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ABSTRACT

Growing energy demand associated with improved living standards and rising population
has increased the consumption of petroleum-based energy sources. To bridge the gap
between demand and supply of petroleum-based energy resources, enhanced oil recovery
and exploration of new nonconventional resources including shale gas, coal bed methane
gas, and tight gas have gained popularity. These new techniques, however, use relatively
fresh water and produce huge volumes of highly contaminated produced water. From
compositional and potential treatment options, bilge water can also be included in the cate-
gory of produced water. This work provides an overview of the investigations carried out
for the removal of oil and greases using a membrane bioreactor and various other mem-
brane operations. An analysis of a current and future scenario of produced water generated
through conventional and nonconventional sources of energy and the perspective of pro-
duced water treatment in Saudi Arabia are also given. Finally, a cost estimation for the
treatment of produced water using membrane operations is discussed.

Keywords: Produced water; Produced water treatment; Membrane operations

1. Introduction role of oil and gas in modern civilization is well known
and demand for them has even accelerated. It has been
estimated that the daily consumption of petroleum will
increase to 106.6 million barrels by 2030. Like all other
industrial activities, the production of oil and gas is
also associated with the generation of liquid waste

Despite the increasing emphasis on the use of
alternative and renewable resources for energy, the
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streams, mainly wastewater that accounts for 80% of
the wastes for newly drilled oilfield wells and up to
95% for the mature wells [1]. The wastewater pro-
duced by the oil and gas industry is referred to as oil-
field produced water or natural gas produced water or
produced water (Fig. 1). Global produced water pro-
duction is 250 million barrels per day [2], whereas in
the US the reported average production is 10 bbl/bbl
of oil [3]. Recent and forecasted surge in volume of
produced water in the world and in North America
since 1990 and forecast in 2025 has been addressed in
some recent studies [2,4]. By 2030, an investment of 1
trillion dollars will be required to maintain the produc-
tion of oil and the major part of this investment will be
spent for handling the waste [4,5].

At the moment, the most documented information
about volume, characteristics, and management strate-
gies of produced water (and in particular of shale
gas-based produced water) is based on the reservoir
established in the US.

Regarding produced water composition, this is
determined by its source, geographical location and
also varies with the life period of the well.

Table 1 summarizes natural gas and oilfield
produced water parameters.

The main sources of oilfield produced water are
the water injected into the reservoir to maintain the
high hydraulic pressure and the water that breaks
through from the outside into the reservoir as the oil-
field gets mature. Additionally, it contains all the
chemicals added during the production process. In
general, oilfield produced water is a complex mixture
of different components including organic and inor-
ganic fractions, dissolved and dispersed oils and
greases, production chemicals, formation water, dis-
solved gases, and production solids. Benzene, toluene,
ethylbenzene, xylene (BTEX), polyaromatic hydrocar-
bons, and phenols constitute the main fractions of dis-
solved and dispersed oils, whereas the mineral or
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Table 1
Constituents of natural gas and oilfield produced water [2]

Minimum value Maximum value

(ppm) (ppm)
Parameter OFPW GFPW OFPW GFPW
pH 4.3 3.1 10 7
Conductivity - 42,00 - 586,000
TDS - 2,600 - 360,000
TSS 1.2 14 1,000 5,484
BOD - 8 - 2,870
COD - 2,600 1,220 120,000
Aluminum 310 0 410 83
Arsenic 0.005 0.004 0.3 151
Barium 1.3 0 650 1,740
Bromide - 150 - 1,149
Chromium 0.02 0 1.1 0.03
Copper 0.002 0 15 5
Iron 0.1 0 100 1,100
Lithium 3 18.6 50 235
Magnesium - 09 - 4,300
Nickel - 0 - 9.2
Potassium 24 149 4,300 3,870
Silver 0.001 0.05 0.15 7
Sodium 132 520 97,000 120,000
Strontium 0.02 0 1,000 6,200
Zinc 0.01 0 35 5
Benzene 0.03 0.01 35 10.3
Oil/ greases 2 2.3 565 60

Notes: (-) not given, OFPW: Qilfield produced water, GFPW: Gas
field produced water.

inorganic components include various anions and
cations, heavy metals, and radioactive elements [6].
Produced water from gas wells is enriched in small
molecular aromatic hydrocarbons such as benzene,
toluene, ethylbenzene, and xylene (Table 1) and is,
therefore, considered more toxic than that from oil
wells. The toxic ratio of gas and oilfield produced

| Natural gas production ‘
* *
| Conventional l l Nonconventional |
£ + : |
Shalegas ‘ | Coal bed gas ] [ Tight gas |

Fig. 1. Main sources of produced water.
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water proves to be 10 [7]. The difference in volume
from the two resources (60% of the produced water in
the world comes from the oilfields) is however signifi-
cantly large, thus counterbalancing the overall harmful
impact. Besides the toxicity, the other characteristics of
the water including pH and chloride contents from
two sources may also significantly differ.

In both cases, the elevated concentrations of heavy
metals (including beryllium, cadmium, chromium,
copper, iron, lead, nickel, silver, and zinc) along with
the natural radioactive radionuclides and the hundred
ppm of organic matters speak fairly about the toxic
nature of the produced water. The diluted and treated
form of produced water mixed with seawater does not
create environmental hazards; however, in the case of
discharge near to the coastal areas or onshore, the
high toxicity of the components of produced water
creates serious hazards to human and other living
beings. Moreover, the long-term discharge of the
water containing even small fractions of hydrocarbons
has serious consequences. According to the US Envi-
ronment Protection Agency, the presence of benzene
can cause cancer and other diseases; therefore, special
attention must be focused on the treatment of pro-
duced water before discharging into the environment.

Another type of wastewater that can be considered
a subcategory of produced water is “bilge water.” Bilge
is the term used to describe the lowest compartment
on a ship where water and oil mainly leaked from the
ship accumulate besides the piping and other mechani-
cal and operational resources. The composition of bilge
water comprises oil, lubricants, cleaning fluids, sol-
vents, urine, and other similar wastes. Both gravity
separable and emulsified phases are present in bilge
water and both require attention for successful treat-
ment. The off-board discharge of bilge water is forbid-
den by law. Bilge water can be either accumulated
within the ship in holding tanks and discharged to the
reception facilities or can be treated on board, accord-
ing to the availability of the facility. Tomaszewska
et al. [8] have estimated bilge water production as
0.5-50 m” per day per boat and contributes as much as
20% of the total production of oily water worldwide.

Taking into account that most of the oil- and gas-
producing regions lie in the water-stressed zones
(which is particularly true for the Middle East, Africa,
and southern parts of North America, www.data
pages.com, and Inter Press Services, www.ipsnews.net),
the general tendency is to treat and reuse produced
water, focusing on efforts to find efficient and cost-ef-
fective treatment methods to remove pollutants as a
way to supplement their limited fresh water resources.
Reuse and recycling of produced water include under-
ground injection to increase oil production, use for
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irrigation, livestock or wildlife watering and habitats,
and various industrial uses (e.g. dust control, vehicle
washing, power plant makeup water, and fire control)
[2]. The management decision is purely based on eco-
nomics and a detail of various considerations affecting
the final decision can be found in reference [9].

