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Preface

Corrosion and fouling continue to be severe issues for modern society affecting all 
life aspects, including the water desalination industry. Many authors from different 
perspectives discussed the understanding of these two phenomena. However, within 
the context of sustainable and cost-effective freshwater production through desali-
nation, it is necessary in our opinion to address these challenges by assessing the 
progress of phenomena understanding, best engineering practices, and research and 
development efforts. We have made an effort in this direction to collectively present 
important aspects of corrosion and fouling and their control methods that are spe-
cific to the desalination industry. The term fouling here is used in a broader perspec-
tive that also includes inorganic scaling.

This book consists of three parts: (I) desalination processes, (II) corrosion in 
desalination, and (III) fouling in desalination. In each part, the authors recall funda-
mentals of the topic before discussing practical solutions and pending challenges 
for future efforts.

Part I (Chaps. 1, 2, 3 and 4) covers the key design components, performance 
indicators, economics, and challenges of conventional and unconventional desalina-
tion systems. Chapter 1 focuses on the concepts and system components of indus-
trial desalination systems and provides a detailed account of the different desalination 
techniques, their energy consumption, and environmental sustainability. Chapters 2 
and 3 respectively deal with the thermal and reverse osmosis desalination systems 
and provide interesting accounts of process components, performance, and chal-
lenges of the two widely employed industrial desalination systems. Chapter 4 
describes in detail the unconventional desalination technologies, including mem-
brane distillation, forward osmosis, adsorption desalination, and freeze desalination.

Part II (Chaps. 5, 6, 7, 8, 9, 10 and 11) deals with corrosion challenges and miti-
gation practices within desalination plants. Chapters 5 and 6 respectively detail 
forms and mitigation practices of corrosion in thermal and reverse osmosis desali-
nation plants. Chapter 7 focuses explicitly on corrosion and environment-assisted 
cracking of stainless steels, the most preferred corrosion-resistant alloy in desalina-
tion systems. Chapter 8 explains various corrosion monitoring techniques that are 
currently in use in industrial desalination systems, namely, both direct and indirect 
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corrosion monitoring techniques. Chapter 9 focuses on corrosion control in desali-
nation plants utilizing chemical additives, particularly on corrosion inhibitors, and 
explains the inhibitors for MIC and oxygen scavengers. Chapter 10 deals with cor-
rosion control strategies during acid cleaning in heat exchangers, which are a vital 
part of thermal desalination industry. Chapter 11 describes two cutting-edge corro-
sion control strategies that can be applied in desalination industry, namely smart 
coating and photoelectrochemical cathodic protection.

Part III (Chaps. 12, 13, 14, 15, 16 and 17) concentrates on fouling and its control 
methods in desalination industries. Chapter 12 focuses on inorganic scaling in 
desalination systems, while Chapter 13 provides an interesting account on biofoul-
ing of membranes in reverse osmosis desalination plants. Chapters 14 and 15, which 
both deal with control approaches to scaling, gives a general overview of various 
scale control strategies and provides a specific account of antiscalant chemical addi-
tives, respectively. Chapter 16 provides an interesting description of the practical 
ways of biofouling control in desalination systems and an account of biofouling 
monitoring techniques, while Chapter 17, the last chapter, explains strategies in 
fabricating antifouling desalination membranes.

The book encompassed a multidisciplinary group of authors, including academi-
cians and industrial professionals, to combine knowledge and practical experience 
for a broad spectrum of interested readers. We hope that the present book will be a 
handy reference tool for scientists and engineers who are working in water 
desalination.

Dhahran, Saudi Arabia Viswanathan S. Saji 
Jubail, Saudi Arabia  Abdelkader A. Meroufel 
Dhahran, Saudi Arabia Ahmad A. Sorour  

Preface
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Chapter 1   
Desalination: Concept and System 
Components             

Tamim Younos and Juneseok Lee 

1.1  Introduction 

About 70% of the world’s population is likely to be dealing with problems linked to 
water scarcity by 2025 [1]. The primary factor driving water scarcity is the high 
potable water demand in densely populated urban areas. Water scarcity issues are 
most critical in coastal areas within 100 km of the ocean, where approximately 40% 
of the world’s population lives, although they are also a significant problem in arid/
semi-arid regions and island countries. The limited availability of freshwater 
resources and its high transportation cost from distant sources to high water demand 
areas have led to a renewed focus on developing seawater and brackish waters as 
alternative sources of water. Brackish water is available in estuarine/tidal surface 
waters, coastal aquifers, and some deep inland aquifers. 

A broad definition of desalination includes the treatment of all non-potable water 
sources such as seawater, brackish water, wastewater, and stormwater runoff [2, 3]. 
In this chapter, the definition of desalination is limited to removing salts from sea-
water and brackish water. This chapter aims to recall the fundamental concept of 
desalination and to present an overview of modern desalination and system design 
components. Major system components considered include desalination techni-
ques, energy consumption, environmental sustainability and the economics of 
desalination.  

T. Younos   (*) 
Green Water-Infrastructure Academy, Washington, DC, USA  
e-mail: tamim.younos@gwiacademy.org 

J. Lee  
Department of Civil and Environmental Engineering, Manhattan College, 
Riverdale, NY, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34284-5_1&domain=pdf
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1.2   Desalination Concept 

Since ancient times, desalination, i.e. separating salt and water via evaporation of 
seawater, has been practiced to produce freshwater for human consumption in small 
communities. In modern times, high water demand for municipalities and industrial 
complexes has necessitated developing of advanced and large-scale desalination 
systems. Desalinated water is also a vital water source for crop irrigation and power 
plant operation. Remote communities and ships depend on small-scale desalination 
systems as well. 

For scientific and technical purposes, water quality in terms of salinity is best 
expressed by the concentration of total dissolved solids (TDS) which represents the 
sum of all minerals, salts, organic matter and metals that can dissolve in the water. 
As many as 50–70 dissolved elements can be found in seawater and brackish waters. 
More than 99% of the TDS in seawater or brackish water is comprised of the follow-
ing six species: chloride (Cl−), sodium (Na+), sulfate (SO4

2−), Magnesium (Mg2+), 
calcium (Ca2+), and potassium (K+). Table  1.1 shows the possible range of TDS 
concentration for various categories of water sources. The ionic composition of 
seawater in TDS varies across different geographic locations (Table 1.2). 

From a water use perspective, high TDS concentrations in drinking water can 
pose a health risk and may also convey an objectionable taste and odor issues. Other 
problems associated with high TDS concentration include but not limited to scaling 
in pipes, staining of bathroom fixtures, corrosion of piping and fixtures, and reduced 
soap lathering. Acceptable TDS concentrations vary depending on the intended use 
of water, but as a general rule of thumb, TDS of below 300 mg/L is considered 
excellent quality and levels above 1200 mg/L are considered unacceptable [5]. 

The World Health Organization (WHO) has published a document that high-
lights the principal health risks related to different desalination processes and pro-
vides guidance on appropriate risk assessment and management procedures that 
ensure the safety of desalinated drinking water [6]. The WHO report identified 
boron (B), borate (BO3

3−), bromide (Br−), sodium (Na+), potassium (K+), and mag-
nesium (Mg2+), as well as naturally occurring chemicals such as humic and fulvic 
acids and the by-products of algal and seaweed growth as chemicals of concern in 
source water. The U.S. Environmental Protection Agency (USEPA) has included 
TDS in its list of 15 nuisance chemicals and has set the Secondary Maximum 
Contaminant Level (SMCL) or aesthetic standard for TDS in potable water as being 

Table 1.1 Water salinity based on TDS concentration [3]

Water source
TDS concentration 
(mg/L)

Freshwater (streams, rivers, lakes, aquifers) < 500
Brackish water (estuarine/tidal surface waters, coastal aquifers, deep 
inland aquifers)

> 500–30,000

Seawater (saline water) 30,000-50,000
Brine water > 50,000

T. Younos and J. Lee
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below 500 mg/L, suggesting that a TDS concentration of less than 200 mg/L in 
drinking water is desirable [7]. Conventional water treatment processes – coagula-
tion, sedimentation, and sand filtration technologies – are not effective in removing 
or lowering TDS from either seawater or brackish water; hence the need to develop 
techniques that can remove TDS from such sources to make them acceptable for 
potable water use and other intended uses is critical. 

According to a 2019 report, there are 15,906 operational desalination plants 
around the world producing around 95 million m3/day of desalinated water of which 
48% is produced in the Middle East and North Africa region [8]. Table 1.3 shows 
key components of desalination systems practiced around the world. 

It should be noted that energy use is embedded within all components of a desali-
nation system and significantly impact the economic efficiency of desalination 
plants.  

1.3  Desalination Techniques 

The two main types of modern desalination techniques adopted around the world 
are thermal (distillation) and membrane technologies. Many early desalination proj-
ects developed in the 1940s used thermal desalination and are still the dominant 
desalination technology in the Middle East. Membrane technologies were devel-
oped in the 1960s, and at present constitute a slightly larger portion of desalination 

Table 1.2 Ionic composition of seawater [4]. Reprinted with permission of Water Purification & 
Conditioning International

TDS composition

Typical 
seawater 
(mg/L)

Eastern 
mediterranean 
(mg/L)

Arabian Gulf at 
Kuwait (mg/L)

Red Sea at 
Jeddah (mg/L)

Chloride (Cl−) 18,980 21,200 23,000 22,219
Sodium (Na+) 10,556 11,800 15,850 14,255
Sulfate (SO4

2−) 2649 2950 3200 3078
Magnesium (Mg2+) 1262 1403 1765 742
Calcium (Ca2+) 400 423 500 225
Potassium (K+) 380 463 460 210
Bicarbonate (HCO3

−) 140 – 142 146
Bromide (Br−) 65 155 80 72
Borate (BO3

3−) 26 72 – –
Strontium (Sr2+) 13 – – –
Fluoride (F−) 1 – – –
Silicate (SiO3

2−) 1 – 1.5 –
Iodide (I−) <2 1 – –
Others – – – –
Total TDS 34,483 38,600 45,000 41,000

1 Desalination: Concept and System Components
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plants around the world. Since these two technologies are well-described in Chaps. 
2 and 3 of this book, a brief overview of these desalination techniques is provided 
below. Alternative desalination technologies, for example, membrane distillation 
(MD), that aim to enhance desalination system efficiency are discussed in Sect. 1.7. 

1.3.1  Membrane Technologies 

Membrane technologies have been extensively described in the literature [9]. A 
membrane is a thin film of porous material that allows water molecules to pass 
through while simultaneously preventing the passage of undesirable components 
such as salts, microorganisms and metallic elements [10]. Membranes can be made 
from a wide variety of materials, including polymeric materials such as cellulose, 
acetate, and nylon, and non-polymeric materials such as ceramics, metals and com-
posites. Synthetic membranes are the most widely used for the desalination process. 
The American Water Works Association (AWWA) Manual M46 provides detailed 
information about applications of synthetic membranes for desalination [10]. 

Water membrane technologies include pressure-driven membranes and electrical- 
driven membranes. Pressure-driven membranes, namely reverse osmosis (RO), are 
applied to desalination of both seawater and brackish water. Table 1.4 shows various 
types of pressure-driven membrane technologies and characteristics. Electrical- 
driven membranes are mainly used for desalination of brackish water and some-
times as a pre-treatment step for the RO process, which are further discussed later1. 

Pressure-driven membranes can also be characterized by their Molecular Weight 
Cut-Off (MWCO). For example, the MWCO for RO is 50–200 daltons compared to 
MWCO of 100,000 daltons for microfiltration. The lower dalton value allows 
removal of very fine particles and dissolved solids in water. 

1 Natural organic matter 

Table 1.3 Key components of desalination systems

Component Description

Feed water intake Site selection and structures built to extract seawater and brackish water 
for desalination purposes

Pretreatment Removal of suspended solids and control of biological growth, to prepare 
the source water for further processing

Desalination 
techniques

Technologies used to remove ions, i.e., separate salt and water, to produce 
freshwater for the intended use

Post-treatment The addition of chemicals to the desalinated water that makes water 
suitable for the intended use and to prevent corrosion of downstream 
infrastructure piping

Concentrate (brine) 
management

The treatment and/or reuse of rejected salt, residuals from the 
desalination process

T. Younos and J. Lee
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1.3.1.1  Reverse Osmosis 

Reverse Osmosis (RO) is a pressure-driven membrane technique where hydraulic 
pressure greater than the osmotic pressure is applied to saltwater (known as  
the feedwater) to reverse the natural flow direction through the membrane [12, 13]. 
The RO process is using the solution/diffusion mechanism whereby the applied 
pressure forces water molecules to diffuse through the tiny pore of the membrane 
leaving the majority of salts behind in a high salt solution called concentrate (reject 
salt or brine) (Fig 1.1). 

The RO membrane characteristics are shown in Table 1.4. The RO process is 
effective for removing TDS concentrations of up to 45,000 mg/L with TDS removal 
efficiency of >99% [9, 11]. The management of concentrate is a critical environ-
mental problem and is discussed later under environmental issues of desalination. 

Pre-treatment of the feedwater is one of the most critical factors in the successful 
operation of the RO plant. Then, the RO feedwater should be free of large particles, 

Table 1.4 Characteristics of pressure-driven membrane processes [9, 11]

Membrane 
process

Membrane 
pore size (Å)

Pressure 
applied Psi 
(kPa)

Contaminant removal 
efficiency Application

Microfiltration > 1000 4–70 
(30–500)

Suspended particles, 
algae, protozoa, bacteria

Pre-treatment of 
feedwater

Ultrafiltration 100–1000 4–70 
(30–500)

Large macromolecules, 
small colloids, viruses

Pre-treatment of 
feedwater

Nanofiltration 10–100 70–140 
(500–1000)

NOM, Hardness (Ca2+, 
Mg2+)

Partial 
desalination

Reverse 
Osmosis

1–10 140–700 
(1000–5000)

Dissolved contaminants, 
Salt (Na+, Cl−)

Desalination

Fig 1.1 RO schematic of the overall operation. (Source: Sandia National Laboratories) [13]

1 Desalination: Concept and System Components
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suspended and colloidal particle, NOM, bacteria and viruses, and oil and grease. All 
these components will contribute to the fouling build up causing the blockage of 
membrane pores. This fouling affects water productivity and quality. The primary 
mechanisms of fouling include scaling, plugging, adsorption and bio-fouling caused 
by biological growth [13]. It’s essential to protect the RO membrane from fouling, 
reduce energy use and cost, and increase water recovery rate. To achieve these 
objectives, typical pre-treatment steps involve multimedia, cartridge and sand filtra-
tion, as well as the addition of chemicals. Depending on feedwater quality, microfil-
tration and ultrafiltration membranes (Table 1.4) are used for pre-treatment purposes. 

Post-treatment of desalinated water is also a required component. Depending on 
the number of RO stages, the RO desalination process results in near total removal 
of TDS (>99%), and low hardness and alkalinity in the produced water, which is 
consequently quite corrosive, and may introduce metals into the drinking water. 
Typical post-treatment methods involve adding chemicals such as calcium hydrox-
ide (Ca(OH)2) to increase the hardness and alkalinity and sodium hydroxide (NaOH) 
to adjust the pH of the desalinated water [13].  

1.3.1.2  Electrodialysis and Electrodialysis Reversal 

Electrodialysis (ED) process is based on the use of an electromotive force applied 
to electrodes adjacent on both sides of a membrane, which separates the dissolved 
solids in the feedwater [14] (Fig.  1.2). In this process, the cathode attracts the 
sodium ions (Na+), and the anode attracts the chloride ions (Cl−). In the electrodialy-
sis reversal (EDR) process, the polarity of the electrodes is switched at fixed inter-
vals to reduce the formation of scale and subsequent fouling and allow the EDR to 
achieve higher water recoveries [15]. The required pressure for these desalination 
processes is between 500–640 kPa (70 and 90 psi) [15]. 

ED and EDR processes can remove 75–98% of TDS from feedwater but are only 
effective for treating water with TDS concentration of up to 4000 mg/L (brackish 
water) and are not applicable to the desalination of seawater [14]. For example, the 
City of Suffolk, Virginia (U.S.) is operating a 17,100  m3/day (3.75 MGD) EDR 
plant to treat brackish water [9]. However, ED/EDR can be used for pre-treatment 
of seawater since the process can remove or reduce a host of contaminants and is 
less sensitive to pH or hardness levels in the feedwater. Furthermore, EDR mem-
branes can treat waters that have a high scaling potential from elevated levels of 
contaminants such as barium (Ba) and strontium (Sr); is effective for treating high 
silica (SiO2) feedwater; and is resistant to chlorine, making them more robust for 
processing feedwaters with higher levels of organic matter that would typically foul 
RO membranes [16]. 

Pre-treatment requirements for the EDR feedwater include the removal of parti-
cles that are greater than about 10 μm in diameter to prevent membrane pore clog-
ging, as well as the removal of substances such as large organic anions, colloids, 
iron oxides (Fe2O3) and manganese oxide (MnO2) [17]. Pre-treatment methods 
applied to ED/EDR processes include active carbon filtration (for organic matter 
removal), flocculation (for colloids) and standard filtration techniques.   
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1.3.2  Thermal Technologies 

Thermal technologies, which are based on the evaporation mechanism and distilla-
tion processes, were developed in the 1940s. Thermal technologies to desalinate 
seawater on a commercial basis are mature technologies and continue to be a logical 
regional choice for desalination particularly in the Middle East where fossil fuels as 
an energy source are readily available. Table 1.5 shows a summary of thermal tech-
nologies most commonly applied to desalination of seawater. Thermal processes 
require pre-treatment to avoid scaling and to control corrosive constituents of the 
source water. Removal of sand and suspended solids may also be necessary to pre-
vent pipe erosion. 

In MSF process (Fig. 1.3), saltwater travelling through tubes is cooler than the 
vapor surrounding the tubes. Then this vapor preheat the saltwater and condense to 
form distillate by heat transfer across the MSF heat exchanger. The vapor is con-
densed to form potable water, and the brine becomes the feed water for the next 
stage. The MSF process is energy intensive but can be operated using waste thermal 
energy [9, 13, 16]. 

In MED (Fig. 1.4), saltwater is sprayed overtop of hot tubes. It evaporates, and 
the vapor is collected to run through the tubes in the next effect. As the cool saltwa-

Fig. 1.2 Schematic diagram of electrodialysis desalination process (Source: Sandia National 
Laboratories) [13]

1 Desalination: Concept and System Components
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Table 1.5 Dominant thermal desalination technologies [9, 13, 16]

Technology Description

Multi-Stage Flash 
(MSF) (Fig. 1.3)

MSF uses a series of chambers, or stages, each with successively lower 
temperature and pressure, to rapidly vaporize (or “flash”) water from 
the bulk liquid.

Multiple Effect 
Distillation (MED) 
(Fig. 1.4)

MED is a thin-film evaporation approach. The vapor produced by one 
chamber subsequently condenses in the next chamber, which is at a 
lower temperature and pressure, providing additional heat for 
vaporization.

Mechanical Vapor 
Compression (MVC) 
(Fig. 1.5)

MVC utilizes an electrically driven mechanical device, powered by a 
compression turbine, to compress the water vapor. As vapor is 
generated, it is passed over a heat exchanging condenser that returns 
the vapor to water.

Fig. 1.3 Schematic of multi-stage flash (MSF) desalination process. (Source: Sandia National 
Laboratories) [13]

Fig. 1.4 Schematic of multi-effect distillation (MED) process. (Source: Sandia National 
Laboratories) [13]
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ter is sprayed over the vapor filled tubes, the vapor condenses inside the tubes and 
is collected as distilled water. The resulting brine collects in the bottom of each 
effect and is either circulated to the next effect or exited from the system which 
requires less energy than MSF. MED technology is popular for applications where 
thermal evaporation is preferred or required due to its reduced pumping require-
ments and, thus, its lower power use compared to conventional MSF [9, 13, 16]. 

