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a b s t r a c t

While the world faces an increased scarcity in fresh water supply, it is of great importance that water
from industry and waste streams can be treated for re-use. One of the largest waste streams in the oil
and gas industry is produced water. After the phase separation of oil and gas, the produced water is left.
This mixture contains dissolved and dispersed hydrocarbons, surfactants, clay particles and salts. Before
this water can be used for re-injection, irrigation or as industrial water, it has to be treated. Conventional
filtration techniques such as multi media filters and cartridge filters, are able to remove the majority of
the contaminants, but the smallest, stabilized oil droplets (<10 lm) remain present in the treated water.
In recent years, research has focused on membranes to remove these small oil droplets, because this tech-
nology requires no frequent replacement of filters and the water quality after treatment is better.
Membranes however suffer from fouling by the contaminants in produced water, leading to a lower clean
water flux and increased energy costs. Current research on produced water treatment by membranes is
mainly focused on improving existing processes and developing fouling-resistant membranes. Multiple
investigations have determined the importance of different factors (such as emulsion properties and
operating conditions) on the fouling process, but understanding the background of fouling is largely
absent. In this review, we describe the interaction between the membrane and a produced water emul-
sion from a colloidal perspective, with the aim to create a clear framework that can lead to much more
detailed understanding of membrane fouling in produced water treatment. Better understanding of the
complex interactions at the produced water/membrane interface is essential to achieve more efficient
applications.
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1. Introduction

Produced water (PW) is the largest waste stream in the oil and
gas industry, with a global estimated 3:1 volume-to-product ratio
[1], adding up to an estimated volume of 21 billion barrels per year
in the US and 50 billion barrels per year in the rest of the world
over 2009 [2]. Therefore, regulations concerning produced water
are necessary to avoid discharge of this waste water into the envi-
ronment. In the North Sea Region, OSPAR regulations set the upper
limit for oil content in discharged water at 30 mg/L [3]. Treating
the vast amounts of PW in a cost-effective way on sometimes
remote locations (such as offshore platforms) demands smart
solutions, often a combination of several separation processes, so
the water can be safely discharged or re-used for other purposes.
Conventional treatment methods, such as hydrocyclones, gas flota-
tion, adsorption, media filtration and macro-porous polymer
extraction (MPPE) are able to remove most of the oil and other
harmful components from the PW [4].

Membrane technology is an emerging technology in the field of
PW treatment. Membranes can remove the smallest (<10 lm) and
most stable oil droplets from PW and can be tailored to the specific
properties of the oil well involved. All membranes, however, suffer
from fouling, in which a layer of oil, solids and other PW compo-
nents forms on the membrane surface. This leads to decreased flux
and thus increasing operating costs. Most membranes can be
cleaned, but this often requires extra chemicals or energy, as well
as downtime of the treatment installation. Reducing membrane
fouling and improving membrane operation can thus lead to a
decrease in operating costs and an increase in the application of
membrane technology for PW treatment. In literature numerous
examples can be found of optimized treatment processes, but sur-
prisingly little articles attempt to understand the background and
mechanics of membrane fouling [5–7]. In this review, we attempt
to give a base of knowledge to work towards understanding mem-
brane fouling in PW treatment with membranes. In the following
sections, we will first discuss the properties of PW from a colloidal
view, and the expected influence of the compounds found in PW on
the emulsion stability. After that, we will discuss membranes and
the surface chemistry taking place at the membrane surface, and
finally we will summarize multiple examples from literature on

the separation of both simple and complex oil-in-water emulsions,
including PW.

2. Produced water as an emulsion

PW is an oil-in-water emulsion, where the oily phase is dis-
persed in the aqueous phase, stabilized by surfactants. The compo-
sition of PW varies between oil fields and usually changes as the oil
field ages. The main components of PW are dispersed oil, dissolved
organics, suspended solids and dissolved inorganics. Additionally,
process chemicals such as corrosion inhibitors, biocides and
extraction enhancers can be added [8]. These molecules act as
surfactants and play an important role in the emulsion stability
of produced water. Typical values for produced water contents
are presented in Table 1.

In order to understand PW, we will first focus on some basic
principles of emulsions. Most emulsions are thermodynamically
unstable. Because the interfacial area between water and oil
increases when making an emulsion, the free energy in the system
increases, which can be described as

DF ¼ cDA ðJÞ; ð1Þ
where DF is the change in free energy, c is the interfacial tension
and DA is the change in interfacial area. As can be seen from
Eq. (1), making an emulsion costs energy. This necessary energy
can be provided by stirring or mixing at high speeds [10,11],

Table 1
Ranges and mean values of the main components of produced water as found in 23
samples from offshore oil platforms in Brazil. Benzene, toluene, ethylbenzene, xylene
(BTEX), polycyclic aromatic hydrocarbons (PAH), total organic carbon (TOC), total
petroleum hydrocarbon (TPH), total suspended solids (TSS) and salinity. Data
reproduced from [9].

Compound Range (mg/L) Mean (mg/L)

BTEX 1.4–20 4.9
PAH 0.44–0.61 0.53
TOC 86–971 307
TPH 86–971 10
TSS 1.9–106 11
Salinity 38,182–179,766 75,434
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