The state-of-the-art practice for wastewater treat-
ment includes various physical, chemical, and biologi-
cal methods, leaving produced water disposal as the
final option. The main demerit of discharge is its envi-
ronmental impact due to the pollution of soil, fresh
and underground water caused by the dissolved
organic compounds, and chemicals and heavy metals
present in the produced water; however, their long-
term effects on the environment are not fully docu-
mented and understood so far. On the other hand, the
new stringent rules and regulations emphasize more
effective treatments.

The main purpose of the present paper is to
summarize current technologies and in particular
membrane technologies available to treat produced
water, underlining advantages and drawbacks, and to
discuss future development needs to meet discharge,
reuse, and recycle standards.

2. Case study: produced water management
perspectives for Saudi Arabia

A large amount of produced water is present in
Saudi Arabia. In this country, a better understanding
of the produced water characteristics, the present
management practices, the technical challenges, and
the potential areas for future technology development
can be gained by first reviewing briefly its origin.

Large quantities of seawater are treated at a central
plant in Qurayyah. The present capacity of the
Qurayyah seawater treatment plant is 1,40,00,000
barrels per day (16,70,000 m3/d) [10]. The treated
seawater is then transported through six large cross-
country pipelines over great distances, passing
through a number of intermediate stations, to a sys-
tem of more than 600 injection wells along the flanks
of two major oil fields, Ghawar and Khureis, where it
is used for oilfield pressurization [10].

The raw crude oil mixture coming out of the pro-
duction wells is sent to a gas oil separation plant,
where a series of operations is carried out in order to
separate the various phases present. Since the water
used for oil field pressurization is seawater, the salin-
ity of the produced water is typically very high. An
indication of the quality of the produced water can be
gleaned from the typical water analysis presented in
Table 2, taken from Alkhudhiri et al. [11].
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Table 2

Representative analysis of produced water from the Arabian Gulf [11]
Sodium (ppm) 65,372

Calcium (ppm) 14,161

Magnesium (ppm) 2,773

Potassium (ppm) 2,671

Strontium (ppm) 409
Barium (ppm) 5.52
Boron (ppm) 31.7
Lithium (ppm) 5.6

Silicon (ppm) 2.96

Chloride (ppm) 119,437
Sulfate (ppm) 573
TDS (ppm) 187,440
Hardness (ppm) 53,621
Alkalinity as CO;? (ppm) 0
Alkalinity as HCO; (ppm) 82.4
Total alkalinity (ppm) 119

The high salinity of produced water in Saudi oil
fields makes it very challenging to desalinate or reuse
for anything other than re-injection into the oil field.
Re-injection decreases the quantity of seawater
needed, which is the main management strategy prac-
ticed at present. Even this reuse purpose, however,
places certain demands on the quality of the injected
water for safe continuous operation of the production
wells and the prevention of blockages at various
stages. The prevention of scale formation is one of the
quality requirements. Often there can be significant
quantities of barium and strontium in the formation
rocks, and when seawater is used for injection, the
high levels of sulfate typically present in seawater can
lead to precipitation of the sparingly soluble Ba and Sr
sulfates. This can lead to scale formation and associ-
ated problems. In such cases, there may be a need to
lower the levels of sulfate in the water before injection.
This can be achieved by various means, notably
nanofiltration is particularly effective for this purpose.

The pore size characteristics of the reservoir forma-
tion and the need to preserve its permeability can be
translated into specifications on the maximum allow-
able particle size in the injected water. Suspended
particles larger than the allowed size can lead to
blockage of the formation pores and consequent
decrease in production, and thus must be removed
from the produced water if it is to be re-injected. Simi-
larly, oil suspended in water can have a detrimental
effect on the process of re-injection, and must there-
fore be reduced and controlled.

With the increasing adoption of enhanced oil
recovery technologies, the composition of oilfield pro-
duced water will increasingly contain additional
components that need to be treated. For example, in
the practice of polymer flooding long chain polymers
are added to the injected water in order to increase
the viscosity, thus achieving a better sweep of the oil
in the formation. Along these lines, the Industry Tech-
nology Facilitator (ITF), a nonprofit organization
owned by a group of major oil and gas companies,

whose objectives include the identification of technol-
ogy needs for the industry, issued a call for proposals
(CFP) in May 2012 [12] focusing on produced water
management in the GCC states. The CFP issued by
ITF identified several key challenges related to pro-
duced water management, the first of which related to
the treatment of water with back produced polymer
where polymer flooding is used. The oil industry is
interested in the development of a treatment technol-
ogy that can separate the back produced polymer
from the produced water, preferably without degrad-
ing the polymer, thus allowing it to be reused. The
treatment technology sought needs to be robust in
terms of the range of viscosities it can handle (up to
60 cP). In addition to the separation and recovery of
injected polymers, there is also a need for desalination
technologies that can cope with the presence of back
produced polymer in the feed water.

The other major challenge, or group of chal-
lenges, identified by the ITF relates to the safe dis-
posal or re-injection of produced water in order to
comply with local legislation. The industry acknowl-
edges the potential risk of contaminating the water
table if the produced water is not treated effectively
before disposal, and current treatment technologies
have not been entirely satisfactory in meeting set
limits [12]. The Regional Organization for the Protec-
tion of the Marine Environment (ROPME) protocol
for overboard discharge is 15mg/L oil in water
(OIW), and local Environment Ministries set a limit
of 40 ppmv OIW.

The huge volumes of water that will need to be
treated, expected to reach 100,000 bpd in the next
3 years [12], makes this a formidable task. Notably,
increasing volumes of water that must be handled by
produced water treatment systems means that these
systems can become bottlenecks for increasing or con-
tinued oil production. This demands treatment tech-
nologies that are reliable and robust enough to be
implemented on a large scale while minimizing dis-
ruptions to the oil production process.
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There is also a need, on a smaller scale, to develop
technologies capable of desalinating very high salinity
produced water for use in steam generation. Typical
salinities of produced water in region exceed
50,000 mg/L, with the maximum often being much
higher than 120,000 mg/L.

3. Produced water management

Different operations can be applied to remove vari-
ous components from produced water including oil
and greases, dissolved organic compounds, soluble
salts, bacteria and viruses, and other miscellaneous
impurities. A description of the treatments applied to
remove various types of contaminants is reported in
the following section.