Mechanical vapor compression (MVC) (Fig. 1.5) is based on vapor compression 
mechanism, where vapor from the evaporator is compressed and the heat released is 
used for the subsequent evaporation of feedwater [9, 13, 16]. This method utilizes 
an electrically driven mechanical device, powered by a compression turbine to com-
press the water vapor. As the vapor is generated, it is passed over a heat exchanger 
(condenser) that converts the vapor into water. The resulting freshwater is moved to 
storage, while the heat removed during condensation is transmitted to the remaining 
feedstock. Another option is the thermal vapor compression (TVC) method, where 
an ejector system powered by steam under manometric pressure from an external 
source is used to recycle vapor from the desalination process. Large MED plants 
incorporate thermal vapor compression (TVC), where the pressure of the steam is 
used (in addition to the heat) to improve the efficiency of the process as discussed 
in Chap. 2 [9, 13, 16].   

Fig. 1.5 Schematic of single stage mechanical vapor compression (MVC) desalination process. 
(Source: Sandia National Laboratories) [13]

1 Desalination: Concept and System Components
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1.4  Energy Consumption 

Desalination technologies are very energy intensive and it should be a high priority 
to employ the water and energy nexus for energy use efficiency [18]. Pumps, which 
require a significant amount of energy, are used in various stages of all desalination 
processes, including the feedwater intake, pretreatment and treatment processes, 
discharge of product water and concentrate management. Energy consumption 
depends on the type of desalination technique, the TDS and temperature of the feed-
water, the capacity of the treatment plant, and the physical location of the plant with 
respect to the source of the intake water and the concentrate discharge site [19]. In 
general, the combined energy requirements of thermal technologies are greater than 
those of RO membrane processes [20]. However, MSF and MED are capable of 
using low-grade and/or waste heat, which can significantly improve their economic 
efficiency [16, 21]. Low-grade heat refers to heat energy that is available at rela-
tively low (near-ambient) temperatures. Waste heat contains energy that is released 
to the environment without being used. Both have potential value for desalination 
which is described in the next section. 

1.4.1  Energy Conservation Practices 

Currently, various energy conservation measures in desalination plants are practiced 
around the world (Table 1.6). 

1.4.1.1  Energy Recovery Devises 

In the RO process, due to low net recoveries of the highly pressurized feedwater, 
typically 40–60% of the applied energy in the process can be lost to atmosphere 
without any attempt to recover that energy. In general, energy recovery devices 
(ERDs) can recover from 75 to 96% of the input energy from the brine stream in a 
seawater RO plant [17]. Two categories of ERDs exist:

 1. devices that transfer the concentrate pressure directly to the feedstream (e.g., 
pressure exchanger, work exchanger), which have energy recovery efficiencies 
of about 95%; and

Table 1.6 Energy conservation practices

Energy conservation measures Application

Energy recovery devices RO membrane desalination
Dual operation of desalination and power  
generation plants

RO membrane and thermal desalination 
plants

Hybrid desalination plants Integrated desalination technologies
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 2. devices that transfer concentrate pressure to mechanical power, which is then 
converted back to feed pressure (e.g., Pelton impulse turbines, hydraulic turbo-
chargers, reverse-running pumps) which have recovery efficiency of about 74% 
[17, 22].  

1.4.1.2  Dual Operation of Desalination and Power Generation Plants 

Most of the large desalination facilities in the world are dual purpose facilities that 
produce both freshwater and electricity. Dual operation systems exploit the water 
and energy nexus in coastal environments to achieve energy use efficiency through 
the energy recovery concept. The dual operation of desalination and power plants 
exist in two approaches described below including cogeneration plants and co- 
located plants.

 a. Cogeneration plants 

Cogeneration plants integrate a power plant and a desalination plant and are 
operated jointly. A typical power plant produces high pressure and high temperature 
steam. A cogeneration plant uses this steam as an additional energy source (mechan-
ical energy converted to electricity) during the desalination process to reduce fossil 
fuel costs [23, 24]. In the Middle East, the larger MSF and MED plants are built 
along with power plants and use the low temperature steam exhausted from the 
power plant steam turbines. 

A cogeneration plant benefits both the power plant and the desalination plant. 
The power plant gains extra revenue by selling the waste steam to the desalination 
plant, while the desalination plant does not have to pay for the construction and 
operation of its own energy source, thus also reducing its costs. One disadvantage 
of cogeneration plants is that since a power plant’s electricity generation depends on 
the electricity demand, it is not constant, and this can have an adverse impact on the 
power available to the desalination plant [23, 24].

 b. Co-located plants 

In this process, a desalination plant is co-located with a power plant and they 
function together as follows. A coastal power plant draws large volumes of cooling 
water directly from the ocean. A co-located RO desalination plant draws heated 
seawater from the power plant’s cooling water loop and uses it for two purposes. 
This include as feedwater and as blend water to reduce the brine salinity before its 
discharge in the sea [22]. Because the desalination plant “piggybacks” on the exist-
ing cooling water loop, it can substantially reduce both the construction and operat-
ing costs. A co-located desalination plant shares the same advantages as a 
cogeneration plant but enjoys the additional benefit that the higher feedwater tem-
perature requires less energy for the desalination process. The main disadvantage of 
a co-located plant is that it depends entirely on the power plant for its existence [25].

1 Desalination: Concept and System Components
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 c. Hybrid plants 

Hybrid plants take benefits of different water treatment and efficient energy use 
technologies. This enables the desalination system to reduce energy costs, and opti-
mize its performance [26, 27]. The type and necessity for a hybrid plant can be 
considered on a case-by-case basis. The following case studies describe some real- 
world examples of how turbines, cogeneration and hybrid plants can reduce energy 
consumption in desalination plants. 

Cape Hatteras, a resort area in North Carolina (U.S.A.), has operated a hybrid 
RO/Ion Exchange plant since 2000 [28]. This desalination plant withdraws water 
from two separate wells that have different water quality characteristics. The high 
salinity water from Well 1 is processed by the RO process and the water with high 
organic content from Well 2 is processed by the Ion Exchange process. The treated 
water from both processes is mixed as the final product water. This plant has also 
incorporated an energy recovery turbine into the RO treatment process [28]. 

Studies in Kuwait have also shown how different combinations of turbines and 
technologies affect energy consumption. Darwish and Al-Najem [23] compared two 
gas turbines with varying combinations of heat recovery systems and reported that 
for a simple gas turbine power plant operating in cogeneration with reverse osmosis, 
the fuel energy consumption was 92.78 kJ/kg. Adding a heat recovery steam genera-
tor (HRSG) to each gas turbine to supply MSF units with recovered steam lowered 
the energy consumption to 86.88 kJ/kg. If a condensing steam turbine and a HRSG 
were then added to each gas turbine, the energy consumption decreased even fur-
ther, falling to 63.6 kJ/kg.   

1.4.2  Nuclear Energy Use 

Nuclear power plants generate power using nuclear fission, where the power comes 
from the energy released when a large atom splits into smaller atoms. The released 
energy is controlled and contained to heat a coolant material and ultimately gener-
ates steam that drives turbines, which rotate a coil in a magnetic field to produce 
electricity. 

Combining nuclear power plants and desalination plants is considered economi-
cal because two-thirds of the thermal power generated by the fission process is 
waste heat, which is typically released to the surrounding water or air [29]. The 
International Atomic Energy Agency (IAEA) has worked with teams of researchers 
from several countries to study seawater desalination combined with nuclear reac-
tors, publishing their findings as a document entitled ‘New Technologies for 
Seawater Desalination Using Nuclear Energy’ [30]. One of the main findings of this 
study revealed that the most efficient combination of desalination-nuclear power 
plant include high temperature MED and hybrid desalination systems.  
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1.4.3  Renewable Energy Use 

Potential renewable energy resources for water treatment and desalination include 
solar energy, wind energy, ocean energy (tidal and wave) and geothermal energy 
[19]. The use of renewable energy for desalination has been reported since the 
mid- 1990s [26–31], but new renewable energy technologies are now becoming 
available for desalination applications. For example, a pilot project utilizing wave 
power technology for seawater desalination using submerged buoys began operat-
ing in Perth, Australia in 2015 [32]. At present, various types of solar energy and 
wind energy (particularly solar energy) are the most commonly used and showing 
great promise as renewable energy sources for desalination projects around the 
world. The details of renewable energy use are elaborated in the following section 
focusing on solar and wind energy resources. 

1.4.3.1  Solar Energy 

Abou-Rayan and Djebedjian [33] discussed recent advances in desalination, focus-
ing particularly on solar desalination. Solar energy can be used either directly or 
indirectly in desalination processes. Solar stills are a typical example of direct solar 
energy use, taking advantage of the greenhouse effect [24, 29]. In this process, a 
black-painted basin, sealed tightly with a transparent cover, stores the saline water. 
As the sun heats the water, the water in the basin evaporates, and the vapor comes 
into contact with the cool glass ceiling, where it condenses to form pure water. The 
water can then be drained away from the solar still for portable use. This technology 
is optimized when running at low production capacities of close to 0.757  m3/d, 
although the use of heat recovery devices and hybrid systems may make solar stills 
more cost-competitive. Indirect solar technologies for desalination are based on 
using solar energy concentrators/collectors and solar photovoltaic (PV) arrays, 
described in more detail below.

 a. Solar energy concentrators/collectors 

MSF and MED desalination technologies can use solar collectors as an indirect 
source of solar energy to develop the thermal energy needed to drive the desalina-
tion process. A heliostat tracks the sun as it moves across the sky and collects paral-
lel solar radiations using flat mirrors, directing them to fixed concave solar energy 
collectors. The collectors focus the energy collected on pipes filled with air or water 
to create steam or heated air that can then be used as a power source [25]. Parabolic 
trough radiation collector is another option. The collectors can withstand high tem-
peratures without degrading the collector efficiency and are preferred for a solar 
steam generation [27]. Solar ponds can also be used as radiation collectors and 
some researchers consider solar pond-powered desalination to be one of the most 
cost-effective methods available in many parts of the world [28].

1 Desalination: Concept and System Components



16

 b. Solar PV 

Solar PV arrays offer another way to generate electricity. In this process, PV 
arrays convert solar energy into electricity through the transfer of electrons. The 
arrays, made of silicon chips, facilitate the transfer of electrons and thus generate 
power. Table 1.7 shows some examples of how solar PV energy can be used in con-
junction with desalination techniques around the world [19, 24, 27, 30].  

1.4.3.2  Wind Energy 

Wind energy creates mechanical energy by turning the blades of wind turbines that 
is then converted to electrical energy. Turbines utilizing wind energy for low power 
(10–100  kW), medium power (100  kW-0.5  MW), and high power (> 0.5  MW) 
applications are mature technologies [28]. 

Wind energy can be converted to shaft power and either directly powers the 
desalination process or is sent to the local grid. Electrodialysis and MVC systems 
are well suited to operate using direct wind energy [28]. Table 1.8 shows two exam-
ples of desalination plants powered by wind energy. 

At present, similar to other applications, the major disadvantage of integrating 
renewable energy in desalination plants is the lack of continuity and consistency in 
energy supply. In most cases, battery storage and the requirement for a large number 
of batteries is cost prohibitive. To compensate, some control system or energy storage 
unit is required, especially if a backup energy source is unavailable. A common way 
to resolve this problem is to connect renewable energy sources to a  conventional elec-
tricity grid or use diesel generators as a backup to power the desalination plant [28].    

Table 1.7 Examples of solar energy use in desalination [19, 24, 27, 30]

Country/Location Type of solar energy
Desalination 
technique

Plant capacity (Liter/
Day)

El Paso, Texas (U.S.) Solar pond MSF 16,000
Margarita de Savoya, 
Italy

Solar pond MSF 50,000–60,000

Yanbu, Saudi Arabia Dish collectors MSF 199,962
Arabian Gulf Solar-parabolic trough MED 5,999,225
Al-Ain, UAE Solar-parabolic trough MED-MSF 499,999
Cituis West, Jawa, 
Indonesia

Solar PV BW-RO 35,995

Red Sea, Egypt Solar PV BW-RO 50,000
Lipari Island, Italy Solar PV SW-RO 47,994
Oshima Island, Japan Solar PV SW-ED 10,000
Fukue City, Japan Solar PV BW-ED 199,897
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1.5  Environmental Sustainability 

Desalination plants can have both direct and indirect impact on the environment. 
Developing environmentally friendly desalination system designs should be a high 
priority for twenty-first century water resource management and water infrastruc-
ture initiatives. 

1.5.1  Environmental Issues 

Site selection is the first step in planning and designing a desalination plant. The 
plant should not be placed in a densely populated area due to possible environmen-
tal and human health impacts, including noise pollution generated by pumps and 
potential gas emissions. Gaseous emissions from desalination plants using fossil 
fuels include carbon monoxide (CO), nitric oxide (NO), nitrogen dioxide (NO2), 
and sulfur dioxide (SO2). The large amounts of chemicals stored at the plants and 
the risk of chemical spills in populated areas may also be of concern [34]. 

Other site selection factors include the risks associated with the construction of 
what can be an extensive water intake infrastructure and network of pipes transport-
ing the feedwater to the plant, as well as the location of the concentrate discharge, 
which may disturb environmentally sensitive areas. Feedwater (water source) intake 
structures are site specific which generally falls into one of two categories: surface 
intakes (open intakes) located above the seafloor and subsurface intakes located 
beneath the seafloor. The design of intake may impact quality of feedwater and 
desalination plant cost. At this point, few environmental regulations directly pertain 
to desalination plants. Younos [34, 35] discussed environmental issues of desalina-
tion and regulations in the U.S. applicable to desalination plants. The most critical 
environmental factor in desalination planning is the concentrate management, 
which should be a high priority during the planning phase.  

1.5.2  Concentrate Management 

Concentrate is the main byproduct of a desalination plant. The TDS concentration 
in the concentrate depends on the desalination technique involved. For example, RO 
plants usually produce concentrates with a TDS higher than 65,000 mg/L, while the 

Table 1.8 Examples of wind energy use in desalination [26, 28]

Country/location
Wind power generated 
103 Btu/h (kW)

Desalination 
technique

Plant capacity 
(m3/day)

Shark Bay, Western 
Australia

109 (32) RO 12,998–16,798

Ruegen Island, 
Germany

683 (200) MVC 11,998–29,996
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TDS for MSF plants will be at around 50,000 mg/L [16]. The temperature of this 
concentrate also depends on the desalination technique. The concentrate from a RO 
process remains at the ambient water temperature, while the concentrate from a 
thermal desalination process is typically 5.5–8.3 °C above ambient water tempera-
ture [36]. Desalination plants’ concentrate may also contain some of the chemicals 
used for the feedwater pretreatment and post-treatment (or cleaning) processes. 

Several critical factors should be considered when selecting the best concentrate 
management option [35, 36]. These factors include the volume or quantity of the 
concentrate to be produced, the quality of the concentrate, the location of the desali-
nation plant, and the local environmental regulations. Other factors include the 
 capital and operating costs incurred and the potential impact on future plant expan-
sions. An overview of concentrate management options and practices reported in 
the literature are summarized below [32-35, 36–38].

 a. Surface water disposal: the concentrate is discharged to receiving waters at a 
point that is adjacent to or near the desalination plant, which could include tidal 
rivers and streams, estuarine waters and the ocean. Concentrate disposal into 
freshwater systems is not recommended, However, the main risks associated 
with concentrate surface water disposal include a potentially adverse impact on 
the receiving waters’ ecosystems, and the long term effect on the water quality 
of coastal aquifers.

 b. Submerged disposal: the concentrate is transported away from the desalination 
plant via underwater pipes to an estuarine and/or ocean location. The creatures 
most at risk in this scenario are the benthic marine organisms living on the sea 
bottom.

 c. Deep well injection: the concentrate is directly injected into deep groundwater 
aquifers that are not used as a source of drinking water. Injection well depths 
range from 0.32 km to 2.57 km below the ground surface. In many locations, 
deep well injection may not be feasible because of geologic conditions or regula-
tory constraints imposed to protect drinking water sources.

 d. Evaporation ponds: evaporation ponds are constructed in a similar way to the 
ponds historically used for salt production. These ponds facilitate concentrate 
water content removal via evaporation and salt accumulation at the bottom of the 
pond. Evaporation ponds are especially useful in warm climates, where the evap-
oration rate is high. Evaporation ponds must be equipped with liners to prevent 
saltwater leaking into groundwater aquifers and regular maintenance to avoid the 
drying and cracking of liners. Although evaporation ponds can be a very cost- 
effective option, the practice is land intensive and can cause significant water 
source loss via evaporation.

 e. Land application: another option is the land application of concentrate via meth-
ods such as spray irrigation, infiltration trenches, and percolation ponds. The 
feasibility of land application depends on land availability, climate, vegetation 
tolerance to salt, and depth of the groundwater table.

 f. Integrated disposal with wastewater treatment plant: this includes concentrate 
disposal to the front or end products of a wastewater treatment plant. ‘Front dis-
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posal’ practices merge the concentrate with wastewater to be treated. This prac-
tice is not recommended due to the associated problems incurred: (1) the high 
TDS levels in the concentrate disrupt the biological wastewater treatment perfor-
mance; and (2) conventional wastewater treatment processes do not remove TDS 
so that the treatment plant discharge water can pose a significant threat to the 
receiving waters. The concentrate ‘end disposal’ method involves mixing and 
dilution of the concentrate with treated wastewater, thus reducing the TDS load 
before it is discharged into the receiving waters. A major disadvantage of this 
practice is the requirement for a separate pipeline to transport the concentrate to 
the wastewater treatment plant and the consequent additional cost incurred.

 g. Brine concentrators: brine concentrator process uses heat exchangers, deaera-
tors, and vapor compression to convert liquid concentrate into a slurry. With a 
brine concentrator, 95% of the water can be recovered as a high purity distillate 
with less than 10 mg/L of TDS concentration. The remaining 5% of concentrated 
slurry can be reduced to dry solids in a crystallizer to create dry, solid cake, 
which is easy to handle for disposal.

 h. Zero liquid discharge: the ‘ZLD’ technique originally developed for solid waste 
management is a promising new technology for concentrate management that 
brings significant environmental benefits. The ZLD technique uses evaporation 
mechanism to convert the liquid concentrate (brine) into a dry solid that can then 
be utilized for useful purposes [39]. Table 1.9 shows the energy consumption 
required to achieve ZLD using existing thermal technologies (MSF, MED, 
MCV).   

1.6  The Economics of Desalination 

Desalination cost is affected by several factors such as type of technology, energy 
availability, geographic location, plant capacity, and feedwater quality. Other impor-
tant factors include costs associated with transporting water from source to desali-
nation plant, distribution of treated water, and concentrate management. Financial 
factors such as financing options and subsidies also affect the product water cost 
[40]. Major cost factors associated with desalination plants are summarized in 
Table 1.10. 

Table 1.9 Energy consumption for ZLD with various thermal technologies [39]. (Reprinted with 
permission of LENNTECH)

Brine treatment 
technology

Electrical 
energy (KWh/
m3)

Thermal 
energy (kWh/
m3)

Total energy 
equivalenta (kWh/
m3)

Typical 
capacity (m3/
day)

Max TDS 
(mg/L)

MSF 3.68 77.5 38.56 <75,000 250,000
MED 2.22 69.52 33.50 <28,000 250,000
MVC 14.86 0 14.86 <3000 250,000

aTotal Energy Equivalent = Electric Energy + 0.45 × Thermal Energy
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1.6.1  Desalination Implementation Costs 

Desalination plant implementation costs can be categorized as construction costs 
(starting costs) and operation and maintenance (O & M) costs. 

1.6.1.1  Desalination Plant Construction Costs 

Construction costs include direct and indirect capital costs. The indirect capital cost 
is usually estimated as percentages of the total direct capital cost. Descriptions of 
various direct and indirect costs associated with constructing a desalination plant 
are summarized in Tables 1.11a and 1.11b.  

1.6.1.2  Desalination Plant Operating Maintenance Costs 

The O & M costs consist of fixed costs and variable costs [40].

 a. Fixed costs. Fixed costs include insurance and amortization costs. Usually, insur-
ance cost is estimated as 0.5% of the total capital cost. Amortization compen-
sates for the annual interest payments for direct and indirect costs and depends 
on the interest rate and the life-time of the plant. Typically, an amortization rate 
in the range of 5–10% is used.

