+ 151-5 700 393-427 

Fe2+/3+ 1-33 0-0.5 
Ba2+ 1-218 0-0.1 

 1550 

FIGURE CAPTIONS 1551 

Figure 1 Crude oil and water production profiles for the Heidrun oilfield in the North Sea. 1552 

Based on [196] 1553 



47 
 

Figure 2 Offshore discharge of produced water. Discharge point is typically located under 1554 

the platform (a), 10-20 m below the sea level. High dispersed oil concentration in the 1555 

discharged waters can lead to an oily layer on the surface of the sea (b). Pictures courtesy of 1556 

Eilen Arctander Vik, Aquateam COWI, anonymous sites 2008 & 2009. 1557 

Figure 3 Micrographs of produced water from the production separator. Pictures from 1558 

Aquateam COWI, anonymous site 2009. 1559 

Figure 4 Schematic of an offshore crude oil, natural gas and water processing. 1560 

Figure 5 Distribution of organic species (left) and detailed distribution of organic acids in PW 1561 

samples (right), based on [6]. BTEX – Benzene, Toluene, Ethylbenzene, Xylene; PAH – 1562 

Polycyclic aromatic hydrocarbon. 1563 

Figure 6 Consecutive stages of coalescence: approach, contact, film rupture and formation 1564 

of a new droplet. 1565 

Figure 7 Illustration of the Marangoni effect during film drainage between two oil droplets 1566 

in water. 1567 

Figure 8 Snapshots of a droplet spreading around a bubble. From left to right: approach 1568 

(first two pictures), contact, thin film breakage, spreading and an oil-coated bubble. 1569 

Figure 9 Bubble-droplet attachment mechanisms. 1570 

Figure 10 Image sequences of a drop breakup in a stirred tank. Figure reprinted from [100], 1571 

Copyright (2015), with permission from Elsevier. 1572 

Figure 11 Various coalescence measurement setups: (a) drop-interface, (b) drop-drop with 1573 

optical detection and (c) drop-bubble micromanipulator (DBMM) with optical detection and 1574 

capillary pressure measurements. Figure 11a reprinted from [105], Copyright (2002), with 1575 

permission from Elsevier. Figure 11b reprinted from [106], Copyright (2011), with 1576 

permission from Elsevier. Figure 11c reprinted with permission from [73], Copyright (2015) 1577 

American Chemical Society. 1578 

Figure 12 Microfluidic chip and setup for studying coalescence of crude oil drops. Figure 1579 

reprinted from [123], Copyright (2018), with permission from Elsevier.  1580 
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Figure 13 Mixing apparatus for following the evolution of drop size distribution with light 1581 

scattering technique. Figure reprinted from [144], Copyright (2006), with permission from 1582 

Wiley.  1583 

Figure 14 Setup for studying spreading of oil droplet on air-water surface. Figure reprinted 1584 

with permission from [141], Copyright (2018) American Chemical Society. 1585 

Figure 15 Drop-bubble micromanipulator for studying interactions between bubbles and 1586 

crude oil droplets. Figure reprinted with permission from [73], Copyright (2013) American 1587 

Chemical Society. 1588 

Figure 16 Microscopic pictures of crude oil droplets in water: (a) covered with BaSO4 1589 

particles and (b) after alkaline/surfactant/polymer flooding. Figure 16a reprinted from [83], 1590 

Copyright (2016), with permission from Elsevier. Figure 16b reprinted and adapted from 1591 

[128], Copyright (2002), with permission from Elsevier.  1592 

Figure 17 Extracted ion chromatograms with increasing mass ranges. Figure reprinted with 1593 

permission from [179], Copyright (2018) American Chemical Society. 1594 

Figure 18 Setup for measuring partition coefficients between water and crude oil. Figure 1595 

reprinted from [189], Copyright (2003), with permission from Elsevier. 1596 
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