3.1. Oil and grease removal

Oil and greases in produced water are present in
the form of free oil, dispersed oil, and emulsified oil.
The stringent environmental regulations and laws put
quantitative restrictions on the discharge of water con-
taining oil and greases [13]. A number of techniques
have been practiced to remove oil and greases from
produced water (Fig. 2). The choice of the treatment
technology is determined by the size of the oil dro-
plets rather than the final quality of the treated water.
Free oil and dispersions with large oil droplets favor
the floating of oil droplets on the surface due to their
large size and high rise velocity. Small size particles
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can form an emulsion that complicates the separation
of the two phases. It is often the combination of more
than one technique that is fruitful for the treatment of
emulsions. In general, in a first step, the emulsions are
destabilized by the coalescence of small particles. The
latter can be removed in subsequent steps through
various conventional methods. Therefore, droplet size
distribution of the oil plays a decisive role in dictating
the final separation technique for oil removal [14].

The commonly used treatment methods include
API gravity separator, hydrocyclones, corrugated plate
separator, media filters, induced gas floatation cen-
trifuge, membrane filters, etc. [17,18]. However, each
technique has its associated drawbacks: gravity
separation is usually applied to remove oil from a
mixture; however, it is basically effective only in
removing free oil. Hydrocyclones cannot remove oil
droplets smaller than 10-15 microns and require a gas
floatation vessel at the downstream end. But gas
floatation involves the use of a large amount of air
and needs high retention time. Membrane filters can
remove particles as small as 0.01 microns.

It is also important to note that the final selection
of the treatment method is also according to the loca-
tion of the plant, whether offshore or onshore. In the
case of offshore installations, the treatment method
should be fast, as the accumulation of water in ponds
for a long period of time is not feasible. Moreover, the
addition and storage of chemicals can cause extra
problems of disposal methods and availability of
storage place, respectively. Additionally in the case of
offshore discharge, the performance of the plant can

i A 4
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Fig. 2. Separation of oil/water emulsion from produced water [15,16].
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be strongly determined by the weather conditions
[19].

3.2. Dissolved organics removal

The extraction of heavy hydrocarbons using light
hydrocarbons has been used by some oil producers to
remove the dissolved organics from the produced
water [20]. Adsorption is another widely used tech-
nique for the removal of soluble organics [21]. The
adsorption columns containing adsorbent media retain
the hydrocarbon on the surface of the adsorbent.
Highly porous solid materials with a large surface
area are the preferred adsorbents. The commonly used
adsorbents include nutshell media, activated carbons,
and different organic clays [22]. The requirement of
high retention time is the main concern regarding the
adsorption technique as it limits the efficiency of the
entire process. Moreover, the carbon granules are sus-
ceptible to fouling and require backwashing, a waste
stream of carbon is produced and some pretreatment
is required before introducing the feed into the sys-
tem. The soluble organics can also be oxidized to con-
vert them into carbon dioxide that can be easily
removed. Ozone and hydrogen peroxide are the most
commonly used oxidizers [23]. The use of peroxide,
however, may result into the toxic residue. On the
other hand, the energy input for ozone system is con-
siderably high. Ultraviolet light and some advanced
oxidation processes have also been tested for removal
of soluble organics. Ultraviolet technique is not effec-
tive in removing heavy metals, dispersed oil, salinity,
and ammonia. The energy requirement of the process
is also high and UV lamp can foul. The plants and
micro-organisms can also be applied to treat the water
containing dissolved organics. The main drawbacks of
biological treatments include large surface area, high
residue times, the buildup of oil, and iron hinder the
biological activities, formation of the calcium deposits,
and resultant gases and sludge require treatment.
Membrane bioreactor (MBR) has been also investi-
gated to remove oil and greases, chemical oxygen
demand (COD), and total organic from the produced
water as it will be described in Section 4.

3.3. Desalination

Produced water contains high amount of sus-
pended and dissolved solids. Total dissolved solids
vary from less than 2,000 ppm to more than
150,000 ppm [24]. The treatment method applied
depends upon the amount of solids and the compati-
bility of the operation with the other impurities
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present into the water. The commonly used techniques
include evaporation, distillation, membrane opera-
tions, electrical methods, and ion chemical techniques.
Thermal techniques have been the main players on
the market for the removal of solids from wastewater.
Evaporation can eliminate several steps of physical
and chemical treatment. Falling film evaporators have
gained significant popularity. Rapid spray evaporation
and freeze-thaw evaporation are two commercial ver-
sions of the evaporation technique. Thermal distilla-
tion is another commonly applied technique. Other
thermal techniques include vapor compression,
multieffect distillation, combination of multieffect dis-
tillation and vapor compression, and multistage flash.
However, all these thermal operations are energy con-
suming, require a large footprint and scaling is pre-
sent. In Section 4, membrane-based operations for the
treatment of produced water will be described.

3.4. Disinfection

Micro-organisms including bacteria, viruses, and
algae are either naturally present in produced water
or they are introduced to achieve de-oiling of the pro-
duced water. They can cause the scaling or contamina-
tion downstream. Advanced filtration is the most
commonly used technique applied for disinfection.
Other techniques include ozone treatment, chlorina-
tion, ultraviolet treatment, and pH reduction.

4. Membrane-based treatments

The conventional operations employed for the
treatment of produced water have certain limitations
including the use of toxic chemicals, a large footprint,
and the creation of secondary pollution. Moreover,
conventional methods might be not sufficient to fulfill
the new tight environmental regulations. Membrane-
based operations have been declared to be the promis-
ing candidates for wastewater treatment and reuse in
the twenty-first century. They are also showing grow-
ing potentialities in solving all the problems related to
the purification of produced water due to their intrin-
sic characteristics of efficiency and operational simplic-
ity, high selectivity and permeability for the transport
of specific components, low energetic requirement,
easy control and scale-up. Fig. 3 summarizes the
membrane processes that can be utilized for produced
water treatment.

A summary of the membranes applied for the
treatment of produced water with different objectives
is reported in Table 3. It is evident from the table that
different membrane operations have been tried for
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Membrane based processes for treatment of produced water

Pressure driven processes

Electrochemical processes

Thermally driven processes

v

Electrodialysis

l l Membrane distillation

Electrodialysis reversal Electrodeionization

! ! ! !

Ultrafiltration Nanofiltration

!

Reverse Osmosis Integrated processes Forward osmosis

Fig. 3. Schematic of membrane processes for produced water treatment.

produced water from various sources. The mentioned
studies also point out that these operations are techni-
cally and economically feasible for produced water
treatment by applying both polymeric and ceramic
membranes. The table indicates that for pressure-dri-
ven membrane processes for produced water treat-
ment, the availability of the membranes is not an issue
as most of the membranes mentioned are commer-
cially available. It implies that more focus should be
devoted on process improvement (mainly fouling
reduction) to enhance the process performance.