Table 1.10 Factors affecting desalination cost [40]

Cost factor Description

Quality of 
feedwater

TDS concentration, contaminants in feedwater and pre-treatment 
requirement are major design factors.

Site characteristics The proximity of plant location to water source and concentrate discharge 
point is a major factor. For example, pumping cost and costs of pipe 
installation will be substantially reduced if the plant is located near the 
water source.

Desalination plant 
capacity

Plant capacity affects the size of treatment units, pumping, water storage 
tank, and water distribution system. Large capacity plants require high 
initial capital investment compared to low capacity plants. However, due to 
the economy of scale, the unit production cost for large capacity plants can 
be lower.

Concentrate 
management

Concentrate management is a major economic factor and is affected by 
several factors that include site characteristics (geologic features, soil 
conditions, proximity to potential disposal site), regulatory requirements, 
public approval, and the type of concentrate management method.

Desalination 
implementation 
costs

Desalination plant implementation costs can be categorized as construction 
costs (starting costs) and operation and maintenance (O & M) costs. These 
costs are detailed in the next section.
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 b. Variable costs. Major variable costs include the cost of labor, energy, chemicals, 
and maintenance. Labor costs can be site-specific and depends on plant owner-
ship (public or private) or special arrangements such as outsourcing of plant 
operation. Energy cost depends on the availability of inexpensive electricity (or 
alternative power source). For example, energy cost can be reduced if the desali-
nation plant is co-located with a power generation plant. Chemical use depends 
mainly on feedwater quality and degree of pre−/post-treatment and cleaning pro-
cesses. The cost of chemicals depends on the type and quantity of such chemicals 
as well as global market prices and special arrangements with vendors. In the RO 
process, the major maintenance cost pertains to the frequency of membrane 
replacement, which is affected by the feedwater quality.   

Table 1.11a Direct costs associated with the construction of a desalination plant [40]

Direct Costs Description

Land It may vary considerably, from zero to a sum that depends on site 
characteristics and plant ownership (public vs. private).

Surface water 
intake structure

It depends on plant capacity and meeting environmental regulations. Also, 
see auxiliary equipment below.

Production wells It depends on plant capacity and well depth. Also, see auxiliary equipment 
below.

Process 
equipment

The process equipment includes water treatment units (membranes), 
instrumentation and controls, pre- and post-treatment units and cleaning 
systems. Process equipment costs depend on plant capacity and feedwater 
quality.

Auxiliary 
equipment

Auxiliary equipment includes open water intakes, wells, storage tanks, 
generators, transformers, pumps, pipes, valves, electric wiring, etc.

Buildings It include the construction of structures such as control room, laboratory, 
workshops, and offices. Construction cost is site-specific depending on site 
condition and type of building.

Concentrate 
management

It depends on the type of desalination technology, plant capacity, discharge 
location, and environmental regulations.

Table 1.11b Indirect costs associated with the construction of a desalination plant [40]

Indirect Costs Description

Freight and 
insurance

It is typically estimated as 5% of total direct costs.

Construction 
overhead

It include labor costs, fringe benefits, field supervision, temporary facilities, 
construction equipment, small tools, contractor’s profit and miscellaneous 
expenses. This cost is typically estimated as 15% of direct material and labor 
costs.

Owner’s cost It includes land acquisition, engineering design, contract administration, 
administrative expenses, commissioning and/or startup costs, and legal fees.  
It is estimated as approximately 10% of direct materials and labor costs.

Contingency 
cost

This cost is included for possible additional services. It is generally estimated 
at 10% of the total direct costs.

1 Desalination: Concept and System Components
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1.6.2  Desalination Cost Estimation Models 

Several models are available for estimating desalination costs. Model applications 
are mostly limited to site-specific conditions and give approximate estimates. 
Nevertheless, cost models can be used as an indicator of potential costs for planning 
a desalination facility. A brief overview of two typical cost models is provided 
below. For details of these models and applications, readers are referred to reference 
citations [41, 42]. 

1.6.2.1  Desalination Economic Evaluation Program (DEEP-3.0) 

DEEP is a Desalination Economic Evaluation Program developed by the 
International Atomic Energy Agency [41]. The program can be useful for evaluating 
desalination strategies by calculating estimates of technical performance and costs 
for various alternative energy and desalination technology configurations. 
Desalination technology options modelled include MSF, MED, RO and hybrid 
options (RO-MSF, RO-MED). Energy source options include nuclear, fossil, renew-
ables and grid electricity (stand-alone RO) [41].  

1.6.2.2  WTCost II Model 

U.S. Department of the Interior Bureau of Reclamation [42] has developed a com-
puter cost estimating program, WTCost II© that can be used for all commercial 
desalting processes involving membrane desalinations [RO and nanofiltration (NF)] 
and thermal desalination plants (MSF, MED and MVC). The WTCost© model pro-
vides estimates of capital costs, indirect costs and annual operating costs [42].    

1.7  Futuristic Approaches 

Hundreds of research and technical articles have been published on various aspects 
of desalination technologies. It’s recognized that the cost-effectiveness of desalina-
tion technologies depends on energy use efficiency, water treatment technique, 
membrane performance, and environmental sustainability of desalination plants. 

Elimelech and Phillip [43] reviewed the possible reductions in energy demand by 
state-of-the-art seawater desalination technologies. Specifically, they focused on the 
potential role of advanced materials and innovative technologies in improving per-
formance and sustainability aspects of desalination. Basic research is underway on 
manufactured membranes to control membrane fouling and increase water recovery 
rate [16]. Examples include membrane modification to improve fouling resistance, 
and manufacturing carbon nanotube/graphene-based desalination membranes and 
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various nanocomposite membranes. According to research cited in NAP report [16], 
modification of commercially available membranes to alter surface characteristics 
to reduce fouling while maintaining or improving flux and selectivity is an estab-
lished research area that shows promising results for RO and NF membranes. 
Although many types of modification methods exist, graft polymerization is the 
method most commonly utilized in RO and NF membranes [16]. Also cited research 
indicates that theoretical studies and molecular dynamics simulations suggest that 
hydrophobic channels, like carbon nanotubes, increase water recovery rate; and 
nanocomposite RO membranes formed by the dispersion of nanoparticles or molec-
ular sieves in polymers would yield enhanced membrane performance [16]. 
Antifouling membranes are discussed further in the Chap. 17. 

As stated above, energy use efficiency remains a major research and develop-
ment theme in the twenty-first century. Recently, the U.S. Department of Energy’s 
[44] Advanced Manufacturing Office analyzed the range (or bandwidth) of potential 
energy savings for different unit operations within seawater desalination. The DOE 
report provides technology-based estimates of potential energy savings opportuni-
ties across the desalination system [44]. Also, the report presents a framework to 
evaluate and compare energy savings potential within and across different sectors of 
energy use. Several hybrid desalination techniques that incorporate combinations of 
existing water treatment technologies (e.g. RO and thermal technology) are being 
investigated in order to take advantage of the unique characteristics of different 
desalination techniques for implementing energy use efficiency. Table 1.12 sum-
marizes some of futuristic desalination technologies reported in literature [9, 16]. 

Table 1.12 Examples of alternative and hybrid desalination techniques

Technology type Description

Forward osmosis 
(FO)

FO process uses osmotic pressure difference between a concentrated 
“draw” solution and a feed stream to drive water flux across a 
semipermeable membrane.

Membrane 
distillation (MD)

In the MD technique, the temperature difference on opposing sides of the 
membrane creates different vapor pressures, and this is being utilized to 
drive the system, with only vapor passing through the membrane.

Freeze desalination 
(FD)

The basis of freeze desalination technologies is to change the phase of 
water from liquid to solid. Freezing the saltwater forms pure water ice 
crystals that can then be separated and melted to obtain potable water, 
requiring less energy than conventional evaporation techniques. This 
approach seeks to take advantage of the relatively low enthalpy of phase 
change—The freezing of water at atmospheric conditions (334 kJ/
kg)—Whereas evaporation would require 2326 kJ/kg. The

Electrodeionization 
(EDI)

EDI uses a combination of ion exchange and electrodialysis, where an 
electrical charge is applied to plates mounted outside the membranes with 
resin beads between them. Saltwater ions take the place of ions on the 
resin and are then pulled through the membrane to the electrically charged 
plates. Water passes through the resin without hindrance as it contains no 
ions, thus producing purified water.

1 Desalination: Concept and System Components
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Environmental sustainability of desalination practices depends on two factors: 
(1) energy use efficiency as discussed above and/or shift toward increased  integration 
of renewable energy technologies in desalination process; (2) enhanced concentrate 
management; and (3) enhanced regulatory requirements. 

Advanced renewable energy technologies provide significant opportunities for 
environmental sustainable desalination projects. Abou-Rayan and Djebedjian [29] 
discussed several unique solar desalination case studies. For example, scientists at 
the Technological Institute of the Canary Islands (ITC) and the Aachen University 
of Applied Sciences installed a pilot plant called DESSOL (Desalination with Solar 
energy) in Pozo lzquierdo (Gran Canaria island) to demonstrate the technical feasi-
bility of this technology. The RO plant, which has a nominal production capacity of 
10 m3/day (specific energy consumption of 0.5 kWh/m3) is supplied by a 4.8 kWh 
PV generator and a 19 kWh battery back-up system. A second example discussed 
by Abou-Rayan and Djebedjian [29] is the High Concentration Photovoltaic 
Thermal (HCPVT) Project being developed by IBM in cooperation with the King 
Abdulaziz Research Center based on research conducted at the Massachusetts 
Institute of Technology (MIT). Their prototype HCPVT system uses a large para-
bolic dish made from a faceted mirror attached to a sun tracking system. 

Ongoing research related to concentrate management is mostly focused on 
developing new zero liquid discharge (ZLD) techniques, as these support environ-
mental preservation as well as identifying beneficial uses of the salts produced as a 
byproduct of the desalination process. 

There is an urgent need to develop and implement more effective desalination 
permitting and monitoring programs in jurisdictions around the world that balance 
the cost-effectiveness of evolving technologies with environmental preservation. 
Younos [35] discussed desalination permits and regulatory requirements in the 
U.S.  The State of California has published the California Desalination Planning 
Handbook [45]. It provides the most comprehensive guidelines for planning of 
desalination projects. Chap. 6 of the Handbook describes regulations and permitting 
requirements which could be a useful resource where regulations are lacking.  

1.8  Conclusions and Outlook 

The desalination concepts, basic categories of desalination system designs, and the 
status of pertinent technologies presented in this chapter, are only a brief introduc-
tion to exciting and rapidly growing technologies vital to providing clean water for 
human populations around the world. The worldwide availability of vast seawater 
and brackish water resources combined with evolving desalination techniques and 
system design offer significant opportunities to address global water scarcity in both 
urban and remote environments for the twenty-first century and beyond. Furthermore, 
evolving energy use efficiency and renewable energy technologies development and 
use will also facilitate the emergence of environmentally friendly large-scale desali-
nation plants, as well as, small-scale and decentralized desalination infrastructure 
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invaluable for densely populated urban areas and rural and remote communities. At 
present, few environmental regulations directly apply to desalination plant develop-
ment and operation. It is critical to develop and implement effective desalination 
plant permitting and monitoring systems covering both water and air aspects of 
desalination plant impacts, and balancing the cost-effective aspects of evolving 
technologies with the need to protect vulnerable environments and meeting increas-
ingly high potable water demand around the globe.    
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Chapter 2
Thermal Desalination: Performance 
and Challenges

Osman Ahmed Hamed

2.1  Introduction

Desalination is defined as the process that removes salts from water. The two major 
types of desalination technologies currently in use are thermal and membrane- 
based. Both the technologies need energy to operate and produce fresh water.

Thermal desalination mimics the natural hydrologic water cycle where it is gen-
erally achieved through two successive steps. In the first step, saline water is heated 
generating a salt free vapor. In the second subsequent stage, the generated vapor 
condensates to form distilled water. The two main industrial thermal desalination 
processes are multi-stage flash (MSF) and multi-effect desalination (MED). Both 
processes are usually evaluated in terms of thermal energy performance through 
widely accepted energy factors such as performance ratio (PR) and gain output ratio 
(GOR) [1].

In the present chapter, the operational and design developments of thermal 
desalination processes will be covered. Emphasis is given to desalination process 
challenges such as scale control, material selection and methods to increase distiller 
production capacity. Operational experiences gained during the last four decades 
will be highlighted. Challenges that have to be addressed to enhance developments 
of thermal desalination processes such as introduction of innovative methods to 
reduce specific energy consumption, will be discussed.
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2.2  Thermal Desalination Technologies

Two thermal desalination technologies are well-established globally; MSF and 
MED. The MSF process distils seawater by flashing a portion of the water into 
steam in multiple stages under vacuum. The produced vapour is condensed into 
fresh water on the tubular exchanger at the top of the stage. In a MED process, the 
feed water is heated by steam in tubes, usually by spraying saline water outside the 
tubes where a portion of water gets evaporates, and this steam flows into the tubes 
of the next effect heating, evaporating more water. Each effect essentially reuses the 
energy from the previous stage, with successively lower temperatures and pressures 
after each one. In the following sections, an overview of these two technologies will 
be presented with emphasis on their performances and major challenges.

2.2.1  Multi-Stage Flash (MSF) Desalination

2.2.1.1  Process Description

The most adopted MSF desalination process is the brine recycle configuration as 
illustrated in Fig. 2.1. The system includes three major sections: the brine heater, the 
heat recovery section, and the heat rejection section. The brine heater drives the 
flashing process through heating the recycle brine stream to the top brine tempera-
ture (TBT), which is a very important design parameter. Number of stages in the 
heat recovery section is higher than that in the heat rejection section.

Flashing occurs in each stage where a small amount of product water is gener-
ated and accumulated across the stages in the two sections (heat recovery and heat 
rejection). Vapor formation results because of the reduction of the brine saturation 
temperature; therefore, the stage temperature decreases from the hot to cold side of 

Fig. 2.1 Flow chart of brine recycle desalination process. Reproduced with permission from 
Ref. [2]; Copyright 2018 @ Elsevier
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the plant. This allows for brine flow across the stages without the aid of pumping 
power. The flashed-off vapors condense on the tubes of the preheater/condenser 
units. The released latent heat by the condensing vapor is used to preheat the brine 
recycle stream. On the cold side of the plant, the feed and the cooling seawater are 
introduced into the condenser/preheater tubes of the last stage in the heat rejection 
section. As this stream leaves the heat rejection section, the cooling seawater is 
rejected back to the sea and the feed seawater is mixed in the brine pool of the last 
stage in the heat rejection section. Also, two streams are extracted from the brine 
pool in this stage, which include the brine blow down and the brine recycle. The 
rejection of brine is necessary to control the salt concentration in the plant. As is 
shown, the brine blowdown is withdrawn prior to mixing of the feed seawater and 
the recycled brine is withdrawn from a location beyond the mixing point. The brine 
blow down is rejected to the sea and the brine recycle is introduced to the last stage 
in the heat recovery section. Additional units in the desalination plant include pre-
treatment of the feed and cooling seawater streams. Treatment of the intake seawa-
ter is limited to simple screening and filtration. On the other hand, treatment of the 
feed seawater is more extensive and it includes deaeration and addition of antis-
calant and foaming inhibitors. Other basic units in the system include pumping 
units for the feed seawater and brine recycle. Also, gas-venting systems operate on 
flashing stages for removal of non-condensable gases.

2.2.1.2  Performance Indicators

In general, the performance of desalination plants reflects its efficiency to produce 
fresh water. Many performance criteria are adopted including amount of produced 
water, steam consumption, specific heat consumption, thermal efficiency, perfor-
mance ratio, availability factor, conversion factor, and plant factor [3].

However, MSF desalination plant’s performance is usually assessed through two 
major indicators: PR and GOR according to the following equations:
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Where:
md = mass of distillate (kg/s)
ms = mass of steam (kg/s)
ΔHref = distillate reference latent heat (kJ/kg)
ΔHBH = steam specific enthalpy drop across brine heater (kJ/kg)
The PR is more accurate than GOR for thermal assessment because it takes into 

account the effect of temperature on the latent heat of steam [1]. Both the factors 
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determine the water production cost which reflects desalination plant operation effi-
ciency. The interaction between performance indicators, design parameters and pro-
cess variables (seawater temperature, top brine temperature, number of stages/
effects, concentration factor) was subject to multiple mathematical modelling 
efforts [1, 4, 5]. Despite the considered assumptions of these models, the obtained 
results are still acceptable to describe thermal desalination system’s behavior.

A comprehensive study revealed that MSF distillers which are over 20 years old, 
instead of being derated due to ageing, actually maintained production and perfor-
mance ratios that equaled or, in most cases, surpassed the original design specifica-
tions [6–10]. Thus, the service life of MSF distillers are expected to exceed 30 years 
which in turn, enhances the cost-effectiveness of MSF process. The reasons for 
such good thermal performance were attributed to several design and operating 
conditions, such as:

 1. Conservative design fouling factors
 2. Effective alkaline scale control
 3. Proper material selection
 4. Strict operation and maintenance practices

The maximum available PR of existing MSF desalination plant operating TBT tem-
perature of 112 °C and 24 stages is limited to 8.6 kg/2326 kJ.

2.2.1.3  MSF Challenges

MSF desalination process is a robust and mature technology with more than 60 years 
of record. Performance sustainability depends on the control of two major challenges 
including scale and corrosion. In the following, brief discussion of these challenges 
are provided from practical experience perspective.

 a. Scale control

Control of scale formation on heat transfer surfaces is one of the basic problems 
in the distillation processes. Formation of scale on heat transfer surfaces impedes 
the rate of heat conducted and increases energy consumption. The main scale 
forming constituents of seawater are calcium, bicarbonate, magnesium salts and 
calcium sulfate. On heating, bicarbonate yields carbonate which can precipitate 
with calcium if the saturation limit is exceeded and coexist with magnesium 
hydroxide [11]. Calcium carbonate (CaCO3) and magnesium hydroxide (Mg(OH)2) 
are generally referred to as ‘alkaline scales’. This is for identification since they 
form under alkaline conditions with pH values greater than 8. On the other hand, 
calcium sulphate (CaSO4) is distinguished as ‘non-alkaline scale’. Formation of 
alkaline scale is controlled by either lowering the pH through bicarbonate deple-
tion or by threshold additive chelation. Conversely, CaSO4 formation is primarily 
controlled, so far in commercial plants, by operating at top brine temperatures that 
are lower than its appreciable precipitation limits, i.e., TBT < 120 °C in view of the 
raised salt concentration in MSF brine streams. Prevention of scale deposition can 
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be controlled by depletion of carbonate through pH adjustment by acid addition or 
by controlling scale precipitation through the addition of much less than stoichio-
metric quantities of threshold (antiscalant) agents which are mainly inorganic or 
organic polymer compounds. As the problems associated with acid operation 
became dominant, the opportunity for high temperature scale control additives 
(antiscalants) to replace acid while giving commensurable performance was noted 
from the mid of 1970 onwards [12]. The commonly used antiscalants are derived 
from three families: condensed polyphosphates, organophosphonate and poly-
electrolytes. Polyelectrolytes are mostly poly-carboxylates which include poly-
acrylicacid, polymethaerylic acid and polymaleic acid. Mixtures of sodium 
tripolyphosphate dispersing agent have been used to inhibit alkaline scale deposi-
tion in seawater evaporators since the 1950s [12].