A comparison of some treatment techniques on the
basis of the energy consumption, the handleable and
achievable salinity level is shown in Fig. 4. The hori-
zontal length of each bar represents the salinity level
the technologies are able to handle, while the thick-
ness of each bar indicates the range of corresponding
energy requirement. A common look at Fig. 4 and
Table 1 indicates that state-of-the-art RO-based
desalination technologies may not be sufficient to treat
produced water with high salinity content. Brine con-
centrator and crystallizer are able to treat solution
with very high TDS, but their energy consumption is
very high. This scenario highlights the importance of
using advanced membrane operations discussed in
Sections 4.4-4.6 for produced water treatment.

4.1. Pressure-driven membrane processes: microfiltration
and ultrafiltration

Microfiltration (MF), ultrafiltration (UF), nanofiltra-
tion (NF), and reverse osmosis (RO) are well-estab-
lished membrane-based operations and can be applied
for the removal of species with specific range of sizes.
MF is generally implied for the removal of suspended
solids, whereas UF can be used to remove color, odor,
viruses, and colloidal organic matters. UF is effective
also in the removal of oil from produced water. Both
ceramic and polymeric membranes can be employed

for MF and UF. All these processes can be used either
as pretreatment or as a final treatment step according
to the required quality of the produced permeate.
Various studies can be found in the literature
related to the application of MF and UF to produced
water treatment and a comprehensive review has been
recently published by Alzahrani and Mohammad [33].
Mueller et al. [34] studied the performance of cross-
flow microfiltration using ceramic and polymeric
membranes. The membranes showed excellent perfor-
mances in terms of oil removal; however, they were
prone to fouling. In ceramic membranes, both internal
and external fouling were observed and the membrane
character was altered from hydrophilic to hydrophobic
as a result of fouling. The addition of suspended solids
reduced the intensity of fouling. Campos et al. [35]
used the combination of microfiltration and air-lift
reactor containing polystyrene particles as support.
The reactor was operated at three different hydraulic
retention times. The removing efficiency of only micro-
filtrated sample for COD, TOC, O&G, and phenols was
35, 25, 92, and 35%, respectively, whereas for the com-
bined process removal efficiencies of 65% COD, 80%
TOC, 65% phenols, and 40% ammonium were attained
even at the lowest retention times. Deriszadeh et al.
[36] used the combination of UF and micellar-en-
hanced ultrafiltration (MEUF) to remove the organic
contaminants from the natural produced water. Simple
UF was applied to remove free oil droplets and sus-
pended solids, whereas MEUF was tested to check its
feasibility in the removal of dissolved organics. A
treatment train consisting of two-stage UF followed by
a third-stage MEUF was able to remove free oil dro-
plets, suspended solids, and rejected more than 95% of
the soluble organics. Faibish and Cohen [27] modified
a zirconia-based ultrafiltration membrane with poly
(vinylpyrrolidone) and compared the performance of
modified and unmodified membrane against an oil/
water microemulsion and a commercial cutting oil
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Table 3

Membranes used for produced water treatment in various investigations

Membranes

Operation Feed Trade name Material Supplier Refs.

RO Natural gas produced TFC-HR Koch Membrane [25]
water Systems

ULPRO Natural gas produced TFC-ULP Koch [25]
water

ULPRO  Natural gas produced TMGI10 Toray America  [25]
water

NF Natural gas produced NF-90 Dow /Filmtec [25]
water

UF Model oily and bilge ~ FP 100 n.m Tomaszewska
wastewater membrane et al. 2005 [8]

RO Model oily and bilge =~ BW 3,040 and n.m [8]
wastewater SW 30,404

MF Oilfield produced - Cellulose Acetate n.m [26]
water

UF Oilfield produced - Ultrafilic Osmonics [26]
water

NF Oilfield produced NF200 Polyamide thin-film composite Film Tech [26]
water

RO QOilfield produced ST10, AG Thin-film Composite Osmonics [26]
water

UF Microemulsion and - Ceramic zirconia Rhodia Orelis [27]
cutting oil

UF Oilfield wastewater - PVC alloy hollow fiber Litree Co. China [28]

NF CBM and oilfield NF 270, NF 90 Polyamide thin-film composite FilmTec [29]
produced water

RO CBM and oilfield BW 30 Polyamide thin-film composite FilmTec [29]
produced water

UF Metalworking o/w Carbosep M308  Ceramic (ZrO,/TiO, Rhodia Orelis, [30]
emulsion and Carbosep supported on carbon active Miribel, France

M309 layer)

RO Produced water TFC-HR Koch Membrane [31]
extracted from Systems
sandstone aquifer

ULPRO Produced water XLE, TFCULP, Dow /Filmtec, [31]
extracted from TMG-10 Koch, Toray
sandstone aquifer America)

NF produced water NF-90, TFC-S, Dow /Filmtec, [31]
extracted from ESNA Koch,
sandstone aquifer Hydranautics

MD produced water from Lab-made polyvinylidene [32]
an oilfield fluoride (PVDF) hollow fiber

membranes
MD produced water from  MD020CP2 N Polypropylene (PP) hollow Microdyn-Nadir [32]

an oilfield

fiber membranes

emulsion. Both the fluids caused irreversible fouling of
the unmodified membrane which was not observed for
the modified one. The improved stability of the modi-
fied membranes was attributed to the narrowing of
pore defects as a result of modification. Li et al. [37]

developed and characterized a hydrophilic cellulose
acetate-based UF hollow fiber membrane with antifoul-
ing characteristics for oil water separation. The mem-
brane showed an oil retention of 99%. A flux reduction
was observed during the tests and was associated with
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Fig. 4. A comparison of desalination technologies on the
basis of energy consumption, feed concentration, and
maximum achievable salinity level (Source: GWI, 2011).

the concentration polarization phenomena. Addition-
ally, the membrane could function over a wide range
of pH. In another study, Li et al. [38] tested a PVDF UF
membrane modified with inorganic nanosized alumina
particles. The claimed retention of COD and TOC was
90 and 98%, respectively, whereas the oil content in
the permeate stream was below 1 ppm. The recovery
of the modified membrane after washing was reported
at 100%.

4.2. Pressure-driven membrane processes: nanofiltration and
RO

RO and NF are high-pressure-driven processes and
can be used to remove dissolved salts and other spe-
cies as small as 0.0001 um. However, in the case of
RO, there are certain challenges which can consider-
ably affect the efficiency of the process if not properly
controlled: the fouling and scaling of the membrane.
These problems can be minimized using an appropri-
ate pretreatment of the process. The integration of dif-
ferent membrane processes can be an efficient tool to
deal with these problems. An example can be found
in the work carried out by Xu and Drewes [31]
investigating potentialities and the fouling tendency of
low-pressure RO and NF, with and without MF as
pretreatment, in the purification of produced water.
The authors found that the membranes with high
permeability show more fouling. Furthermore, the
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hydrophobic and rough surfaces also accelerate the
fouling. The pretreatment including MF, pH adjust-
ment, and addition of antiscalant decreases the fouling
significantly. The use of anionic surfactant and caustic
cleaning restores the permeability more effectively
than hydraulic or acid cleaning.

Mondal and R. Wicramasinghe [29] proved that an
NF membrane with large pore size, smooth, and
hydrophilic surface presents less fouling but also
lower flux than that of an RO membrane.

NF and ultra-low pressure reverse 0smosis
(ULPRO) were compared with conventional RO by Xu
et al. [25]. The rejection of various constituents was
tested at low and high recoveries. The specific flux
was highest in the case of NF, whereas the rejection
was poor. The permeate quality from the ULPRO pro-
cess was similar to the conventional RO process,
whereas the specific flux was even higher. The operat-
ing and maintenance cost for the ULPRO was slightly
less than RO for drinking standard water and less
than NF for irrigation quality water.

4.3. Pressure-driven membrane processes: MBR

Another membrane operation suitable both as NF/
RO pretreatment and as produced water treatment is
the MBR. It combines the properties of a membrane
with that of a biological treatment providing a con-
siderable high level of physical disinfection. This
makes MBR especially suitable for reuse and recycling
of wastewater.

Some research activities have been devoted to
investigating the potential of MBR as a treatment step
to remove organics present in produced water. Pen-
dashteh et al. [39] applied MBR for the treatment of
real and synthetic produced water. The performance
of MBR for biodegradation of hydrocarbons with dif-
ferent organic loads was examined. The effect of salt
concentration on biological treatment of the pollutants
was scrutinized. The removal efficiencies achieved for
COD, TOC, and oil and greases were greater than 97%
for synthetic produced water. These values, however,
were slightly less for real produced water. The perfor-
mance was also determined by the salinity level of the
feed. Kose et al. [40] studied the effect of the severe
environment that bacteria are exposed to during treat-
ment of produced water. The overall removal effi-
ciency for COD was found to be more than 80-85%
for all the analyzed sludge retention times, though a
slight increase in COD removal was observed at
shorter retention times. The hydrocarbon removal effi-
ciency achieved was more than 99%. Kurian and
Nakhla [41] investigated the effect of hydraulic



14326

Table 4

Permeation properties of membrane bioreactor systems based on the configuration of the membranes

Removal efficiency (%)

TDS

Feed characteristics

COD

Refs.
[39]

0&G
90.8-97.2  90-98.9

TOC

COD removal

TOC 0&G
(mg/L) (mg/L) (mg/L) (mg/L)

HRT(h)
24-96

Membrane system Configuration

MSBR
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35,000-250,000 86.2-97.

137-1,650 15-1,050

562.5-6,750

Tubular cross-flow

ultrafiltration

[45]

>95%

100

n.m

200-460
495-607

24

Tubular membranes

IMBR

[15]
[41]

97.6-99.9
92-95

89.9-95.5
78-96

150-600
600-6,000

2-8

Hollow fiber membranes
Module ZW-1, Zenon

SBR

10,025-50,500

120-240

Aerobic MBR

environmental, Oakville

Hollow fiber
FS PE MF

[40]

60-85

80-85
~83

140 + 118 8,367 + 1,689

115-346

2,371 = 521

SMBR

[42]

89.2-95.5

64,400

600-1,800

48

MBR

retention time on COD, BODs;, ammonia, oil, and
grease removal using an aerobic coupled MBR. A con-
siderable increase in removal efficiencies was obtained
when the hydraulic retention time was increased from
5 to 10 days. Sharghi et al. [42] applied halophilic
bacterial consortium in a submerged MBR for the
treatment of high salinity oilfield produced water. The
MBR maintained low turbidity of the produced water
throughout the operational time of 112 d. An increase
in removal efficiency of O&G from 89.2 to 95.5% was
observed when the organic loading was increased
from 0.3 to 0.9 kg COD m3/d, while COD stayed
approximately constant at 83%. Kwon [43] proved the
superiority of MBR to treat BTEX and carboxylates
present into produced water as compared to the vapor
phase biofilter. Kose et al. [40] found that a hollow
fiber submerged MBR is particularly affective in
removing light hydrocarbons from natural gas oilfield
produced water. Zhang et al. [44] investigated a novel
method of treating produced water from polymer
flooding consisting of a combination of hydrolysis
acidification dynamic MBR-coagulation process. The
authors concluded that the water after treatment
meets the class 1 requirements for discharge estab-
lished by the National Wastewater Discharge Standard
of China.

The above discussion indicates that MBR technol-
ogy possesses an excellent potential to treat produced
water with various levels of BOD, COD, oil, and
greases. A summary of the MBR systems used, feed
characteristics, and permeate quality quoted in various
studies is provided in Table 4. The table shows that
MBR technology is capable to treat the produced
water containing a broad range of TOC, BOD, and oil
and greases. However, the major challenge in the case
of MBR was the fouling of the membrane, especially
when working with real produced water. Application
of innovative fouling reduction techniques practiced
for traditional MBRs can be useful to mitigate the foul-
ing in MBR applied for produced water treatment.

4.4. Electrochemical processes

Besides the pressure-driven membrane-based pro-
cesses, electrochemical charge-driven membrane-based
processes have been applied to treat the produced
water. Electrodialysis and electrodialysis reversal are
the two main examples in this context which involve
the separation of ions using an ion permeable mem-
brane to separate the dissolved ions under the influ-
ence of an electrical potential gradient. The ion
exchange membranes can selectively transport posi-
tively or negatively charged ions while restricting the
passage of the opposite ones. Thus in an electrodialysis
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stack, consisting of arrays of alternating negatively and
positively charged membranes, the density of charged
ions in one compartment increases, while dilution
occurs in the consecutive one. In electrodialysis rever-
sal, the polarity of the membranes can be changed to
control the membrane fouling and scaling [21]. The
critical factors affecting the efficiency of electrodialysis
or electrodialysis reversal process for the treatment of
brackish water or desalination include the current den-
sity of the membrane, the ionic concentration of the
solution, counter effects due to the transport of co-ions,
diffusion, and osmosis. The main drawbacks include
high treatment cost, fouling and the limitation to treat
relatively high salinity water [46]. The membrane must
be cleaned using dilute acidic and alkali solutions to
restore its performance. These challenges must be
addressed for successful competitive application of
these processes for produced water treatment.