Many evaluation studies were conducted to assess the performance of commer-
cial available antiscalants [13–16]. The criteria adopted to judge the antiscalant per-
formance is mainly based on the heat transfer measurements [17]. On the other 
hand, the variety of antiscalant chemistry lead to a continuous debate on the mecha-
nism of scale inhibition among scientists. Further details on this aspect can be found 
in Chaps. 14 and 15. The major problem with polyphosphate based inhibitors was 
found to be the thermal degradation of polyphosphate at temperatures above 90 °C 
and the subsequent loss of threshold effect of the product. This restriction in top 
brine temperature to 90 °C (by hydrolysis) limited the thermal efficiency of evapo-
rator designed for threshold treatment. Acid dosing was introduced in the 1960s as 
a means of overcoming the temperature limitations and the poor performance of 
polyphosphate [12]. Acid dosing, by removing the bicarbonate from the feed water, 
allowed evaporators to operate at increased top temperatures, close to the calcium 
sulfate solubility limits. It was found to have certain drawbacks such as the manda-
tory careful control and monitoring of the dose level which was quite essential to 
minimize the risks of plants’ corrosion or scale formation and to ensure a reasonable 
plant life. Low molecular weight polymeric/carboxylic acid and phosphorous base 
alkaline were developed as high temperature additives. Phosphonate based poly-
mers do not hydrolyse as easily as polyphosphates due to the greater stability of the 
C-P bond in phosphonates as compared with the P-O bond in phosphates.

The dosing rate of scale control additives is one of the most important operating 
parameters. Optimum antiscalant dosing rate should be established where under- 
dosing leads to scale formation, while overdosing is believed to enhance sludge for-
mation. A number of optimization tests have been carried out resulting in successful 
operation of MSF distillers at low antiscalant dosing rates [18–22]. This can be 
attributed to several factors such as plant operators’ awareness to reduce chemical 
dosing while maintaining effective plant performance, adoption of on-line sponge 
ball cleaning and competition among various additive suppliers to provide the most 
cost-effective dose levels to meet the needs of desalination plant owners.

Although, a number of methods have been developed to minimize or prevent the 
formation of alkaline scales, no commonly accepted method for avoiding the forma-
tion of scales due to calcium sulfate salts at high temperatures and brine concentra-
tions in large commercial MSF plants is available. The only commercialized 
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approach so far, i.e., currently used to prevent the formation of calcium sulfate is to 
operate the plant below the solubility limits of calcium sulfate.

Although, the formation of scale is combated and controlled by threshold treat-
ment with the use of antiscalant, its complete prevention is impracticable. The com-
bined use of chemical additives and on-line tube cleaning has been proved to be the 
most cost effective means to combat scale formation and to avoid acid cleaning 
[23–25]. Most desalination plants employ on-load sponge ball cleaning. The chemi-
cal treatment, ball to tube ratio and frequency of cleaning in different MSF plants 
are shown in Table 2.1.1,2

The ball to tube ratio for plants using chemical additive treatment varies from as 
low as 0.22 up to about 0.45 with average frequency of three operations of ball 
cleaning per day. The ball to tube ratio in MSF plants, thus in most cases, lie within 
the reported accepted range [26, 27]. Larger number of ball to tube ratio may cause 
problems by several balls passing one tube simultaneously and getting stuck while 
smaller ratio is not capable to reach all tubes [28]. The wide variation of ball to tube 
ratio reveals that ball cleaning operation is not yet well-established. This can be 
attributed to its dependence on many interacting operating and design factors such 
as brine chemistry, type of inhibitor and control regime, ball type and MSF design 
parameters such as temperatures, number of stages and tube length, flow pattern and 
arrangement of ball injection points.

 b. Corrosion control

Corrosion in thermal desalination plant was subject to numerous studies based 
on practical experience. To mitigate the corrosion in the existing and old desalina-

1 Brine Heater
2 Heat recovery section

Table 2.1 On-load sponge ball cleaning

Plant
Chemical 
treatment

Ball/Tube ratio Frequency of cleaning 
operation No. of cycles per operationBH HRC

A Antiscalant 0.450 0.427 3 times / day 8
B Antiscalant 0.342 0.324 3 times / day 8
C 0.270 0.257
D 0.300 0.302
E Acid 0.296 0.236 1 time / week 3
F Antiscalant 0.29 0.665 3 times / day 4
G 0.251 0.370 2 times / week 10
H 0.453 0.458 3 times / day 9
I Antiscalant 0.243 0.249 3 times / day 12

Acid 0.243 0.249 1 time / week 12
J Antiscalant 0.22 0.22 3 times / day 8 (16 for high TBT)
K 0.251 0.253 3 times / day 3
L 0.351 0.351 1 time / day 9
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tion plant, material selection is perhaps the main solution. In this way, the first 
generation of desalination plants installed in the Gulf region used carbon steel as the 
main construction material for the evaporator shells and internals [29]. Some sig-
nificant changes had then occurred in the material selection specified for the second 
generation of desalination plants designed and constructed in the last decades due to 
proper understanding of the operating conditions occurring inside the evaporator.

The most commonly used materials of construction in MSF plants are carbon 
steel, stainless steel, copper-nickel alloy and titanium [30, 31]. The shell of brine 
heaters of all plants is made of carbon steel and the tubes are either 70/30 or 
90/10Cu-Ni or modified 70/30 copper nickel (with 2% Fe and 2% Mn). The mate-
rial of construction of flash chambers is carbon steel with and without cladding. In 
some plants, the first high temperature stages are cladded with SS 316 L. In some 
plants flash chambers are completely cladded with 90/10Cu-Ni or with SS 316 L or 
317 L. The material of construction of the heat rejection tubes are normally made 
of titanium.

The following measures are normally employed to control corrosion in MSF 
distillers [32]:

 1. Install sacrificial anodes in the water box of the heat rejection, heat recovery and 
brine heater for controlling tube inlet, outlet and tube plate corrosion.

 2. The liquid load of the external deaerator not to exceed 20 kg/sm2 to limit dis-
solved oxygen concentration in the deaerator effluent less than 20 ppb.

 3. To guarantee low dissolved oxygen in the brine recycle, addition sodium sulphite 
in the deaerator effluent is normally recommended.

The addition of sodium sulphite (Na2SO3) to deaerated seawater will be necessary 
when the performance of the deaerator will not yield a 20 ppb dissolved oxygen. It 
has been reported that addition of Na2SO3 to seawater containing up to 20 ppb dis-
solved oxygen has very little effect on the corrosion rates of evaporator and heat 
exchanger alloys [33]. Further discussion on the corrosion control in thermal desali-
nation is provided in Chap. 5.

2.2.2  Multi-Effect Desalination

2.2.2.1 Process Description

As shown in Fig.  2.2, the MED evaporator consists of several consecutive cells 
maintained at a decreasing level of pressure (and temperature) from the first (hot) 
to the last (cold). Each cell (also called effect) contains a horizontal tube bundle. 
The top of the bundle is sprayed with seawater make-up that flows down from tube 
to tube by gravity.

Heating steam flowing inside the tubes are externally cooled by pretreated sea-
water make-up flow. The internal steam condenses into distillate (fresh water) inside 
the tubes and the released heat by condensation (latent heat) warms up the seawater 
outside the tubes and partly evaporates it. The vapour raised by seawater evaporation 

2 Thermal Desalination: Performance and Challenges



36

is at a lower temperature than the heating steam. However, it can still be used as a 
heating medium for the next effect where the process repeats. Due to evaporation, 
seawater slightly concentrates when flowing down the bundle and gives brine at the 
bottom of the effect.

In the last cell, the produced steam condenses in a conventional shell-and-tubes- 
heat exchanger. This exchanger, called ‘distillate condenser’ or ‘final condenser’ is 
cooled by ambient seawater. At the outlet of the final condenser, part of the warmed 
seawater is used as make-up water of the unit, while the other part is rejected to the 
sea. Brine and distillate are collected from cell to cell till the last one, where from 
they are extracted by centrifugal pumps. The heating steam of the first effect is gen-
erally low pressure condensing steam (as low as 0.3 bar abs). Other heating media 
(such as hot water) may be used.

To take benefit of the available steam pressure (when this pressure is sufficient) 
(above 2 bar abs), MED desalination units are coupled with thermo vapor compres-
sor (TVC) which enhance the unit thermal performance. The incoming (motive) 
steam is fed into the thermocompressor through a sonic nozzle. Its expansion will 
allow low pressure steam from a cell of the evaporator to be sucked out. Both steams 
will be mixed in the thermocompressor body. The mixture is then compressed to the 
pressure of the first effect’s bundle through a shock wave. The latent heat of the 
sucked vapour is thus recycled in the evaporator and is again available for desalina-
tion, leading to energy savings.

The performance of a thermocompressor is expressed by the ratio (w) of the 
sucked steam mass (in kg) per kg of motive steam. A higher motive steam pressure 
corresponds to a higher value of w (for a given temperature difference between the 

Fig. 2.2 Flowchart of MED desalination process [34]

O. A. Hamed



37

extraction of the sucked steam and the condensation temperature of first cell). On the 
other hand, for a given motive steam pressure, the higher the temperature difference, 
the lower the value of w.

2.2.2.2 Performance Indicators

Very high GOR can be obtained with MED-TVC units. For example, Sidem has 
designed units with twelve cells and a motive steam pressure of 30 bar capable to 
reach a GOR of 17 (i.e. 17 kg of distillate water produced per kg of steam fed into 
the thermocompressor). They have been in operation since 1989 in the French West 
Indies. MED-TVC is the only process that can produce such a high performance.

Historically, MED process is an old process which suffered from scaling prob-
lems associated with the old design of these early units. Recently considerable 
improvements in MED desalination systems have been introduced to reduce the 
undesirable characteristics of the old MED submerged tube evaporators such as low 
heat transfer rate and high scale rate formation. Falling film evaporators such as 
vertical tube evaporator (VTE) and horizontal tube evaporator (HTE) found in new 
MED plants have a number of distinct advantages [1, 35–38]. They provide higher 
overall heat transfer coefficients and low specific heat transfer surface area when 
compared to MSF desalination systems. They do not employ recycling and are thus 
based on the once through principle and have low requirements for pumping energy. 
Power consumption of MED-TVC plants is only around 2 kWh/m3 as there are no 
requirements to recirculate large quantities of brine. The combination of high per-
formance ratio and low power consumption results in lower overall energy costs. 
MED also offers the possibility of reducing plant size and footprint. However, there 
are some problems which are associated with MED systems such as the complexity 
of morphology and the limitation of production capacities.

MED process has recently made substantial progress and problems which are 
normally associated such as limitation of production capacities have been addressed. 
Historical evolution of the increase of the capacity of MED desalination plants in 
the GCC states is shown in Fig. 2.3. MED production capacity increased during the 
period 2000–2010 exponentially from 0.24 million m3/day to 2.64 million m3/day 
and increased to 3.0 million m3/day in 2018.

To reduce the specific installation and operational costs, MED-TVC designers 
started to adopt large production capacities units. The large size of these units 
implies high efficiency at steady state and relatively small flexibility during load 
variations. With fewer units of higher production capacity, the need for interconnec-
tion and control piping will be much reduced. The single unit is also simple to oper-
ate, and the number of operators required is smaller.

The new trend of combining TVC with conventional MED has allowed this unit 
capacity to increase from 2 to 20 MIGD3 in the last decade as shown in Fig. 2.4. 

3 Millions of gallon per day
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This considerable increase in capacity, poses a real competition to the MSF as a 
large-scale production plant with lower operation temperatures.

The applied MED technology consists in horizontal tubes with falling film evap-
orators and thermal vapor compression [40]. As shown in Fig. 2.5, each MED units 
consists of three modules. In order to prevent up-scaling difficulties and vapor flow 

Fig. 2.3 Historical evolution of MED-TVC desalination water production in the Gulf council 
corporation (GCC) countries [34]

Fig. 2.4 Historical evolution of MED-TVC unit size. Modified from Ref. [39]
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rate limits, two modules each containing 2 cells and each integrated with TVC are 
arranged in two identical rows. The top brine temperature is kept at only 63 °C, in 
order to minimize scale forming on the tubes. A third module contains three cells 
and without TVC, is installed downstream.

During the period 2012 and 2018, the modular design of MED-TVC was imple-
mented by Saline Water Conversion Corporation (SWCC). Figure 2.6 shows Yanbu 
MED-TVC modular design concept. The distiller consists of four modules where 
each module consists of effects arranged in series and produces 3.75 MIGD. The 
first high temperature effects are combined with a TVC. Each module is divided 
into a number of separate tube bundles. The four modules are combined to produce 
a total of 15 MIGD.

In the year 2018, SWCC built and commissioned the World’s largest MED-TVC 
distiller to produce 20 MIGD at Shuaiba. The distiller consists of four modules. 
Each module is divided into four tube bundles and produces 5 MIGD. The distiller 
is designed to operate at top brine temperature up to 70 °C and with an unprece-
dented PR of 14.6 kg distillate/2326 heat input as noticed in Fig. 2.7.

Fig. 2.5 Configuration of Sharjah MED-TVC plant. (Source: MIT) [41]
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2.2.2.3 MED Challenges

In order to mitigate scaling difficulties and vapor flow rate limits and to limit the 
maximum TBT to 65 °C, currently available commercial MED-TVC units consist 
of maximum of 12 effects. The low value for the available overall temperature dif-
ference puts a limitation to the possible number of effects. Increasing the number of 

Fig. 2.6 Conceptual design of Yanbu MED-TVC plant. (Source: Doosan) [42]

Fig. 2.7 Historical evolution of MED-TVC performance ratio. Modified from Ref. [39]
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effects more than 12 will significantly reduce temperature difference (thermal driv-
ing force) in each effect and hence overall heat transfer area will be increased expo-
nentially. Once TBT is increased more than 75 °C, more number of effects can be 
installed which can increase the PR.

Increasing the TBT above 65 °C provides the opportunity to increase the overall 
temperature difference and consequently provides the opportunity to increase the 
number of effects and this in turn will be reflected in the significant increase of the 
GOR and reduces the steam and power consumption. Unlike the MSF distiller, 
increase of TBT of the MED distiller results in a significant increase of the GOR 
ratio. As shown in Fig. 2.8, increase of TBT from 65 °C to 125 °C shall increase the 
GOR by more than two-folds.

2.3  Thermal Desalination Development Efforts

2.3.1  Desalination Units with Enhanced Configuration

A promising approach to pretreat seawater using nanofiltration (NF) membranes 
was developed to overcome the main challenge of thermal desalination process [43, 
44]. The application of NF technique for pretreating seawater resulted in the reduc-
tion of salt concentration and removal of most of the hardness ions (Ca2+, Mg2+) and 
co-ions (SO4

2−, HCO3
−). Pretreating raw seawater by NF allow to cross the prohibi-

tive operating zone (Fig. 2.8) and provides an opportunity to operate thermal seawa-
ter desalination plants above their present TBT limit. Increasing the TBT induces a 
large flash range, larger heat transfer area. Then, highly cost-effective water produc-
tion with improved PR would be achieved.

Fig. 2.8 Impact of variation of operating temperature on the energy consumption of the MED 
Process [34]
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Exploratory experimental work was carried out on an MED-TVC pilot plant with 
a capacity of 24 m3/d operating within the context tri-hybrid NF/RO/MED configu-
ration as shown in Fig. 2.9. The TBT of the MED-TVC was successfully increased 
steeply from 65 °C to 125 °C using a make-up formed from softened seawater, with-
out any scaling problems [44].

2.3.2  Hybridization

Hybrid desalination systems integrating thermal and membrane desalination pro-
cess with power generation in the same site are currently considered a viable alter-
native to dual evaporation plants (Fig. 2.10).

The advantages of triple hybrid power/MSF/SWRO over the dual power-MSF 
and single purpose MSF or RO plants were reported [46–51]. Integrating a seawater 
reverse osmosis (SWRO) unit with a multistage flash distiller provides the opportu-
nity to blend the products of the two processes. Such arrangement allows to operate 
the RO unit with relatively high TDS and consequently allows to lower the replace-
ment rate of the membranes. If the useful life of the RO membrane can be extended 
from 3 to 5 years the annual membrane replacement cost can be reduced by nearly 
40% [49]. Blending the products of the thermal and SWRO allows for the use of a 

Fig. 2.9 Trihybrid NF/RO/MED desalination configuration. Reproduced with permission from 
Ref. [45]; Copyright 2006 @ Elsevier
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single stage SWRO instead of the two stage SWRO plant normally employed in 
standalone SWRO plants. Combining thermal and membranes desalination plant in 
the same site will allow using common intake and outfall facilities with less capital 
cost. An integrated pretreatment and post-treatment operation can reduce cost and 
chemicals.

During cold seasons, the preheated seawater leaving the heat rejection of the 
MSF distiller or the last effect of the MED plant can be used as feed water for RO 
plant. Increase of seawater feed temperature by 1 °C will increase the water produc-
tion of SWRO by 3%. Experiments were carried out in which RO seawater feed was 
withdrawn from the MSF reject stream [52]. It has been reported that a 42–48% 
gain in RO product water recovery was obtained for seawater feed temperature of 
33 °C compared to an isolated RO plant using surface seawater temperature at a 
temperature of 15 °C.

An optimization methodology was proposed for the design of fully integrated 
tri-hybrid power-MSF-RO plants [53]. The optimal design is based on exergo- 
economics and on profit optimization. The optimization parameters are extraction 
pressure (or temperature) of steam from turbine and the capacity ratio between the 
MSF and RO sections. The proposed model is flexible and suitable for comparative 
applications. A hybrid system integrating MSF and RO desalination processes 
where MSF is fed by brine reject of the RO is proposed [54, 55]. The MSF repre-
sents a second stage in series to increase the amount of water produced. Such con-
figuration provides the opportunity to reduce the size of the pretreatment unit with 
consequent decrease of cost. It will also make it possible to use less expensive mem-
branes and improve the thermal efficiency of the cogeneration plant. Permeate from 
RO and distillate from MSF can be mixed which will consequently allow the use 
of RO membranes with low salt rejection. It has been reported that the blow 

Fig. 2.10 Schematic diagram of commercially available simple hybrid desalination plants. 
Reproduced with permission from Ref. [45]; Copyright 2006 @ Elsevier
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downstream leaving the MSF plant which is sterile and deaerated can be used as a 
feed to the RO plant [44]. It has been argued that although a higher TDS at the inlet 
of the RO plant decreases the membrane flux, the higher temperature of the blow 
down increases the flux, thereby compensating the negative effect.

A study was carried out to determine the economic impact on the water produc-
tion of an RO unit when integrated with an MSF plant [56]. A number of hybrid 
desalination configurations were analysed. The study revealed that the simple 
hybrid MSF/RO desalination plant in which the RO product is blended with MSF 
product results in significant reduction of RO water production cost and is around 
13% lower than the water production cost of non-hybridized RO plant. The cost 
savings resulted from smaller intake, use of single-stage RO process and longer 
membrane life. When a fully integrated MSF/RO desalination plant is used, selec-
tion of RO membranes of high flux and low salt rejection coupled with the blending 
of the products of MSF and RO plants have a relatively higher impact on the reduc-
tion of water production cost of the non-hybrid RO plant. An optimization study for 
the prediction of the minimum water cost of seven different designs of RO/MSF 
hybrid desalination plants was reported [53, 57]. The MSF plants are either of brine 
recycle or once-through flow configurations and are coupled to single stage SWRO 
with energy recovery system. For comparison the water cost of a standalone two- 
stage SWRO unit and a stand-alone brine recycle MSF plant, was also determined. 
The study revealed that the two-stage RO plant yields the lowest water production 
cost. Hybridization of RO and MSF processes hence would result in better econom-
ics and operation characteristics than those corresponding to the stand alone MSF 
process.

2.4  Conclusions and Outlook

Although MSF desalination plants which have been built more than 30 years back 
are still operating with high load and availability factors and with remarkable reli-
ability and robustness; they are suffered by relatively high specific energy 
consumption.

MED-TVC process has recently made substantial progress and problems which 
are normally associated with this such as limitation of production capacities have 
been successfully addressed. The MED-TVC unit capacity has been increased up 
to 20 MIGD getting use of economy of scale. The GOR which is an indicator of 
specific energy consumption has been increased up to 16. There are further oppor-
tunities to reduce the specific energy consumption through proper pretreatment 
operations. Due to the synergy between power generation cycles and MED-TVC, 
this desalination process can perform better than any other desalination processes 
if employed within the context of hybrid dual-purpose configuration integrating 
high efficient power cycle with either MED-TVC or with hybrid MED-
TVC/SWRO.
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Chapter 3   
Reverse Osmosis Desalination: 
Performance And Challenges             

A. Mohammed Farooque       

3.1  Introduction 

Producing potable water of acceptable quality with minimum cost is the major goal 
for water industry professionals. Fresh water production by seawater desalination is 
an expensive affair. For several years, thermal processes have been dominating the 
seawater desalination over the membrane process and during the last few years, 
seawater reverse osmosis (SWRO) desalination technology has gone through a 
remarkable transformation and gained widespread acceptance, which is evident 
from the increased share of SWRO. The major reasons for the increase in popularity 
of SWRO desalination process are its simplicity and significant reduction in capital 
and operational costs, which was possible due to various advancements made in 
membranes, energy recovery devices (ERDs), materials, etc. [1, 2]. 