4.5. Forward osmosis

Forward osmosis or natural osmosis utilizes a
dense membrane to separate two solutions with differ-
ent concentrations. The water from low concentrated
solution migrates to the high concentrated solution
due to the osmotic pressure gradient across the mem-
brane. The solvent moves due to its natural tendency
to migrate from the solution of high osmotic pressure
to the lower one, eliminating the need to apply
hydraulic pressure. The elimination of applied
hydraulic pressure attributes far less fouling in FO
than its counterpart RO. Moreover, the developed
fouling can be removed by hydraulic washing or
chemical cleaning. FO can remove all the particulate
matters and almost all the dissolved matters. The
theoretical recovery factor obtainable is quite high
and, at the same time, the associated energy consump-
tion and chemical demand is very low. The processes
based on the osmotic energy have not been practiced
yet for the treatment of produced water. However, the
lab-scale and pilot plant studies of this process have
shown a good potential to treat the water with differ-
ent levels of salinity gradient [47-50]. Hickenbottom
et al. [51] used forward osmosis to treat the water
from drilling wastes. A commercially available cellu-
lose triacetate-based semipermeable membrane casted
over a polyester support was used in the study. A
highly concentrated (260 g/L) NaCl solution served as
draw solution. The authors concluded that the use of
FO can greatly concentrate the produced water (up to
80% recovery) and can reduce the demand for a
freshwater source. The rejection of both organic and
inorganic contaminants was very high. The reduction
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in flux over the period of time was associated with
the dilution of the draw solution. The fouling could be
removed by osmosis backwashing to restore the initial
flux. FO possesses great potential for produced water
treatment. The issues of internal concentration
polarization, relatively low flux, and recovery of draw
solutions, however, need to be addressed.

4.6. Membrane distillation

Membrane distillation is an emerging thermal-
based membrane process with the potential to be
operated with waste or low-grade energy. The process
has several advantages over the state-of-the-art ther-
mal- and pressure gradient-based processes, the most
important of which are the possibilities of going
beyond the concentrations achievable through conven-
tional techniques and using alternative energy sources
(solar, wind, or geothermal). This is because typical
MD processes can be conducted at temperatures
below 70°C and driven by low temperature difference
(20°C) between the hot feed and the cold permeate.
Taking into account the waste grade heat available
with warm produced water, the latter can provide the
thermal energy needed to drive the MD separation
process for a cost- and energy-efficient liquid separa-
tion system [52]. Moreover, produced water coming
from steam-assisted gravity drainage can have a tem-
perature even higher than 100°C. The treatment of
water with such a high temperature using RO requires
cooling as prerequisite step, thus adding costs to the
process and at the same time causing the waste of the
energy associated with this water. Several studies
have revealed the potential of membrane distillation
to achieve a high recovery factor from various types
of brine and other concentrated solutions. Similarly, it
was demonstrated through several investigations that
membrane distillation has the potential to compete
with the RO process if the source of waste grade heat
or energy is available [32,53-56]. In the case of pro-
duced water, membrane distillation can be used to
achieve water of high purity due to the capability of
MD to reject theoretically all the salts, metals, and
other nonvolatile components [9].

Various current studies have investigated the
potential of membrane distillation to treat produced
water. Singh and Kamlesh [57] used porous PTFE flat
sheet membranes and simulated produced water with
temperature ranging from 80 to 130°C (corresponding
to feed pressure of 2-3 atm). The salinity level of the
utilized water was 10,000 ppm and phenol, cresol, and
naphthenic acid were added to reproduce produced
water composition closely. It was found that the water
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vapor flux remains unchanged with respect to the
presence of phenol, cresol, and naphthenic acid; how-
ever, the quantity of these compounds in the permeate
increases as the feed temperature is increased, whereas
no sodium chloride traces were found. It was con-
cluded that the utilized membrane maintained its
hydrophobic character throughout the experimenta-
tion. The quantity of phenol and cresol in distillate
was assumed due to the volatile nature of these com-
pounds. The highest flux achieved was as high as
195 kg/m? h. Macedonio et al. [32] tested different
polyvinylidene fluoride (PVDF) and polypropylene
(PP) hollow fiber membranes in direct MD contact for
desalting real high saline oilfield produced water.
Analysis of the collected permeates indicated that
overall salt rejection factor greater than 99% and total
carbon rejection higher than 90% were achieved.
Alkhudhiri et al. [11] proved also the feasibility of air
gap MD for the treatment of produced water. Recently,
Lee et al. [58] developed thermally rearranged poly-
benzoxazole membranes. Initially developed for gas
separation application due to the extraordinary gas
permeability of small gas molecules, the thermally
rearranged membranes exhibited very hydrophobic
characteristics, flux of about 65 L/m?h and virtually
no sodium chloride in the permeate of direct MD con-
tact. Moreover, the membrane maintained the
hydrophobicity for a prolonged period of time.

A membrane technology similar to membrane dis-
tillation and with great potential in produced water
treatment is membrane crystallization (MCr). The lat-
ter is an extension of membrane distillation and is able
to promote crystals nucleation and growth in a well-
controlled pathway, starting from under-saturated
solutions. The experimental evidence that can be
found in several published articles [59-61] validates
the effectiveness of MCr as an advanced method for
performing well-behaved crystallization processes.
One of the main advantages of MCr is that it does not
suffer significant limitations due to the osmotic pres-
sure of highly concentrated streams; therefore, MCr
could be employed in produced water treatment pro-
cesses for the production of freshwater and crystalline
compounds from waste streams, transforming the
traditional disposal cost in a potential new profitable
market. This technology was already tested in
desalination where it was proved that the integration
of MCr on NF and/or RO brine offers the possibility
of enhancing the water recovery factor, to produce
solid materials (such as NaCl and epsomite) and to
minimize brine disposal problem [62-69]. Moreover,
other products such as LiCl can be produced when
further increasing the concentration factor.
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Taking into account the high concentration of pro-
duced water, MCr could represent an additional
option for completely re-designing produced water
treatment processes, where the introduction of MCr
might determine substantial improvements in terms of
water quality, product recovery factor, overall cost,
and environmental impact.

5. Multitechnology processes

These processes are based upon the integration of
different operations (both thermal- and membrane-
based processes). An example can be found in the
plants of the petroleum industry using steam injection
for the enhancement of oil recovery. Thermal tech-
nologies are usually used to produce steam. Treated
produced water is used as feed for the steam genera-
tor. To facilitate and improve its life period, the feed
to the steam generator is treated through lime soften-
ing followed by filtration to remove silica, calcium,
and magnesium. Iron and hardness can be further
removed using weak acid cation. To obtain steam of
the required quality, in addition to the use of chemi-
cals and filtration, also liquid-vapor separator may be
required (such as mechanical vapor compression).

Conventional physiochemical processes have also
been combined with membrane-based treatment to
enhance the treatment quality of produced water.
Dual RO process with chemical precipitation can be
utilized to enhance the recovery of conventional RO
process by treating and concentrating the retentate of
primary or first-stage RO process [70]. The physico-
chemical processes are used to treat the RO retentate
of the first stage before introducing it into the second
stage. The chemical step includes the use of chemical
agents for the precipitation of sparingly soluble salts
followed by the filtration to remove the precipitated
salts. The total recovery of the entire process has been
reported as high as 95%. The main drawbacks of the
technique include excessive use of the chemicals
associated with the large footprint.

Different membrane- and nonmembrane-based
combinations to treat oilfield produced water were
examined by Cakmakce et al. [26]. The studied sys-
tems include dissolved air floatation (DAF), acid
cracking, coagulation (CA) with lime and precipita-
tion, cartridge filters (5 and 1 pum), microfiltration
(MF), and ultrafiltration (UF) as pretreatment steps,
whereas NF and RO were used as final separation
technologies. The use of NF brings the COD to the
required level; however, the effluent contains unac-
ceptable high level of salts that require the use of RO
after an appropriate pretreatment. They found
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experimentally that primary + oil/water separa-
tor + DAF system + 1 um ceramic or metallic cartridge
filter + 0.2 pm ceramic or metallic MF gave the best
pretreatment option in terms of permeate flux and
water quality before RO membranes.

Ozgun et al. [71] investigated the effect of different
pretreatment options including MBR and pressurized
MF and UF on the treatment of produced water using
NF and RO. The authors observed that the maximum
flux is obtained with MF/UF pretreatment combined
with NF, while MBR combined with RO gives the best
quality of the permeate in terms of conductivity and
COD.

Also Ebrahimi et al. [72] studied various pretreat-
ments (including MF, UF, and DOF) combined with
NF (as final treatment step). The study showed that
MF combined with NF can reduced the oil content to
93%, while UF + NF can reduce it up to 99.5%. How-
ever, removal of TOC was limited to 49% in both
cases. Zhong et al. [73] reported an oil removal effi-
ciency of ceramic UF membranes combined with floc-
culation as high as 99%.

Tomaszewska et al. [8] investigated the integration
of UF and RO processes to treat the bilge wastewater.
UF effectively removed oil down to 95%, all sus-
pended solids, and turbidity. The authors claimed the
removal of more than 70% of TOC and 90% of cations
and sulfates, whereas all the free oil was removed. It
was found that the treated water complies all the
wastewater treatment standards.

Qiao et al. [28] investigated the performance
characteristics of a hybrid system consisting of aera-
tion tank, air floatation system, sand filter, and UF
membranes for the treatment of produced water. It
was witnessed that the new design can reduce the oil
and solid contents down to 0.5 ppm and 1 ppm,
respectively. In addition, iron and various types of
bacteria can also be reduced down to an acceptable
level for the discharge standards.

6. Produced water treatment costs

The costs associated with managing and treating
produced water are greatly determined by the
composition of the raw water and the required fin-
ished water quality. Therefore, estimating the costs for
managing these waters is complex at best given the
wide variability in the chemistry of produced waters.
In some cases, the cost of treating the produced water
can be prohibitive to energy development ventures.

For inland production facilities, more than 60% of
produced water is commonly re-injected back into the
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wells that are geologically isolated from underground
sources of drinking water. Mondal and Wickramas-
inghe [29] report that re-injection costs vary from
$0.40 to $1.75 per barrel, while installation costs vary
from $4,00000 to $30,00,000 per well. In Table 5, vari-
ous cost estimates for produced water disposal meth-
ods can be found.

It has to be considered that the discharge of pro-
duced water can have different potential impacts on
environment depending on where it is discharged. It
can be a potential environmental risk for soil, surface,
and underground waters. On the other hand, as clean
water is a scarce resource, treating and reusing these
waters for beneficial applications (i.e. for irrigation,
industrial processes, or other nonpotable purposes)
can have significant economic benefits. Therefore, the
development and implementation of effective pro-
duced water treatment systems are vital both for pro-
viding a viable source of “potable or semipotable”
water and for preventing serious environmental dam-
age and for minimizing costs.

Cost estimates of different technologies for treating
produced water from coal bed methane and oil fields
are provided by [75,77]. The latter report that costs for
treatment of produced water ranges from 0.0016 to
1.75 $/bbl depending on the initial composition of the
produced water, the treatment technology, and the
desired final composition of the output water (Table 6).

As described in the previous sections, different
treatment technologies can be used to treat wastewa-
ter (i.e. physical or membrane separation, chemical or
biological methods). The main drawbacks of chemical
and biological methods are the high treatment cost,
the toxic chemical usage, and the space requirements
for installation [11]. Moreover, low efficiency, high
operating costs, corrosion, and possible recontamina-
tion are the disadvantages of conventional oily
wastewater treatment methods. Low-energy consump-
tion, low use of chemicals, and low susceptibility
toward feed composition are instead the advantages
of membrane operations. Camacho et al. [52] report
that electrodialysis treatment of produced waters con-
taining up to 10,000 mg/L of TDS requires only
$0.06/m> for power consumption (based on an elec-
tricity price of $0.6/kWh), certainly lower than the
current cost for well disposal. However, above
10,000 mg/L of TDS, the power cost of electrodialysis
can increase exponentially [76]. Cost analysis carried
out for MD operating at 50°C and with a recovery of
70% indicate a water cost of 0.72$/m> when the tem-
perature of the produced water fed to the MD plant is
50°C and 1.28%/m> when 20°C is the temperature of
the produced water fed to the plant [32]. Moreover,
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Table 5
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Produced water disposal methods and costs (adapted from [74])

Method Estimated cost ($/bbl)
Surface discharge 0.01-0.08
Secondary recovery 0.05-1.25
Shallow re-injection 0.10-1.33
Evaporation pits 0.01-0.80
Commercial water hauling 0.01-5.50
Disposal wells 0.05-2.65
Freeze-thaw evaporation 2.65-5.00
Evaporation pits + flowlines 1.00-1.75
Constructed wetland 0.001-2.00
Electrodialysis 0.02-0.64
Induced air flotation for de-oiling 0.05
Anoxic/aerobic granular activated carbon 0.083

Table 6

Treatment costs of selected produced water (adapted from [75] and [77])

Technology Cost $/bbl

Coal Bed Methane (CBM) disposal®
CBM electrodialysis®

CBM freeze crystallization®

Qilfield reverse osmosis®

from 0.10 to 1.75
from 0.29 to 1.04
from 0.24 to 1.04
from 0.20 to 1.68

Oilfield distillation® 0.67
Produced water de-oiling through API 0.0016
Produced water de-oiling through hydrocyclone 0.0028
Produced water de-oiling through API with chemical polymer 0.0908
Produced water de-oiling through induced gas flotation 0.0172
Produced water de-oiling and organic removal through API with chemical polymer and GAC 0.1517
Produced water de-oiling, iron, and organic removal through API with chemical polymer, 0.2613
chemical iron removal, and GAC
Produced water organic removal and partial demineralization through forced evaporation 1.11
“Cost depending on the desired final composition of the output water.
Table 7
Total cost (US$/1000 bal) of produced water treatment
Technology RO Flash RO + Flash Distillation RO + Distillation
With conventional crystallizer
23 38 40 31 36
Without conventional crystallizer
43 41 32 33 27

the sensitivity of changing different variables (i.e.
membrane type, driving force, MD recovery, and
membrane life-time) on the process economics was
also analyzed [32]. The achieved results suggest that
the higher are (i) trans-membrane flux, (ii) membrane
module recovery, (iii) membrane life-time, and (iv)

feed temperature, the lower is the cost of the treated
water.