Loeb and Sourirajan were the first to report the discovery of a practical RO mem-
brane, comprised of an asymmetrically structured cellulose acetate (CA) film dur-
ing the year 1959–1960 [3] and CA based RO membranes, which were then 
commercialized at Gulf General Atomic, San Diego, California, USA in the early 
1960s [4]. During the late 1960s, brackish water RO plants were successfully 
deployed [5]. In the following decade, as a result of membrane material 
 improvements, RO membranes were applied to seawater desalination [6] and over 
the past 50 years, dramatic improvements in RO membrane technology elevated RO 
to be the primary choice for new desalination facilities throughout the world. 

In RO process, a semi-permeable membrane is used to remove salts from saline 
water by applying sufficient pressure to overcome the osmotic pressure of the same. 
RO membranes allow only the passage of water through it while rejecting the 
dissolved salts thus enabling to obtain product water with low salinity. 
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Typical SWRO desalination plant consists of four major systems, a seawater 
intake system, a pre-treatment system, a high-pressure pumping system, and a 
membrane system (desalting module) (Fig. 3.1). An intake system is the one, which 
provides consistent supply of seawater required for the desalination. Whereas the 
pre-treatment system adjusts the source feed seawater quality to make it compatible 
with the SWRO membrane. High-pressure pumping system raises the feed pressure 
to the SWRO membranes to overcome the osmotic pressure of the pre-treated sea-
water fed to the membrane and produce sufficient quantity of potable water. The 
membrane system consists of semi-permeable RO membranes arranged in multiple 
pressure vessels that are capable of rejecting dissolved solids in the seawater and 
allowing water to pass through the same thus producing potable water. 

The performance of the entire system is dependent upon the proper design and 
operation of each component. It is desirable that the RO plant is capable of sustain-
ably producing the required amount of potable water with acceptable quality at 
minimum cost. 

Three major challenges are observed for SWRO: high water production cost, 
sustainable plant performance and the impact on the environment. The former chal-
lenge is due to the high energy consumption and the use of expensive corrosion 
resistant alloys (CRAs). The sustainability of the plant performance depends on the 
fouling phenomenon. Finally, the use of chemicals and the brine discharge still 
debated in terms of negative impact on the environment. 

The chapter discusses various SWRO performance assessment parameters. This 
includes the product flow rate, salt rejection, recovery rate and differential pressure 
drop across the membrane. It also addresses various challenges faced by SWRO plants 
and measures adopted to overcome these challenges to maintain the best plant perfor-
mance. Recent advancements with different system components are also discussed.  

3.2  Process Components Performance and Challenges

3.2.1   Intake System 

The intake is one of the key systems for SWRO desalination plant. Its purpose is to 
ensure adequate and consistent flow of source water over the entire useful life of the 
desalination plant. Moreover, it should be capable of providing a reliable quantity of 

Fig. 3.1 Schematic diagram of a typical SWRO plant
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clean seawater with a minimal ecological impact. Seawater intakes are broadly 
categorized as surface and subsurface intakes. In surface intakes, the feed seawater 
is collected from an open sea above the seabed via on-shore or off-shore inlet struc-
ture and pipeline interconnecting this structure to the desalination plant. Whereas in 
subsurface intakes the feed seawater is collected via beach wells, infiltration galler-
ies, or other locations which lie beneath the seabed. 

A good intake design will not only protect downstream equipment and reduce 
environmental impact on marine life, but it will improve the performance and reduce 
the operating cost of the pretreatment system. To meet these objectives, it is essen-
tial that a thorough assessment of site conditions and careful environmental impact 
study be conducted prior to the design of the rest of desalination plant. Physical 
characteristics, meteorological and oceanographic data, marine biology, and the 
potential effects of fouling, pollution, and navigation must be evaluated, and an 
appropriate intake design should be employed. 

Performance of intake systems is usually evaluated by the assessment of the 
source water quality. This include but not limited to low values of Total Dissolved 
Solids (TDS), Total Suspended Solids (TSS), turbidity and Total Organic 
Carbon (TOC). 

Large seawater desalination plants have traditionally adopted open sea, surface 
water intake configuration. The reason behind this choice is that they are suitable for 
all sizes of desalination plant and more predictable and reliable in terms of produc-
tivity and performance. Moreover, they are easy and economical to manage in terms 
of operation and maintenance. Open sea intakes offer also a better economy of scale 
for desalination systems of capacity greater than five million gallons per day 
(MGD) [7]. 

Although open intake usually provides a sufficient quantity of feed seawater, in 
many instances it fails to provide quality feed water and may lead to more burden 
on downstream pretreatment system. Moreover, seasonal and daily variations in 
seawater quality is challenging to seawater desalination plants. To overcome this 
challenge, SWRO plants collect seawater at sufficient depth (typically ≥35  m), 
where such an impact is minor. However, at many locations such a desirable depth 
is reached only at a far distance of few kilometers away from the shore, which 
increases the capital expenditure (CAPEX) of the SWRO plant. 

A subsurface intake such as beach wells can be used, where geologic conditions 
support water extraction and are known to have the advantage of delivering “pre- 
filtered” water that may greatly reduce additional pretreatment requirements. Beach 
wells are typically located on the seashore, in close proximity to the ocean (Fig. 3.2). 

They are relatively simple to build and the seawater collected is pretreated via 
slow filtration through the subsurface seabed formations in the area of source water 
extraction. Therefore, source seawater collected using beach well intakes is usually 
of better quality in terms of solids, silt, oil and grease, natural organic contamination 
and aquatic microorganisms as compared to open seawater intakes. Although beach 
wells appear to be desirable for developing feed water intake for SWRO desalina-
tion plants, they do have their limitations. There are a number of key factors that 
have to be taken into consideration, when assessing the viability of using a beach 
well intake for a large desalination plant, and these are site conditions, seashore 
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impacts, visual impact, beach erosion, lifecycle costs, need for source water pre-
treatment, source water quality variation and dissolved oxygen concentration. 

To determine the efficacy of beach wells for a particular site, exploratory drilling 
to determine the aquifer characteristics (depth, strata) and pump tests on boreholes 
should be conducted. A preliminary idea of required depth, potential discharge and 
number of required beach wells in the site area can be obtained to match the demands 
of the proposed plant. Spacing between wells at proposed withdrawal rates is 
another important factor in design. The use of beach wells as a pretreatment strategy 
for the treatment of seawater is attractive because of the potentially lower operations 
and maintenance cost as compared to other pretreatment options, including media 
or cartridge filtration. The use of traditional vertical beach wells, however, is limited 
to smaller systems due to the large number of wells that would need to be drilled in 
order to fulfill the pretreatment needs and are an economical alternative to open sea 
intakes for desalination plants with capacities less than 20,000 m3/d only [9]. 

Open ocean intakes are currently the method of choice to provide high-capacity 
SWRO systems with feed water because of their general reliability. However, the 
high levels of pretreatment required make the operation of SWRO facilities costly 
and the heavy use of chemicals in these processes make the discharge impacts more 
environmentally unfriendly. Also, the increase in frequency of harmful algal blooms 
makes a subsurface intake system more attractive because the SWRO pretreatment 
processes can be overwhelmed by the high organic load during these events, causing 
plant shutdown and/or damage [10]. 

A considerable amount of research is ongoing to make seabed gallery systems 
less expensive to construct and to achieve economic benefits that can make them 
competitive with conventional open ocean intake systems [11]. Over the past years, 
many improvements have been made in the design and operation of seawater intake 

Fig. 3.2 Schematic diagram of a typical beach well. Reproduced with permission from Ref. [8]; 
Copyright 2013 @ Elsevier B.V
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systems, which are aimed at reducing the impact on the surrounding environment. 
This includes the invention of the velocity-cap offshore intake system to reduce the 
entrainment of fish, the use of passive screen intakes to further reduce the environ-
mental impacts of open-ocean surface intake systems by near elimination of 
impingement, and a reduction in entrainment (due to low inflow velocity and the 
small slot size of the screens). 

Other than conventional vertical beach-wells, relatively new well types, such as 
slant wells, horizontal wells, and radial collectors, have been introduced to provide 
feed water for SWRO facilities. Gallery intake systems were developed for use in a 
wider range of required capacities from medium to large. The concept of the self- 
cleaning beach gallery intake was developed and has not yet been installed for use 
in a medium or large capacity SWRO facility, but this intake design is claimed to 
have a high potential for success [12].  

3.2.2  Pretreatment System 

In order to obtain the best performance from the SWRO membrane and also to oper-
ate the membrane in a sustainable way, it is very essential to have extremely good 
quality pretreated feed, free from suspended solids and microbes, which would oth-
erwise cause membrane fouling. Pretreatment using conventional coagulation- 
filtration is very popular. It is widely used for the seawater feed pretreatment because 
of its simplicity, low cost and in many cases the pretreated feed quality is adequate 
for the satisfactory performance of the downstream SWRO membranes. A typical 
conventional pretreatment includes chlorination, coagulation, acid addition, multi- 
media filtration, micron cartridge filtration and de-chlorination. The type of pre-
treatment to be used largely depends on the feed water characteristics, membrane 
type and configuration, recovery ratio and desired product water quality [13]. 

The performance of the pretreatment is determined through the feed seawater 
quality. Pretreated quality of water is usually measured in terms of fouling tendency 
through the Silt Density Index (SDI) where a value lower than 3 is considered as 
threshold for a very good performance of membrane [14, 15]. However, when the 
feed water quality varies significantly the conventional pretreatment may not 
 perform as expected, i.e., may not yield a steady good quality (SDI < 3) feed water. 
This is mainly due to the fact the coagulation-filtration process does not act as an 
absolute physical barrier, which is capable of preventing, especially the fine and 
very fine suspended particles, from passing through the filters. In addition to SDI 
value, the turbidity and TOC should be less than 0.5 NTU (nephelometric turbidity 
units), and 2 ppm, respectively [16]. 

An index similar to the SDI, the modified fouling index (MFI), has been devel-
oped to better correlate membrane fouling, flux decline, and particle concentration. 
The original MFI method used a 0.45 μm microfiltration membrane in dead-end 
filtration and provided a linear correlation between the index and the particle con-
centration [17]. However, the MFI do not predict always accurately the fouling 
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observed in membrane systems. This is due to the number of small particles that 
pass through the 0.45 μm membrane. Later on, a modified MFI, the MFI-UF, was 
developed which uses ultrafiltration membranes to retain a larger portion of the 
small particles that can pass through microfiltration membranes but will foul a RO 
membrane. The MFI-UF has subsequently been used to analyze pretreatment per-
formance and RO membrane fouling potential during plant operation [18]. However, 
majority of commercial SWRO plants tend to use SDI due to its simplicity. 

Better pretreated water quality means that the RO membrane can be operated at 
higher flux as well as at higher water recovery without any adverse effect on mem-
brane performance. The practical average flux rate of SWRO membrane is between 
12–18 L/m2/h. The lower limit of flux is for feed water with poor quality and the 
upper value is for feed with very good quality, e.g. beach well, where SDI value of 
about 1 can be achieved. Operation of SWRO membranes at higher flux rate is 
desirable, as it requires only less number of membranes, thus reducing the size of 
the RO unit, which results in cost savings from a CAPEX perspective. However, the 
conventional coagulation-filtration process produces mostly a pretreated feed with 
SDI between 2 to 3. 

Another major problem with conventional pretreatment process is the use of 
many chemicals, especially in the form of coagulants, e.g., FeCl3 and coagulant aids 
(organic polyelectrolyte), in addition to the disinfectants such as Cl2 as well as 
sodium metabisulfite used for de-chlorination. Also, to prevent scale deposition on 
membrane surface, proprietary antiscalants or acids such as sulfuric acid are used in 
the pretreatment. Chemicals are not only increasing the total cost of water produc-
tion but also are detrimental to the environment [19, 20]. Thus reducing the chemi-
cals consumption or even completely eliminating them by an alternate pretreatment 
process will lead to great advantages in process economics as well as in minimizing 
damage to the precious environment. Recently, efforts are taken to convert SWRO 
plants to more environmental friendly operation with only a biocide (copper sulfate) 
without the use of antiscalant and sulfuric acid, since early 2017 [21]. 

Thus, desalination industries always seek alternate pretreatment processes, 
which are capable of eliminating all the above-mentioned problems associated with 
conventional pretreatment. In this context, the application of microfiltration (MF) as 
well as ultrafiltration (UF), which emerged as an efficient method in treating surface 
water becomes quite important [22]. Both UF as well as MF membranes offer good 
physical barrier to colloids, suspended particles as well as microbes and they are 
differentiated based on the ability to filter out particles of various sizes. UF mem-
brane is capable of filtering out particles in the ranges between 0.01 μm to 0.1 μm, 
whereas MF with slightly higher ranges of 0.1 μm to 1 μm. 

MF/UF membranes available in the market are made of polymers with different 
chemical composition, configuration and operating procedure. As there are many 
different MF/UF membranes available in the market with various claims, it is essen-
tial for the end-user to evaluate them to choose the best performing one. 

An important improvement made in the operation of MF/UF to reduce the cost is 
to operate them in “direct filtration” mode rather than the conventional “cross-flow 
filtration” mode by which the water recovery can be maximized [23]. But this leads 
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to the settling of suspended solids and colloidal particle matters on the membrane 
surface, which impede the flow through the membrane. In conventional cross-flow 
mode filtration process, these suspended matters are rejected in the reject stream 
whereas in direct filtration mode they accumulate on the membrane surface. Thus it 
requires frequent removal of these settled particles or matter from the membrane 
surface during the direct filtration mode. In order to remove these settled matters 
backwash treatment is applied to the membrane. Thus, during the backwash, the 
membrane fails to produce any pretreated water and part of the pretreated feed water 
is used for the backwash operation. Depending on the amount of foulants on the 
surface as well as the flux rate of the pretreatment, this automated backwash has to 
be repeated every 15–60 min of operation for duration of 20–40 s. Hence, all the 
recent MF/UF systems do have automatic PLC controlled backwashing and operat-
ing system which slightly adds to the system cost and by which the backwash fre-
quency and duration can be controlled depending either on time or on the value of 
Trans Membrane Pressure1 (TMP) across the membrane. 

MF/UF membranes typically operate in the range of feed pressure 2–4 bars and 
as the foulants build up on the membrane surface, the TMP increase if unit is oper-
ated at constant flow rate mode. Once a predefined TMP is reached, a backwash is 
performed or it can be performed based on fixed duration of time regardless of the 
TMP value. Usually with backwash, the TMP value does not come back to the origi-
nal value because the foulants cannot be completely removed and moreover, with 
time the TMP cannot be reduced below certain value, which necessitates an offline 
chemical cleaning of the membrane using chemical agents such as detergent, 
NaOCl, citric acid, etc. These cleaning can take typically 1–5 h and may be per-
formed every 1–6 months depending on fouling tendency, water quality and mem-
brane. Both the backwashing as well as chemical cleaning contribute to the final 
water production cost. 

During the regular operation, some of the membranes use chemicals such as 
coagulant for improving the quality of water, flux rate as well as backwashing effi-
ciency. Moreover, chemicals such as NaOCl, as well as H2O2 are also used during 
backwashing in addition to air scouring. Thus the ultimate cost of MF/UF 
 pretreatment depends on all the factors, viz., its capital cost, operating cost, chemi-
cals cost, etc. Most of the MF/UF membranes operate at a flux rate below 100 L/
m2/h and some even at very low flux rate, e.g., 30 L/m2/h, but they have the advan-
tage that they use very little chemicals. Thus it is essential to look into balance 
between the capital and operating cost and of course the quality of final pretreated 
water to be able to decide on which type of membrane is most suitable for a particu-
lar seawater pretreatment. In this context, a field test of MF/UF membrane may 
become very important. 

One of the major hindrances for the popularization of the MF/UF in seawater 
application is its high capital investment cost compared to the conventional pretreat-
ment process. However, recent developments in membrane manufacturing, as well 

1   The difference in pressure between the feed side and the permeate side of the membrane 
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as competition among various manufactures, made the cost of MF/UF units to be 
comparable in cost with the conventional pretreatment process. Moreover, it 
becomes essential to use these membranes at places where the conventional pre-
treatment fail due to large seasonal variation in the feed water quality. In order to 
operate the MF/UF units economically the size of the unit need to be reduced, which 
occupies only small footprints and the recent trend is to have them in capillary con-
figuration and most of the MF/UF membranes available in the market are capillary 
type. In this way, large surface area of membrane can be accommodated in small 
volume of space. 

Although many of the studies on both pilot plant scale as well as large commer-
cial plant scale show good quality filtrate from MF/UF treatment in terms of SDI 
and turbidity, the effect of the filtrate quality on the performance of SWRO mem-
brane and its advantages are still debatable. This is especially due to the fact that 
although MF/UF membranes offer good barrier to microorganism and suspended 
solids, it fails to remove small natural organic molecules (NOM). These molecules 
are one of the major culprits for the fouling, especially biofouling of SWRO mem-
branes [24]. Moreover, the claim of steady filtrate quality from membrane filtration 
unit has been questioned by some of the field study results and also failure of UF 
system at places, where algal bloom occurred. One has to carefully study the situa-
tion by pilot testing before venturing into membrane pretreatment for SWRO mem-
brane. The claim of increased SWRO flux is to be addressed carefully in view of the 
failure of MF/UF in removing organics from the influent. Also at some locations, 
based on evaluation of both UF and conventional pretreatment, it was found that 
membrane pretreatment did not offer many advantages, and hence conventional pre-
treatment was preferred. A detailed review on selection of the right pretreatment 
system for SWRO plants can be found elsewhere [25].  

3.2.3   High-Pressure Pumping (HPP) System 

The high salt concentrations found in seawater require elevated hydrostatic pres-
sures (up to 70 bar) and the higher the salt concentration, the greater the pressure 
(pumping power) needed to produce a desired permeate flux [16]. The required 
hydrostatic pressure must be greater than the osmotic pressure on the feed (concen-
trate) side of the membrane. As the recovery of a RO unit increases, the osmotic 
pressure increases on the feed side of the membrane, thus increasing the feed pres-
sure required. 

ERDs have been developed to recover some of the energy typically lost from the 
pumps and membrane system. The primary objective is to recover much of the 
energy held in the pressurized RO concentrate stream before its disposal or treat-
ment. Part of the recovered energy is used to power the process pumps. 

Recent advances in SWRO that has allowed a drastic reduction in the cost of 
desalinated water include the application of highly efficient ERDs and the utiliza-
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tion of low-pressure RO membranes. It is well established that energy is a major 
contributor to water production cost. It represents about 30–50% of the total pro-
duction cost of water and can be as much as 75% of the operating cost, depending 
on the cost of electricity. It is also reported that 75–85% of total cost of water pro-
duction is energy use and capital amortization [26]. Hence reducing the energy cost, 
which is mainly due to wastage of energy in high-pressure brine, is one of the major 
challenges of desalination industries. 

By means of ERDs, it is possible to reduce the Specific Energy Consumption2 
(SEC) of HPP which constitute more than 80% of the energy required to produce a 
unit volume of permeate. The amount of energy saving mainly depends on the effi-
ciency (η) of the ERD unit. It is a fact that due to the low recovery (about 35%) of 
SWRO process, a lot of water had to be pretreated, and then pumped to high pres-
sure before dumping about 65% of this pressurized water to the sea as reject 
(Fig. 3.3). 

SEC is largely dominated by two factors; the amount of trans-membrane pres-
sure difference as well as the design and efficiency of the HPP in combination with 
the respective ERD system. The trans-membrane pressure difference is required in 
order to achieve the necessary permeate flow rate at various mass transfer condi-
tions. Hence, it is essential to utilize both HPP and ERD of highest η to have mini-
mum possible SEC. 

However, hydraulic devices i.e. feed pump (typically centrifugal) and ERD (typi-
cally turbine), do have a very specific duty point in terms of flow rate and pressure, 
at which they will perform with optimum energetic efficiency. It is reported that the 
performance of ERDs such as Pelton wheel, Francis turbine as well as Turbo char-
ger are affected by variation in flow and pressure [27]. Since non-ideal operating 
parameters cause deviation from optimum component performance, the combined 

2   The total energy consumed by the high pressure system 

Fig. 3.3 Typical SWRO high-pressure pumping system with ERD arrangement
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interaction effects of two energy conversion devices (pump and ERD) operating 
under non-ideal, yet realistic, conditions are to be considered. 

Centrifugal pumps are generally used as HPP in SWRO process. High-pressure 
pumps efficiency typically increases with increase in capacity and an efficiency of 
88.7% was reported for HPP of capacity 2270 m3/h. The major difficulty to have 
high capacity is the limitation in its fabrication as well as train size. As the mem-
brane banks do have an optimum size, it may not match with optimum size of 
HPP. Indeed, energy recovery has become one of the hottest topics in SWRO desali-
nation and several new devices are being developed in the market, which claims 
superiority over others [28]. Many of these ERDs work on different principles and 
the major players among them are described here. 

Pelton wheel is one of the old systems claimed to be highly efficient depending 
on plant capacity as well as water recovery. The Pelton wheel takes advantage of the 
high-pressure energy, which remains in the reject (brine) of the RO process. The 
high-pressure concentrate is fed into the Pelton wheel hydraulic impulse turbine, 
which then produces rotating power output, which is used to assist the main electric 
motor in driving the high-pressure pump (Fig. 3.4). This concept allows a smaller, 
less costly motor to be utilized for HPP and saves a very considerable proportion of 
the power and, therefore, cost necessary to drive the pump. 

The system is very easy to operate with only one control and consists of an 
adjustable input nozzle to convert water pressure into kinetic energy contained in a 
high-velocity jet. This is directed to a series of buckets- or metal vanes in the mod-
ern sense- around a rotating shaft that intercepted the jet stream and converted the 
kinetic energy into rotational energy to turn a shaft and then finally discharges the 
water at atmospheric pressure. 

Fig. 3.4 Pelton wheel energy recovery device. Reproduced with permission from Ref. [29]; 
Copyright 2020 @ Rickly Hydro
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It is also claimed that its efficiency stays relatively high over the full operating 
range and the changes in flow and pressure, basically, do have only a small effect on 
operation of the turbine. However, in reality this unit suffers from loss of efficiency, 
especially when operating in the off duty range. Moreover, if the unit is not properly 
positioned and designed in an RO plant, which is the normal practice, the system 
could suffer from loss of efficiency. Here, energy recovery starts at about 40% of 
system pressure and the inlet nozzle acts as a brine control valve and no further 
pressure control is used on the RO system. 

The turbo charger has been specifically designed for RO systems. This device 
transfers hydraulic energy from one liquid stream, the RO brine, to a second fluid 
stream, the feed (Fig. 3.5). The two flows may be at different pressures and rates. 
The system is entirely powered by the brine; it has no electrical cooling or pneu-
matic requirements. 

Turbo charger consists of a hydraulic turbine and a pump, thus it is an integral 
turbine driven centrifugal pump. The turbine section is a single-stage radial inflow 
type (similar to a reverse running pump). The pump portion is a single-stage cen-
trifugal with its impeller mounted on the turbine shaft. The energy transfer results in 
a feed pressure increase. The entire rotating element is dynamically balanced as a 
unit. The device has a by-pass around it that enables the operator to control and bal-
ance the flow. This by-pass is needed when second stage brine flow is more than that 
is required for the boost pressure, especially when the feed is subjected to large 
temperature variations as are usually seen in surface intake plants and/or for mem-
brane ageing, this arrangement becomes important. Here the energy saving is 
achieved because the main high-pressure pump’s required discharge pressure is 
reduced. 

Devices using the principle of positive displacement are commonly referred to as 
pressure exchangers. The two basic designs dominating the market are; one which 
use valves and pistons and another which only uses a single spinning cylindrical 

Fig. 3.5 Turbocharger energy recovery device. Reproduced with permission from Ref. [30]; 
Copyright 2020 @ Energy Recovery, Inc
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rotor (Fig. 3.6). Flowserve’s Work Exchanger Energy Recovery (DWEER) repre-
sents former, and Energy Recovery Inc.’s Pressure exchanger (PX), represents the 
latter (Fig. 3.6). They claim to have a flat performance curve but tend to be less 
effective at higher water recovery. Here energy saving is achieved by reducing the 
volumetric output required by the main high-pressure pump and claim to have effi-
ciency up to 98%. 

The PX claims to be of 98% efficiency in recovering the energy with small leak-
age (mixing of feed and reject) occurring. The PX technology is different from 
conventional ERD design, where the brine is passed through the PX unit and its 
pressure energy is transferred directly to a portion of the incoming seawater feed. 
This seawater stream, nearly equal in volume to the reject stream, then passes 
through a small booster pump, which makes up for the hydraulic losses through the 
SWRO system. This seawater stream then joins the seawater stream from the HPP 
without passing through it. Thus, the HPP is sized to match the permeate flow, not 
the full flow. The HPP also makes up the small volume of brine lost through the PX 
hydrostatic bearing. The PX’s one moving part, a shaftless ceramic rotor with mul-
tiple ducts, is hydrostatically suspended within a ceramic sleeve. The rotor effects 
an exchange of pressure from brine to feed through direct contact displacement. 
High flow capacities are obtained by arranging multiple units in parallel. Since the 
main high-pressure pump flow equals the product water flow, the energy savings are 
actually achieved at lower conversion rates. Overall energy consumption of an 
SWRO plant using PX device has a low point at conversion rates of typically 
between 30–40%. Outside these conversion points the plant will start to consume 
slightly higher amount of power. The system claims to have easy start and stop pro-
cedure and requires high-pressure by-pass valve to control the pressure initially. 
Moreover, it has been applied in several SWRO plants worldwide since 2003, with 
more than 20,000 devices in operation. 

Fig. 3.6 Isobaric energy recovery devices, (a): DWEER, Reproduced with permission from Ref. 
[31]; Copyright 2020 @ Flowserve US, Inc., all rights reserved [31], (b): PX Pressure Exchanger, 
Reproduced with permission from Ref. [30]; Copyright 2020 @ Energy Recovery, Inc
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DWEER works similar to PX, however, here instead of a rotor, positive displace-
ment pistons are used. A booster pump to boost the required feed pressure equal to 
the feed pump pressure is also needed. DWEER transfers the fluid pressure in the 
brine stream to fluid pressure in the feed across a piston, where it reduces mixing of 
the brine and feed. For a piston designed for minimum drag, the transfer of energy 
in this scheme is essentially 100%. For this reason, the fundamental exchange of 
energy between the brine and seawater feed is more efficient than centrifugal 
devices relying on shaft conversion of power. However, in an actual RO system, 
there is a pressure drop between the feed entering the RO module and the brine exit-
ing from it and entering the DWEER. Because of this loss, it is not possible for the 
effluent from the DWEER to flow back into the feed. Also, because the piston is at 
the pressure of the membrane array, it must be housed within a pressure vessel. The 
pressure vessel has a limited volume, so a valve causes the two vessels to exchange 
functions before the piston in that volume completes its stroke. By installing a 
booster pump, the flow exiting the DWEER is now able to match the discharge pres-
sure of the HPP, allowing the system to operate in a loop. The flow rate of this 
booster pump is equal to the membrane brine flow rate less some small leakage. The 
HPP, therefore, pumps only the permeate flow. 

If one considers ease of operation and simplicity among the modern ERDs, the 
Turbo charger ranks first followed by Pelton wheel and the pressure exchangers are 
slightly complicated. Capital cost-wise Turbo charger stands lowest followed by 
Pelton wheel and pressure exchangers are considered expensive (Table  3.1). 
However, while deciding the capital cost, the cost of HPP also should be considered 
as the pressure exchangers reduce the size of HPP, which shall also reflect on the 
total capital cost. But, there are concerns such as over flushing and mixing of salt 
resulting increase in feed salinity by about 3% for PX and other positive displace-
ment ERD systems. Hence, before selecting a ERD for specific application, one has 
to look into all these aspects such as capital cost, installation cost, maintenance cost, 
ease of operation, reliability, availability and long term source of supply of spare 
parts in addition to SEC.  

3.2.4  RO Membrane System 

RO membranes are considered to be the heart of SWRO desalination plant as its 
performance decides ultimately the desalination plant performance. Usually, the 
performance of RO membrane is assessed by the quantity and quality of the final 

Table 3.1 Ranking of ERDs

ERD Simplicity Capital cost Efficiency

Pelton wheel 2 2 2
Turbo charger 1 1 3
PX/DWEER 3 3 1
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product water produced at lowest possible SEC. The quantity of water produced is 
related to membrane water permeability, which is an inherent property of SWRO 
membrane and it is desirable to produce more water at lowest possible feed pressure 
resulting in low SEC. On the other hand, the final product quality depends on the 
ability of membrane to reject the dissolved salt (membrane salt permeability). 
Membrane developers consider the inverse proportionality existing between water 
and salt permeabilities. Thus achieving very high water permeability with very high 
salt rejection is practically impossible. Hence, membrane manufacturers do have 
different models of SWRO membranes that meet various requirements of the 
customer. 

3.2.4.1  Membrane Configuration and Chemistry 

Desalination industry uses mainly two different types of SWRO; one is cellulose 
tri-acetate (CTA) based hollow fine fiber (HFF) membranes. The second one, which 
is more popular, is thin film composite (TFC) based spiral wound membranes. The 
advantage with CTA-HFF SWRO membranes is its ability to pack large surface area 
of membrane in a single module thus requiring only a small footprint compared to 
the plant using spiral-wound SWRO elements. These hollow fibers are of very small 
diameter of about 160 μm and hence a single module of same size could accom-
modate about 10 times the surface area of spiral wound membrane due to its com-
pact nature. This also enables HFF SWRO membrane to operate at relatively lower 
flux rate compared to spiral wound membrane. Lower flux rate operation means 
lower pressure requirement and better salt rejection. However, since HFF mem-
branes are made of CTA, it has inherently lower water permeability and higher salt 
permeability compared to synthetic TFC membranes. Thus, a comparable perfor-
mance is achieved by low flux operation. Moreover, CTA membrane has better 
resistance to free chlorine, which is commonly used as disinfectant in SWRO plants 
that allows exposing the CTA membrane to free chlorine for short period. This 
approach helps in preventing membrane biofouling in CTA-HFF membrane com-
pared to TFC based spiral wound membrane. However, CTA membranes are very 
sensitive to operating pH that requires large quantities of acid to be added to the feed 
seawater to lower pH from about 8 to about 6.4 at which the membrane is more 
chemically stable. Table 3.2 shows a comparison between the two types of SWRO 
membranes. 

The advantage with polyamide-based TFC membrane is that they do have inher-
ently very high water permeability along with high salt rejection and further R & D 
work is ongoing to improve the same. Also, it does have a better rejection of boron 
compared to CTA based membrane. They are made of three layers of synthetic 
polymers with polyamide-based separation layer (< 200 nm) deposited on the top of 
porous polyethersulfone or polysulfone layer (about 50  μm) over a non-woven 
polyester- based fabric support sheet. 
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Standard spiral wound membranes are of size 8 inch in diameter and 40 inch in 
length (8 × 40). Smaller size membranes (4 × 40, 2.5 × 40) are also available for small 
scale units. They are spirally wound and packed in to create a single SWRO element, 
where a feed spacer is used as separation between different sheets of membrane. The 
spacer could be of different thickness, which shall decide the total membrane area that 
can be accommodated in a single SWRO element. 

Regarding membrane surface area, the early industry standard used to be 
33.5 m2; and presently SWRO membranes with surface area of 37.2 m2 and 41 m2 
are available by employing advanced manufacturing technology as well as by 
utilizing thinner spacer, which is usually used for low fouling feed water. Up to 
6–8 membrane elements are arranged in series in a single pressure vessel to 
achieve water recovery in the range of 35–45%, depending on feed water quality. 
Recently, standard 8 inch spiral wound SWRO membranes with membrane area 
of 41 m2 are available in the market with 99.8% salt rejection and 37 m3/d flow, 
which is expressed at standard operation conditions of feed, TDS = 32,000 ppm, 

Table 3.2 A comparison between spiral wound and hollow fine fiber SWRO membranes

Properties/Parameter
Hollow fine fiber Spiral wound
Advantage Disadvantage Advantage Disadvantage

Energy consumption – High Low –
Chlorine tolerance – 
Prevents biofouling

Tolerant to 
chlorine

– – Not tolerant  
to chlorine

Cost – High Low –
Productivity – Low High –
Feed water quality in 
terms of SDI

– High <3 Low <4 –

Chemical stability – Less stable More stable –
Membrane preservation – Tend to degrade 

with time
Relatively stable –

Rejection of boron and 
trihalomethanes 
(THMs)

– Poor Better –

Feasibility for 
replacement with other 
manufactures 
membranes

– Cannot be replaced 
as no other 
manufacturer 
available

Yes – several 
manufactures are 
available

–

Feed pH requirement – 
Acid consumption

– Higher acid 
consumption

Lower acid 
consumption

–

Feed pH tolerance – Limited range 
pH = 4–8

Wide range 
pH = 3–10

–

Chemical cleaning 
options

– Limited options due 
to pH limitations 
and configuration

Several options 
available

–

Handling – Slightly difficult Easy handling –
Footprint Smaller – – Larger
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feed temperature = 25 °C and feed pressure of 55 bar. Membrane manufacturers 
claim to have produced high flow membrane with 64  m3/d but with lower salt 
rejection of 99.7% and also produced high salt rejection SWRO membranes with 
99.89% but with lower flow of 31 m3/d.  

3.2.4.2  Membrane Arrangements 

A typical concept of equipment arrangement in desalination plants is based on sev-
eral identical RO trains; each train includes a high-pressure pump, an energy recov-
ery device and a bank of RO membranes, which are installed in multiple pressure 
vessels and are arranged in parallel. A desalination plant may consist of single or 
multiple trains depending on the requirement. These plants usually operate at a 
recovery of 35–45% depending on feed seawater conditions and are designed to 
produce specific amount of product water with acceptable product quality that 
works at fixed water recovery.  

3.2.4.3  Membrane Performance 

The membrane product flow tends to vary with feed temperature, feed TDS and in 
addition to membrane behavior, which includes fouling, membrane degradation and 
compaction. Similarly, salt passage could be affected by feed temperature, feed TDS, 
and membrane fouling condition. Thus target product flow usually is achieved and 
maintained by varying the feed pressure, which need to be controlled according to 
seasonal variation in feed temperature and to some extent to feed water TDS, where 
the variation is not very significant. Also, the membrane performance could be affected 
by membrane fouling or degradation or compaction, which affects the feed pressure 
requirements. Fouling could lead to increased feed pressure requirements, and mem-
brane degradation could lead to increased salt passage in addition to reduced feed 
pressure. Hence, to differentiate between the variation in feed pressure due to seasonal 
variation in feed temperature and TDS from that of the membrane performance dete-
rioration due to fouling or degradation, SWRO plants usually perform normalization 
of the data, which shall help to identify whether the performance variation of mem-
brane is due to fouling or not. Here, the membrane performance, especially the prod-
uct flow and salt passage, is usually monitored at standard conditions, which is called 
normalization, where the relevant software is provided by all membrane manufactur-
ers. The normalization is based on standard practice developed by ASTM [32]. 
Standard conditions include temperature, pressure, feed TDS and recovery.  

3.2.4.4  Membrane Fouling 

Membrane fouling is one of the major challenges faced by SWRO plants, which pre-
vent the plant to operate at the desired performance. That makes it difficult to pro-
duce sufficient quantity of water with acceptable quality at target specific energy 
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consumption. Fouling is defined as an undesirable deposition of external matter on 
the membrane surface, which shall result in increase of feed pressure and correspond-
ingly the specific energy consumption and shall lower salt rejection resulting in 
inferior water quality. Photographs of fouled SWRO membranes of both HFF and 
spiral wound configurations, which are cut open, are shown in Figs. 3.7 and 3.8, 
respectively. 

Fouling could be of biological in nature or organic or inorganic or a combination 
of thereof. Biological fouling is due to the attachment of living microorganisms on 
the membrane surface, which shall ultimately lead to increased feed pressure as 
well as differential pressure across the membrane. This can be tackled by adopting 
proper pretreatment and different approaches are adopted by the industry to tackle 
the same that include use of different types of disinfectants. Similarly, organic and 

Fig. 3.7 Digital photographs of fouled HFF SWRO membrane

Fig. 3.8 Digital photographs of fouled spiral wound SWRO membrane

3 Reverse Osmosis Desalination: Performance And Challenges



66

inorganic fouling could be prevented by proper design of pretreatment and intake 
system. Even after having adopted excellent pretreatment scheme, with long term 
operation, there could some built up of foulants on the membrane surface, which is 
inevitable. This leads to increased feed pressure requirement, or reduce salt passage 
or increased differential pressure across the membrane. Usually a 15% variation in 
any of these parameters warrants chemical cleaning of membrane, which shall in 
many cases restore the plant performance. If chemical cleaning fails to restore the 
plant performance, partial replacement shall be carried to achieve the same. Usually, 
an annual replacement of 10–15% of membrane is carried out to maintain the mem-
brane performance, which shall mainly depend on the pretreated water quality. 
Moreover, membranes, which are in operation for more than 5–7 years need to be 
replaced as its performance could deteriorate with time. In addition, utilizing low 
fouling RO membranes could also lead to sustainable performance with low fre-
quency of cleaning and membrane replacement. That means production of required 
quantity of water of acceptable quality at the lowest specific energy consumption. 
Hence, for the best performance, one has to select membranes that are low energy, 
low fouling with high salt rejection and membrane manufacturers are working 
towards achieving the same.    

3.3  Recent Developments 

During recent years, a lot of improvements have been made in the RO process, 
which are reflected in the dramatic reduction of both capital and operation costs. 
Most of the progress has been made through improvements in membranes them- 
selves. There has been a gradual increase in the RO train size reaching 25,100 m3/d, 
and the world largest seawater RO plant has a production capacity of 624,000 m3/d. 
The designers of desalination systems have tried to reduce the cost of the water by 
increasing the size of high-pressure pumps, since larger pumps are more efficient 
and at the same time, less expensive. However, enlargement, which is beneficial for 
the pump is detrimental to the membrane bank. Although large banks require less 
equipment and instruments, it has low availability. Each RO bank includes thou-
sands of O-ring seals and plastic elements working under high pressure, and each 
O-ring seal malfunction could lead to a stoppage of the RO bank. Smaller banks 
increase plant availability by eliminating the need to stop all the membranes in the 
plant to replace one O-ring. Hence the concept of several identical RO trains was 
changed to a Three-Center Design, where it is claimed that HPPs, ERDs and mem-
brane banks operate independently, flexibly and efficiently. The three center 
approach which is applied at Ashkelon plant [33] by utilizing what they claimed to 
be the best (optimum) capacity for all the three components, where a group of opti-
mum sized HPPs, a group of optimum sized RO banks and a group of optimum 
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sized ERDs are connected to each other through a common header and by this 
approach it is claimed that an optimum system can be created. In this design, the 
performance of all the components could lead to a reduced water cost. 

The main array configuration in case of spiral SWRO membranes is the tradi-
tional six membrane elements in a single pressure vessel. However, recently there 
are many SWRO plants with seven elements and a few with eight elements per pres-
sure system are being used. It is claimed that this approach could lead to a reduction 
in capital cost by 25% with same flux and recovery as that of six element pressure 
vessels. However, a slight increase in energy is expected due to pressure loss in the 
system resulting from longer array. 