Knutson et al. [77] estimate and compare the pro-
duced water treatment costs considering 10 different
technologies: (1) RO with crystallizer, (2) RO without
crystallizer, (3) multiple effect distillation (MED) with
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Table 8
Comparison of technologies for produced water treatment
Technology Objective Advantages Disadvantages
Biological Removal of organics, oil, Well-established technology for ~ Large footprints, long

aerated filters

Hydrocyclone

Flotation

Adsorption

Settling

Media filtration

Microfiltration/
Ultrafiltration

Nanofiltration

Reverse osmosis

ammonia, nitrogen, chemical
oxygen demand, iron,
magnesium, heavy metals, etc.

Removal of particulate and
dispersed oils

Removal of small suspended
particles and oil droplets,
volatile organics, and oil and
greases

Used as a unit process with the
capability of removing iron,
magnesium, TOC, BTEX
compounds, heavy metals, and
oil

Removal of particles by settling,

Used for the removal of oil,
greases, and TOC, only energy
requirement for backwashing

Can be used to remove
suspended solids, viruses, odor,
color, dispersed and emulsified
oil contents, etc.

Effective technology as softening
treatment for the subsequent
processes.

Possesses the capability to
produce drinking quality water
from produced water

produced water, informal
version requires minimum
equipment, nearly 100% water
recovery, no chemicals or
cleaning requirements, does not
require skillful operators, long
life

No moving parts, no post or
pretreatment required, no need
of chemicals or energy
Applicable for broader range of
TOC concentrations, excellent to
remove NOM, no post-treatment
required

No typical energy requirement
except in backwashing, can be
used as a good polishing step,
operation independent of the
brine composition

None, except for the pumping,
no requirement of the chemicals,
long-life time, no pretreatment is
required

Can be used for all salt
concentrations and
compositions, well-established
technology, 100% recovery of
water

Proven and mature technology,
can remove emulsified oil even
with very small droplet size,
removal of almost all
nondissolved carbon, high
expected life time, especially in
case of ceramic membranes,
small footprint, energy efficient
Ability to reject divalent and
radionuclide, mature technology
for water treatment, initial
positive results with produced
water, high product recovery,
energy requirement is less than
RO, disposal cost is minor,
automation may eliminate the
need for labor

Robust and well-proven
technology for seawater
treatment, system can be

operational time, limited
removal capabilities

Ineffective on soluble oils and
greases, the pressure drop is
higher, susceptible to abrasion
Droplet size and temperature-
dependent efficiency, cannot
remove soluble oils, coagulation
may be required

Regular back washing is
required as absorbent can easily
become overloaded, solid
material needs to be disposed,
may require chemicals for media
regeneration

Require large footprints, can be
subjected to stringent
environment regulations, liners
are required, operational quality
depends upon the retention
time, solid disposal is required
Backwashing is required,
frequent replacement of the
media may be required, disposal
of solid waste is required

Needs periodic backwash,
chemical cleaning may be
required, high quantities of iron
in the feed can cause irreversible
fouling

May require scale inhibitors and
pretreatment, not sufficient as
stand-alone technology for
produced water

Intensive pretreatment and
process integration is required
when considering for PW,

(Continued)
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Table 8 (Continued)

Technology Objective Advantages Disadvantages
automated, the integration and Intensive use of scale inhibitors
process modifications have and cleaning agents,
generated excellent results for mineralization or pH adjustment
produced water, can operate at  may be required in case of
broader ranges of pH produced water

Membrane Has the potential to produce Can utilize waste grade heat Not much studied process for
distillation ultrapure water often associated with produced produced water treatment, the

water, can completely reject all ~ specific membranes are not
nonvolatile present in the feed, available, no study

the performance is only slightly = comprehending the real
dependent upon feed operational problems
concentration, can be operated

at downstream end of RO or as

stand-alone technology for

desalination, can generate the

crystals from the brine

Forward Can concentrate produced water High rejection of all Draw solution needs

Osmosis to a very high level with contaminants. reconcentration.
rejection of most of the organic ~ Reversible membrane fouling. Periodic membrane cleaning.
and inorganic impurities Can achieve high water flux.
High salinity produced water
can be used as draw solution.

Multieffect Can be used to remove the salts Well established and mature Intensive energy requirement,
distillation and other solids desalination technology, extensive use of scale inhibitors,
(MED) applicable to wide range of TDS  pretreatment is required, special

focus must be placed on
avoiding scale formation

MED-VC Can handle the water of very A hybrid technology used to Scale inhibitors and antiscalant

Multistage flash
(MSF)

high salinity to give a product
of very high purity

Can achieve very pure product
from feed with high
concentration

treat the water with high
salinity level and to improve the
recovery factor, can be used to
achieve zero liquid discharge at
expense of high energy
consumption

Well-established technology
applicable to very high TDS
level

are required, the use of
chemicals for cleaning is another
issue, the specific energy goes on
increasing with an increase in
salinity level

Energy cost is high, extensive
use of chemicals as scale
inhibitors and cleaning agents

crystallizer, (4) MED without crystallizer, (5) multi-
stage flash distillation (MSF) with crystallizer, (6) MSF
without crystallizer, (7) MED after RO with crystal-
lizer, (8) MED after RO without crystallizer, (9) MSF
after RO with crystallizer, and (10) MSF after RO with
crystallizer. Crystallization has been considered for
achieving zero liquid discharge (ZLD). The achieved
results are reported in Table 7.

Produced water treatment with ZLD processes was
found to be less expensive than treatment without
ZLD, mainly owing to high costs for concentrated
brine disposal (in the costs evaluation, the cost of
brine disposal through underground injection in wells
was assumed to be $24 per 1,000 gal). Moreover, a

membrane system was found to be cheaper than the
thermal ones.

On the basis of the literature on produced water
treatment technologies cited in the present article, an
analysis of advantages and disadvantages has been
provided in Table 8.

7. Conclusions

In conclusion, from the data presented, the scale of
the produced water problem today and the growing
impact on the environment and the water stress in
future can be well understood. The traditional
methodologies applied up to now will be less
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appropriate in the next few years due to the increas-
ing demand for water treatment consistent with the
process intensification strategy.

Traditional membrane technologies (such as micro-
filtration, ultrafiltration, nanofiltration, and RO) are
already successfully competing with the other
methodologies and showing growing potentialities in
solving all the problems related to the purification of
produced water. It is interesting, moreover, to realize
that new membrane operations (such as membrane
distillation, MCr, membrane reactor, and specifically
MBR) might significantly contribute to minimizing
environmental problems, to maximizing possible
water reuse in an enhanced water oilfield or also in
water purification and reuse in different alternative
applications. Efforts for producing better membranes
for membrane operations (and specifically in mem-
brane distillation) are in progress and maybe, in the
next few years, they will become a reality.
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