Another issue with SWRO plants is that many plants utilize a second pass brack-
ish water reverse osmosis (BWRO) system to meet the demand of the TDS as well 
as the boron content in the final product. For this reason, instead of sending entire 
product from first-pass SWRO, it has been in practice to split the permeate into two 
portions, one exiting from feed side and other exiting from brine side, and to pass 
only the permeate exiting from brine side to second pass BWRO. In this way, the 
good quality permeate exiting from the feed side with low salinity is directly uti-
lized and the only portion exiting from the brine side send as feed to second pass 
BWRO which was found to be economical.  

3.4  Conclusions and Outlook 

SWRO desalination plants performance has been discussed with emphasis on four 
major components, namely seawater intake, pretreatment, high-pressure pumping 
and SWRO membrane system. Overall performance of entire SWRO plant depends 
on each of these four components. Different types of approaches presently adopted 
by the plants to enhance the plant performance as well as various performance mon-
itoring parameters employed are described in this chapter. Moreover, various chal-
lenges faced by each of the system components and the measures taken to overcome 
the same are highlighted. 

Over the past few years, there has been a continuous effort to improve the SWRO 
desalination plant performance, which was mainly directed to reduce water produc-
tion cost by reducing energy consumption utilizing advanced ERDs and pumps, 
advanced low energy RO membranes and system configuration which enable to 
operate the RO plant at higher recovery. In addition, efforts are directed to tackle 
membrane fouling by adopting fouling resistant membranes as well as smarter plant 
operation scheme. Moreover, in order to make SWRO desalination sustainable, 
plants are being operated with minimum amount of additive chemicals and also 
working towards zero liquid discharge (ZLD). This trend is expected to continue in 
the future to establish SWRO desalination as a reliable alternative for many coastal 
communities throughout the world.     
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Chapter 4
Advancements in Unconventional Seawater 
Desalination Technologies

Hasan Al Abdulgader and Sayeed Rushd

4.1  Introduction

According to the United Nation (UN) and the United States Census Bureau (USCB), 
the world population has exceeded 7 billion and is expected to reach 10 billions by 
2050. Unfortunately, the dramatic increase in the population is met with diminish-
ing resources of clean potable water; and high water consumption, mostly from 
developing countries [1, 2]. Additionally, the high oil prices over the past 15 years 
instigated increased attention for the advancement of more efficient desalination 
technologies [3–11].

The current conventional desalination processes (e.g., thermal distillation and 
RO) require a considerable amount of energy. RO, for example, demands a high 
hydraulic pressure to desalinate water that has high salinity. Additionally, commer-
cial RO membranes are limited to seawater salinity. Brine and produced water with 
salinity higher than 70,000  ppm is currently being treated via thermal based 
and energy intensive technologies. As a result, extensive research and development 
during the last two decades have been directed for innovative desalination technolo-
gies and processes. Many novel hybrid desalination processes have been proposed 
while few showed promising results [12, 13]. These hybrid processes entail the 
integration of well-developed technologies to provide a more effective way for 
desalinating saline water. More details on these hybrid processes can be found else-
where [14–18].
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This chapter focuses on promising and emerging desalination technologies, 
namely membrane distillation (MD), forward osmosis (FO), adsorption  desalination 
(AD) and freeze desalination (FD). Principles, system components, challenges and 
opportunities of these desalination systems are explained.

4.2  Membrane Distillation (MD)

4.2.1  Principles

Membrane distillation (MD) technology was first introduced in late 1960 [19, 20]. 
However, the technology was not realized commercially until a few decades later 
due to the lack of suitable membrane and the economic limitations compared to 
conventional desalination technologies (e.g. MSF, MED, RO) [21]. Nevertheless, 
MD has numerous advantages over conventional desalination technologies. For 
example, unlike RO, one of the key features of MD technology is its ability to 
desalinate independent of feed TDS. RO, on the other hand, is limited to operation 
pressure of around 70 bar, which means it is unable to desalinate high salinity feed 
water (i.e. seawater brine, produced water, etc.). MD can handle elevated levels of 
feed salinity and often able to remove almost all dissolved salt in water in one-step. 
Furthermore, MD is less prone to organic and colloidal fouling compared with RO 
process.

MD is a separation technology driven by vapor pressure difference across the 
membrane (see Fig. 4.1). The driving force is created through a heating source that 
can maintain a temperature difference between the two sides of the membrane. The 
microporous and hydrophobic membrane is intended to allow only water vapor to 
pass through the membrane. MD can operate at atmospheric pressure and tempera-
tures much lower than the boiling point of water and, therefore, provides the oppor-
tunity to use waste heat or low-grade energy. The main desired characteristics of 
MD membranes include low thermal conductivity, high porosity (i.e. large pore 
density), high hydrophobicity and low membrane thickness.

Semipermeable
hydrophobic
membrane

Hot feed stream

Cold permeate stream

Fig. 4.1 Schematic diagram of a simple MD process
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4.2.2  MD Membranes

Hydrophobic microfiltration (MF) membranes have been widely used as MD mem-
branes. The most common MF membrane material used for MD include polypro-
pylene (PP), polytetrafluroethylene (PTFE), and polyvinylidene fluoride (PVDF). 
The typical porosity, pore size and membrane thickness are 0.3–0.8%, 0.1–0.6 μm 
and 10–60 μm, respectively [22, 23]. To avoid wetting, MD membranes should have 
high liquid entry pressure (LEP). LEP is the pressure needed to force the liquid to 
penetrate the pores of the membrane and passes through to the other side. Membranes 
with high LEP are favorable in MD applications.

The membranes modules used in the MD system can be flat sheet, tubular or hol-
low fiber. Extensive research was done using plate and frame flat sheet membrane 
[24–29]. The main advantage of this configuration is that it is easy to clean and 
replace. However, the fact that it has a low packing density and requires a membrane 
support has limited its use beyond laboratory scale applications. Similarly, the tubu-
lar membrane has low packing density and high operating cost. Nevertheless, tubu-
lar can be attractive in certain cases because it is easy to clean, has a higher effective 
area, and has a higher resistance to fouling [30–32]. In the hollow fiber module, 
thousands of tiny hollow fibers are bundled and sealed inside a shell tube. This 
allows for a very high packing density, which makes this configuration a favorable 
commercial choice especially for the treatment of low fouling feed [33–37]. One 
key limitation of the hollow fiber configuration in MD is its relative low flux com-
pared to tubular and flat sheet modules. The low flux is attributed to the poor flow 
dynamics that usually result in high temperature polarization [38–40].

4.2.3  MD Configurations

Different MD system configurations have been proposed in the last few decades. 
Table 4.1 compares the main four configurations highlighting their attributes and 
limitations [29, 41–50]. Direct contact membrane distillation (DCMD) is the most 
commonly used system configuration for lab scale research due to its simplicity 
where the condensation of water vapor is carried out inside the membrane module 
(see Fig. 4.2). Air gap membrane distillation (AGMD) is more widely used in com-
mercial application due to its high-energy efficiency compared with other configu-
ration. Both sweeping gas membrane distillation (SGMD) and vacuum membrane 
distillation (VMD) are suitable for treating feed that contains volatiles.

4.2.4  Challenges and Opportunities

The main challenges facing MD include wetting, low flux, scaling, heat loss across 
the membrane, and temperature polarization [52–57]. Scaling often occurs when the 
system operates at high recoveries. Scale layers can aggravate temperature polarization 
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effect and reduce the active membrane surface for evaporation, which will result in 
a significant reduction of water flux. Furthermore, scaling on the membrane surface 
can change the hydrophobicity of the membrane, leading to membrane wetting that 
will cause decline in product water quality. Membrane wetting can also occur due 
to unfavorable membrane material, poor operation of the MD system, and organic 
fouling on the membrane surface. Temperature polarization is a negative effect that 
occurs when the temperature at the membrane/feed interface is different from the 
bulk temperature on both sides of the channel. Since the flow in an MD system is 
typically laminar, the mixing in the channel is far from ideal. Therefore, tempera-
ture polarization becomes significant leading to lower actual driving force. This 
effect can be minimized by improving the hydrodynamics of the MD system and by 
using membranes that are relatively thick and have low thermal conductivity.

Most of the challenges facing MD can be addressed with suitable membrane 
material [22, 23]. Currently, the most common membranes used in MD include 

Table 4.1 Comparison between the four well tested MD system configurations [29, 41–50]

System 
Configuration

Direct contact 
membrane 
distillation 
(DCMD)

Air gap membrane 
distillation 
(AGMD)

Sweeping gas 
membrane 
distillation 
(SGMD)

Vacuum 
membrane 
distillation 
(VMD)

Principle The hot feed is 
passed on one side 
of a porous 
hydrophobic 
membrane while a 
cold pure water is 
flowing on the 
other side.

A cold condensing 
surface near the 
permeate side of the 
membrane 
condenses the 
passing water vapor 
directly. The air gap 
functions as an 
insulation layer.

Stripping gas is 
used to carry the 
water vapor in 
the permeate 
side to be 
condensed in an 
external 
condenser.

The permeate 
side is vacuum 
which allows 
water vapor to 
pass through the 
membrane and 
condenses 
elsewhere.

Advantages –  Simplest 
operation

–  Requires least 
equipment

–  Doesn’t require 
an external 
condenser

–  Highest energy 
efficiency

–  Latent heat can 
be recovered

–  Less complex 
than SGMD and 
VMD

–  Higher mass 
transfer rates 
than AGMD

–  Suitable 
when 
volatiles are 
present in 
the feed

–  Suitable when 
volatiles are 
present in the 
feed

–  Gives highest 
driving force 
compared to 
others at the 
same 
temperature

Disadvantages –  Highest heat 
conduction loss

–  Energy 
inefficient

–  Lower mass 
transfer rates

–  Relatively low 
flux

–  More 
complex 
system

–  Requires 
additional 
equipment 
(i.e. external 
condenser 
and air 
blower)

–  More 
complex 
system

–  Higher capital 
cost due to the 
need for 
additional 
devices
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PVDF, polyethersulfone (PES), PP and PTFE. In fact, these membranes were ini-
tially made as MF membranes. PVDF and PES are not very hydrophobic, which 
often lead to partial wetting. PP and PTFE, on the other hand, are hydrophobic but 
less porous with larger pore size. The cause of the low porosity of PP and PTFE 
come from its preparation method. These polymers are hardly soluble in common 
solvents at room temperature. Their preparation usually includes extrusion, fol-
lowed by stretching. This naturally leads to membranes with larger pores and low 
porosity. Several new membranes materials have been researched and proposed. 
The objective is to look for a material that combines the characteristic of PVDF’s 
solubility and PTFE’s hydrophobicity. One example of a novel approach is the use 
of fluorinated polyoxadiazole (F-POD) membrane [58]. This membrane exhibits 
high hydrophobicity, high porosity and excellent thermal stability. Additionally, ini-
tial testing confirmed salt selectivity as high as 99.95% using DCMD configuration. 
Having said that, further long-term performance evaluation is needed to fully assess 
F-POD membrane before its commercial utilization in MD application.

Fig. 4.2 The four main MD configurations. Reproduced with permission from Ref. [51]; Copyright 
2011 @ Elsevier
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4.3  Forward Osmosis (FO)

4.3.1  Principles

Osmosis refers to the transport of water through semipermeable membrane due to 
the chemical potential difference between the two regions across the membrane 
[59]. Pure water is driven from the high chemical potential region to the lower 
potential region. This results in a concentration of the feed side and dilution of the 
draw solution in the permeate side. FO technology has been studied extensively in 
the past two decades [4, 9, 60].

FO is a membrane-based technology that utilizes the naturally occurring osmosis 
phenomenon to draw water from a saline feed water through a semipermeable mem-
brane to a higher concentrated solution (See Fig. 4.3). It has found applications in 
numerous fields including food processing, pharmaceuticals, power generation, 
wastewater treatment and desalination. In a FO desalination process, a concentrated 
‘draw’ solution is placed on the permeate side of the membrane that acts as a source 
of the osmotic driving force [61–63]. The water that passes through the membrane 
is then separated from the draw solution to get pure water as product. The literature 
sometimes uses different terminology to refer to the draw solution. This includes 
osmotic agent, osmotic engine, osmotic media, sample solution, brine or driving 
solution.

Fig. 4.3 Illustration of the FO process utilizing a draw solution with regeneration step. Reproduced 
with permission from Ref. [11]. Copyright 2018 @ Elsevier
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The main benefits of FO technology are that it eliminates the need to produce 
desalinated water using high pressures (i.e. RO technology) or high temperature 
(i.e. MSF, MED, etc.). As a result, the energy requirement is relatively low, while 
the equipment used in the process is simple and cheap. Unlike RO where hydraulic 
pressure differential is needed to drive the desalination process, FO uses osmotic 
pressure differential to drive water across the membrane. Since there is no need for 
hydraulic pressure, the FO process to be less prone to membrane fouling compared 
with conventional RO [64–66].

4.3.2  FO System Components

4.3.2.1  Draw Solution

The concentrated solution in the permeate side is used to create the driving force to 
drive water through the membrane from the feed side to the permeate side. This 
concentrated solution is commonly referred to as a draw solution. Selection of suit-
able draw solution is critical for the success of the FO process for seawater desalina-
tion. The draw solutions can generally be classified into inorganic and organic 
solutions (Table 4.2).

4.3.2.2  Membrane Material

The development of enhanced membranes specific for FO application is critical for 
the advancement of FO technology. Key characteristics of FO membranes include 
high hydrophilicity, high solute rejection and minimum thickness of the support 
membrane layer for low internal concentration polarization. The first FO membrane 
was used in 1965 and was based on natural cellulose [68]. Soon after, cellulose 
acetate (CA) RO membranes were adapted for FO test trails [63, 83]. However, 
these membranes exhibit characteristics that make them not ideal for FO system.

Therefore, since the late 1990s researchers and developers have been proposing 
special materials for FO applications [24, 74, 84, 85]. In general, FO membrane 
materials can be classified into three main groups: cellulose triacetate (CTA), 
polybenzimidazole- based (PBI) and thin film composite (TFC) membranes.

The cellulose-based FO membranes have been used extensively by numerous 
researchers due to their low cost, high mechanical strength, and good chlorine resis-
tance. However, CTA is susceptible to hydrolysis and showed poor resistance to 
organic and biological fouling. PBI based membrane was proposed by Wang et al. 
and showed promising results that include good water flux, high salt retention and 
good chemical and mechanical strength [86, 87]. TFC membranes that were devel-
oped especially for FO displayed high flux and excellent selectivity [88–90]. The 
high flux was helpful to achieve successful minimization of the structural support of 
the TFC membranes.

4 Advancements in Unconventional Seawater Desalination Technologies



78

4.3.3  Challenges and Opportunities

Despite the above-mentioned benefits of FO compared to conventional RO and ther-
mal desalination processes, FO suffer from scale up challenge due to module size 
and mass transfer limitations [91]. Furthermore, since FO is a combined separation 
and mixing process, the theoretical minimal energy for desalination using FO is 
always higher than RO process [8, 92].

Despite recent advancements of FO technology, there remain few barriers to 
overcome for successful and wide commercial implementation of this technology. 
The main challenges of FO technology can be primarily attributed to the lack of 
effective FO membranes materials and draw solutions.

In terms of membrane material, Ideally, a FO membrane has to have low concen-
tration polarization, high salt retention, high water flux, and strong mechanical and 
chemical stability. Most of the currently used membranes in the FO process are 
commercial membranes designed for pressure-driven applications [86, 93–97]. The 
conventional pressure-driven membranes are asymmetric and can aggravate the 
concentration polarization effect in the FO process.

Table 4.2 Comparison between selected draw solution

Name
Chemical 
formula Advantages Disadvantages Ref.

Sulfur dioxide SO2 High osmotic pressure Costly and dangerous 
recovery method, bad 
odor and corrosive 
solution

[67–69]

Aluminum sulfate Al2(SO4)3 Energy-efficient 
recovery

Costly recovery 
(consumables), toxic 
by-products

[70]

Potassium nitrate KNO3 No need for 
regeneration as the 
diluted solution can be 
used for fertigation

Increased potential for 
biofouling, high 
reverse solute flux

[71]

Sugar C6H12O6 Low reverse solute 
flux, diluted draw 
solutions can have 
beneficial uses

Unavailability of 
efficient recovery 
method

[63, 72, 
73]

Ammonia–
carbondioxide

CO2/NH3 High osmotic pressure, 
low molecular weight

Volatile gas, requires 
heating to recover 
draw solution

[74, 75]

Magnesium sulfate, 
Cupper sulfate

MgSO4, 
CuSO4

Efficient recovery, high 
performance

High scaling tendency [76–78]

Functionalized 
magnetic 
nanoparticles

PAA-NPs, 
PNIPAM/T, 
RI-NPs

High water flux, high 
reverse solubility

Expensive, high 
viscosity

[79–81]

Thermosensitive 
polyelectrolytes

PSSS- 
PNIPAM, 
nBu-AEA

Easy recovery, very 
high osmotic pressure

Expensive, complex 
synthesis

[69, 82]
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Regarding the draw solution challenge, a perfect draw solution would have easy 
recovery method, very high osmotic pressure and relatively low cost. The solution 
has to be also completely non-toxic and compatible with the FO membrane [98–
101]. Over the last decade, a number of promising draw solutions have been devel-
oped [70, 74, 102–106]. Still, none was able to address all the desired characteristics 
of a draw solution.

Although FO is unlikely to replace RO in the near future as a standalone replace-
ment for seawater or brackish water desalination, hybrid FO process has a promis-
ing potential when used to desalinate brine from RO seawater desalination plant. 
For example, hybrid FO-distillation system has been successfully tested to treat 
high salinity water [107–110]. In this case, ammonium bicarbonate or ammonium 
carbon dioxide are dissolved in water to be used as a draw solution with very high 
osmotic pressure. Once the draw solution becomes diluted after passing through the 
FO membrane module, it is sent to a distillation column where upon moderate heat-
ing the ammonium salts are decomposed into ammonia and carbon dioxide gases. 
These gases can be recovered and used again to make a concentrated draw solution.

One interesting use of FO technology is for combined power generation and 
desalination. Chung et al. proposed the use of fresh surface water and seawater to 
generate power [79]. River water is sent to an osmotic membrane bioreactor where 
water passes across the submerged membrane into the other side where there is a 
seawater stream. Part of the pressurized diluted seawater is passed through a pres-
sure exchanger to reuse its energy to increase the pressure of the raw feed seawater. 
The remaining majority of the pressurized diluted seawater is sent to a turbine to 
generate electrical power. The diluted seawater is then passed through a FO mem-
brane where a draw solution from the other side of the membrane forces water to 
pass through the membrane. Finally, fresh water is recovered from the diluted draw 
solution.

4.4  Adsorption Desalination

4.4.1  Principles

Adsorption Desalination (AD), also known as Adsorption Desalination Cooling 
(ADC), is comparatively a new desalination technology. The concept of AD or ADC 
is based on the evaporation of saline water followed by the adsorption and desorp-
tion of the vapor using a low temperature waste heat available from sources like 
solar, geothermal and exhaust energies of industrial processes [111–116]. The evap-
oration is artificially induced by using an adsorbent inside a vacuum environment. 
There are two byproducts of this evaporation-adsorption process: (i) chilled water 
and (ii) brine. Once the adsorbent is saturated with water, the adsorbent bed is 
heated to around 80 °C to desorb the vapor and, then, the vapor is condensed to 
produce potable water. The most popular adsorbent used for this kind of desalina-
tion is silica gel.
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In general, an AD or ADC device is comprised of three major units: (i) evapora-
tor, (ii) adsorbent (silica) bed, and (iii) condenser. The feed (sea or brackish water) 
is supplied to the evaporator, which is usually a constant pressure vacuum chamber 
consisting of a heat exchanger. In the course of the vaporization, energy is extracted 
from the room temperature water supplied to the heat exchanger and thereby a cool-
ing capacity is produced. The evaporation process also produces brine (a concen-
trated solution of salt) and other contaminants. The vapor produced in the evaporator 
is transported to be adsorbed in a silica bed. When the adsorbent bed is saturated 
with water, it is isolated from the evaporator and heated to desorb the water in a 
batch AD process. The vapor produced in the evaporator unit during the desorption 
process can be adsorbed in a second similar bed operated in parallel to make the 
process continuous. The pristine vapor produced during the desorption is trans-
ported further to a condenser, where a heat exchanger is used to transform the gas-
eous vapor to liquid water.

The primary steps of the AD process can be described as follows, see Fig. 4.4, 
[117, 118]:

 (i) Pre-processing

Prior to feeding the saline water stream into the evaporator, it is usually pre- 
treated. The important steps of the pre-treatment are degassing, filtration and 
pre-heating.

Cooling
water

Valve 2
Closed

Valve 3
Closed

Hot or
Cooling
Water

Hot or
Cooling
Water

Warmed
Cooling
Water

Silica Gel Silica Gel

Chilled WaterAmbient
temp water

Valve 1
Open

Valve 4
Open

Source water

Brine

Product water

Condenser

Evaporator

Bed 1 Bed 2

Fig. 4.4 Schematic presentation of AD process. Reproduced with permission from Ref. [114]; 
Copyright 2012 @ Elsevier
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 (ii) Evaporation

Pre-processed saline water is fed into an evaporator. Usually, a vacuum is main-
tained to facilitate the evaporation process. The heat exchanger inside the evapora-
tion unit is supplied with ambient temperature water to provide the heat required for 
the vaporization of pure water from the saline water. As a result, the temperature of 
the water falls down significantly and chilled water comes out of the heat exchanger. 
That is how a cooling capacity is produced in this step. It can be used for refrigeration.

 (iii) Adsorption

The evaporator is connected to an insulated chamber housing a silica bed, so that 
the produced vapor can be adsorbed. The beads of silica gel are usually placed 
around a heat exchanger. Cold water is supplied to the heat exchanger to cool the 
adsorbent bed, as the adsorption process is exothermic. It should be mentioned that 
silica gel selectively adsorbs only water. It is capable of separating pure water from 
all other contaminants.

 (iv) Desorption

When the adsorbent is saturated, the silica bed is isolated from the evaporator. 
The cooling water in the heat exchanger is replaced with hot water to increase the 
temperature of the adsorbent bed. At higher temperature, the water is desorbed from 
the silica bed as vapor.

 (v) Condensation

The chamber housing the adsorbent bed is connected to a condenser while 
desorbing water. The desorbed vapor is transported to the condenser, where cooling 
water is supplied through a heat exchanger. The cooling water extracts heat from the 
vapor to transform it into potable water.

 (vi) Product collection and restarting the process

At the completion of the vapor desorption, the adsorbent bed is separated from 
the condenser and recoupled with the evaporator. The hot water in the bed is replaced 
with the cold water to cool down the adsorbent silica gel. The cold silica bed then 
restarts adsorbing evaporated water. If the desalination under consideration operates 
in batch mode, the products (potable water and brine) should be transported to a 
larger storage or other processing facility prior to restarting the process. If it is a 
continuous process, the products need to be pumped regularly for storing/packag-
ing/selling.

The significant advantages of the AD process compared to other desalination 
technologies like RO, MD, MSF and MED can be identified as follows:

• Environment friendly
• Less energy demanding
• Does not involve any moving part
• Less susceptible to fouling and/or erosion
• Capable of removing not only salt but also biological contaminants from 

sea/brackish water.
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4.4.2  Recent Advancements

Wang and Ng [111] developed a four adsorbent-bed AD plant with the specific 
water production (SWP) of 4.7 kg per kilogram silica gel at an operating cycle time 
of 180 s. They found the SWP to be sensitive to both cooling and chilled water tem-
peratures. Increasing heat source temperatures were observed to increase both SWP 
and coefficient of performance (COP). Thu et  al. [112] studied the AD process 
based on two and four adsorbent-beds. The four-bed system was capable of yielding 
the daily production of desalinated water or equivalent specific daily water produc-
tion (SDWP) of 10 m3 and a performance ratio (PR) of 0.61. Similar values for the 
two-bed system were 9.0  m3 and 0.57 (hot water temperature, HWT ≈  85  °C), 
respectively. Later, Thu et al. [113] suggested an improvement of the process design 
by recovering heat from the condenser and evaporator. They could obtain a SDWP 
of 9.24 m3 and a PR of 0.77 (HWT ≈ 70 °C).

Ng et al. [115] proposed a waste heat-driven four-bed ADC system to achieve 
SDWP of 3.6 m3 (HWT ≈ 85 °C) and a specific cooling power (SCP) of 23 ton of 
refrigeration (TR) per ton of silica gel. They studied the impact of chilled water 
temperature on the performance of the process. At a chilled water temperature of 
10 °C, SDWP was 8 m3 and SCP was 51.6 TR per ton of silica gel. Later, Ng et al. 
[116] presented two separate four-bed pilot-scale AD facilities. The AD plants were 
operated based on solar energy (KAUST, Saudi Arabia) and electric energy (NUS, 
Singapore). The plant in KAUST was built with a nominal SDWP of 12.5 m3 per ton 
of silica gel. Its SCP was 24 TR. The temperatures of heat source (HWT), cooling 
water and chilled water were 85 °C, 30 °C and 7 °C, respectively. The NUS plant 
had a nominal SCP of 5 TR and could be operated in both two and four-bed configu-
rations. The pilot was equipped with heat/mass recovery scheme and high-quality 
modern apparatuses.

A recent study investigated the hybridization of AD and Humidification 
Dehumidification (HDH) system to boost the production capability of the desalina-
tion process [119]. The proposal was assessed based on two alternative process 
designs. Both designs were consisted of a humidifier  – dehumidifier pair, two 
adsorbent- beds, a condenser and an evaporator. The proposed AD-HDH hybrid 
schemes were found to produce economic outputs based on a validated process 
simulation. However, this kind of hybridization is yet to be implemented in practice.

Ma et al. [117] tried to identify the optimum AD operating conditions using silica 
gel as the adsorbent in a two-bed system. They could achieve SDWP and PR of 
4.69 m3 and 0.766, respectively, by increasing the temperature of the adsorbing bed 
from 30.8 °C to 44 °C and decreasing the desorbing bed temperature from 68.2 °C 
to 55 °C. Similarly, Rezk et al. [120] used a solar driven two-bed ADC system to 
know the optimum process conditions. It was possible to obtain a 70% increase in 
both SDWP and SCP with the optimization. The outputs were 6.9 m3/day/ton desali-
nated water, 191 W/kg cooling capacity and 0.961 COP. The temperatures of heat 
source and cooling water were 90 °C and 15 °C, respectively. A swarm-based sto-
chastic optimization method, radial movement optimization (RMO) was used in 
this study.
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Ng et al. [116] modelled an AD system based on detailed coupling of heat and 
mass transfers (CHMT) across all process units. All balance equations were solved 
using the method of Gear’s backward differentiation formula. FORTRAN 
PowerStation and IMSL library were used to write the simulation code. The solver 
utilized the concept of double-precision and a tolerance value of 10−6 for the simula-
tion. The input array consisted of 22 variables. Later, Sadri et al. [117] advanced the 
CHMT modeling approach. The mass and energy balance equations were supple-
mented with a number of correlations, such as Toth isotherm, linear driving force 
(LDF) model, and a correlation for the water vapor saturation pressure. The series 
of non-linear equations were solved using a lumped parameter (LP) model. As the 
differential equations comprised an initial value problem, Range-Kutta method was 
employed for the solution. The coding was done with MATLAB using ODE45. The 
solutions were obtained on the basis of 7 input variables and 13 design parameters. 
This model was validated using the data available in [116]. The model was cross- 
checked with a thermodynamic analysis based on exergy calculations. Recently, 
Mohammed et al. [118] compared the performances of CHMT l and LP models. 
They identified that neither of these modeling approaches are accurate due to the 
respective limitations of addressing the adsorption dynamics. A modified version of 
CHMT, which is a combination of traditional CHMT and LP models, was devel-
oped as part of this study to improve the prediction accuracy.

The selection of an appropriate adsorbent is a critical step, as the efficiency of an 
AD process is subject to its characteristics. Although a large number of adsorbents 
are available, the qualification of an adsorbent for an AD or ADC system depends 
on the following considerations [121–123]:

• Hydrophilic nature
• Lower regeneration temperature
• Higher adsoption/desorption efficiency
• Latent heat of adsorption should be higher than the sensible heat
• Technical life time should be longer
• Non-toxic
• Non-corrosive
• Low cost and
• Easy availability

Based on the above-mentioned criteria, three adsorbents are used mostly for dif-
ferent AD processes: silica gel, activated alumina and zeolite. The regeneration tem-
peratures of these adsorbents are compared in Table 4.3.

Due to the lowest regeneration temperature and easy availability, silica gel is the 
most popular AD adsorbent. A detailed analysis of the types and efficiencies of dif-
ferent silica gels are available in [116]. At present, multiple researches are under-
way to identify the best packing material for the silica gel [124, 125]. It should be 
mentioned that, even though silica gel is very popular, copper sulfate salt hydrate 
can also be used as an AD adsorbent [126].
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4.4.3  Challenges and Opportunities

It is evident from the literature review that the applications of AD process are not as 
extensively reported as other desalination technologies. The challenges and oppor-
tunities for further development of this particular desalination technology to make 
it more efficient and economical can be discussed as follows:

 i) Most of the AD researches reported to date were lab-scale studies. That is, the 
desalination process is not ready for industrial-scale application. Further 
researches in scale up, system set up and regulatory/environmental compliance 
are required to ensure the commercial application of this technology.

 ii) The desorption of adsorbed water and the regeneration of adsorbent are not 
investigated satisfactorily. Methods that are more efficient should be explored 
to reduce the regeneration temperature significantly.

 iii) More large-scale investigations are necessary to figure out the optimum design 
and process conditions for an AD system.

 iv) Although silica gel is considered a convenient adsorbent, comprehensive stud-
ies are required to ascertain the most economic and technologically sustainable 
solution for the AD process. In addition, the exhaustion of the adsorbent should 
also be studied. A reliable model that can predict the exhaustion time based on 
the system properties would greatly facilitate the industrial application of the 
AD technology.

 v) One of the major challenges to the wider application of AD process is the 
unavailability of a reliable model to predict the output and performance. 
Thorough investigations are required not only to identify the limitations of cur-
rent models but also to develop novel models capable of producing dependable 
results.

4.5  Freeze Desalination

4.5.1  Principles

The basis of Freeze Desalination (FD) technology is the fact that crystallization of 
saline water is a purification process that separates pure water from dissolved salts 
as ice crystals (Fig. 4.5). The phase of water changes from liquid to solid in the 

Table 4.3 Regeneration temperatures of commonly used AD adsorbents. Reproduced with 
permission from Ref. [116]; Copyright 2013 @ Elsevier

Adsorbent Regeneration temperature (°C)

Silica gel 55–140
Activated alumina 120–260
Zeolite 175–370
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separation process. Salts and other dissolved solids in saline water behave as impu-
rities during the growth of ice crystals in supersaturated brine solution. These impu-
rities are excluded naturally in the crystal structure. There are many advantages of 
FD, such as [127–130]:

 (a) 75% to 90% lower energy requirement compared to the evaporative desalina-
tion processes as the latent heat of ice is 333 kJ/kg and that of water vapor is 
2500 kJ/kg

 (b) negligible fouling or corrosion
 (c) wider options to select materials of construction for process equipment
 (d) requirement of no pre-treatment as the formation of ice crystals naturally rejects 

all impurities
 (e) insensitive to feed-water contents or degree of salinity
 (f) high removal efficiency of contaminants

The overall FD process is comprised of ice-formation, ice-cleaning and ice- 
melting. Three basic units, namely freezing unit, washing unit and melting unit, are 
used in the process. The freezing unit or freezer used in FD is actually a crystallizer. 
The ice crystals formed in this unit on the supersaturated brine are transferred to the 
washing unit or washer as a slurry. A minor fraction of the produced water is used 
in the washer to clean the crystals. The clean crystals are then conveyed to the melt-
ing unit or melter. In this unit, the heat removed from the freezer during crystalliza-
tion is used to melt the brine free ice and produce potable water. A basic FD process 
is presented in Fig. 4.5 with a flow diagram [129].

As the freezing process is operated below ambient temperature, a heat removing 
system consisting of the evaporator, vapor compressor and heat exchanger is 
required to remove the heat continuously. It should be mentioned that the crystalli-
zation in the freezing unit could be achieved by adding refrigerant to the brine 
directly or indirectly. Based on the method of introducing refrigerant, the FD pro-
cess can be categorized as follows (Fig. 4.6) [1–4]:

Freezing unit
Salt water

Washing unit
Slurry

(Ice crystals
+ brine)

Melting unit
Clean ice

Product
(potable water)

Washing water

Brine

Brine

Fig. 4.5 Presentation of the flow diagram demonstrating the fundamental FD process
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4.5.2  Recent Advancements

Computational fluid dynamics (CFD) was used recently to model the dynamics of 
crystallization in an indirect FD process [129]. Primarily, the heat transfer phenom-
ena was studied within a 2D rectangular enclosure. The movement of ice was mod-
elled by assuming both brine and ice as two separate fluids. On the other hand, 
Jayakody et al. [131, 132] conducted a thorough CFD analysis of the crystallization 
process. They developed a 3D model based on the species transport, solidification/
melting and energy modules in ANSYS Fluent. The CFD model was validated with 
experimental results obtained using icemaker machine. The validated CFD model 
was further used to carry out a detailed parametric study.

To make the FD process less complex, Attia [133] proposed an indirect FD pro-
cess using a vapor-compression heat cycle comprised of compressor, condenser, 
evaporator and throttling valve. The difluro-monochloromethane (R-22) was used in 
the cycle as the refrigerant. The most important feature of the proposed process was 
that it did not require using a complex mechanical system to remove the ice crystals, 
rather a single unit could be used for forming, washing and melting ice by reversing 
the flow of R-22 through the heat cycle. An economic analysis demonstrated the 
cost associated with the proposed FD process to be more that 50% less than other 
vapor-compression desalination processes. Similarly, Erlbeck et al. [134] developed 
a single step FD process with a specially fabricated crystallizer or freezing unit. 
Instead of washing and melting, the ice crystals were pressed to produce water 
directly. The crystallizer was equipped with a perforated cone and a screwing sys-
tem for the purpose. The experimental results demonstrated that the proposed tech-
nology has the potential to be commercialized.

In an effort to reduce the production cost, Williams et al. [135] tested the applica-
tion of an icemaker in an external FD process. They were successful in producing 
ice from different saline waters like sodium chloride solutions, Arabian Gulf seawa-
ter and RO brines. The parameters that influence the freezing process were identi-
fied as crystallization time, salt concentration of feed and brine flow rate. It was 

Freeze Desalina�on

Direct Freezing Indirect Freezing

Secondary
Refrigerant

Vacuum
Freezing

Internal
Freezing

External
Freezing

Eutec�c
Freezing

Fig. 4.6 Presentation of different categories of FD
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suggested that a modified icemaker can be used as a FD freezing unit. Mtombeni 
et al. [136] studied a pilot-scale application of a patented FD process (HybridICE™). 
The indirect cooling was achieved in the crystallizer with the refrigerant, R404a. It 
could achieve a salt removal efficiency of 96% and produce 1 m3 of potable water at 
cost of around 1 USD. Shin et al. [137] used a surface scraped freeze crystallizer 
(SSFC) as the freezing unit to develop a FD process capable of producing water for 
irrigation. No seeding was required for the crystallization. Ice crystals were artifi-
cially induced on the wall and a specially shaped agitator was used to scrap the ice.

Zambrano et al. [138] proposed a novel integration of falling film freeze concen-
tration (FFFC), fractionated thawing (FT) and block freeze concentration (BFC) to 
design an indirect multi-stage FD process. The product ice crystals of a FFFC unit 
was fed into a FT unit, while the effluent brine was supplied to another FFFC unit. 
The outputs of a FT unit were thawed ice and dilute solution of salts occluded in the 
ice crystals. The solution was recycled back to the FFFC unit and thawed ice was 
fed into a BFC unit. The effluent of the BFC unit, which is a dilute salt solution, was 
recycled back to the initial FFFC unit. The output of the BFC unit was pure ice that 
could be melted into potable water. A combination of five sets of coupled FFFC-FT 
units and three BFC units were suggested to achieve a desalination efficiency of 
98.5%. It should be mentioned that the proposal was supported with small-scale 
bench-top experiments.

Cao et al. [139] explored the feasibility of using the cooling capacity produced 
in the course of processing liquefied natural gas (LNG) for the crystallization in an 
indirect FD system. They proposed using a suitable intermediate refrigerant to 
transfer the cold energy from the LNG re-gasification. In this study, a flake ice-
maker was converted into a freezing unit as it could be utilized to produce and 
remove ice continuously. HYSYS and gPROMS software were used for process 
simulation and modeling. Later, Chang et al. [140] tested the proposal with a real-
time experimental setup. The LNG regasification process was mimicked using 
Freon gas (R-23). A cylindrical freezing unit containing a stirrer was fabricated 
with glass or iron. The experimental investigation was used to identify the most 
important parameter as the washing procedure that might affect the FD process. 
Other investigated parameters were washing water requirement, intermediate 
refrigerant temperature, process duration, supercooling and stirring speed. 
Optimum values of these parameters were determined experimentally. Advancing 
this lab-scale investigation, Lin et al. [141] produced a prototype FD system by 
combining the processes of LNG vaporization and seawater crystallization. The 
intermediate refrigerant for this pilot-scale setup was R410A. A flake icemaker 
was used as the freezing unit and liquid nitrogen was utilized to simulate LNG. The 
effects of the parameters like refrigerant evaporating temperature, number of water 
spraying nozzles and seawater flowrate on the impurity of produced water were 
investigated. The prototype system could produce fresh water at a rate of 150 L/h 
with a cold energy efficiency of more than 2 kg fresh water/kg LNG. Recently, Ong 
and Chen [142] supported the application of a direct FD process for seawater 
desalination with a thorough economic analysis.
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4.5.3  Challenges and Opportunities

The FD process is yet to gain a substantial attention in the research community. The 
primary reason for this lack of interest is most likely the capital cost and process 
complexity. A limited number of studies on this desalination technology are being 
reported annually in the open literature. The challenges and opportunities associ-
ated with the further development of FD technology can be discussed as follows 
[127, 128, 130]:

 i) Most of the FD studies reported to date were theoretical proposals. Few of these 
proposals were supported with small-scale benchtop experiments. Only a hand-
ful of pilot-scale FD applications were reported in open literature. Extensive 
lab-scale investigations are necessary to ensure the scale up for industrial 
applications.

 ii) The most important requirement for the further development of FD technology 
is an efficient process to separate ice crystals from brine. One of the probable 
solutions for this separation is Eutectic Freeze Desalination (EFD). In an EFD 
process, the temperature of brine is decreased to a eutectic point where the 
crystals of ice and salt are formed simultaneously. Denser salt sinks down and 
lighter ice floats on the solution. Thereby the salt and ice can be separated in a 
single step.

 iii) Fundamental studies are necessary to clarify the complex process of crystal 
growth in brines under various process conditions. Validated CFD modeling can 
be an effective tool for the purpose. This kind of investigations would assist to 
design novel crystallizer, which could reduce the cost and improve the effi-
ciency of FD process.

 iv) Dedicated analyses are necessary about the heat cycle with the objective to 
reduce energy consumption. The studies in this field should include cooling 
system, refrigeration technology, integrating hot and cold process streams, and 
utilization of renewable energy in the FD process.

 v) Efforts should be undertaken to integrate FD to other desalination technologies 
like RO, Multistage Evaporation and AD.  This kind of hybridization would 
enhance the process efficiency by increasing yield.

 vi) The technique of ice crystallization has been applied to a considerable extent in 
food and pharmaceutical industry. The commercial processes applied in these 
industries should be investigated for their applications in desalination industry.

4.6  Conclusions and Outlook

Desalination of seawater is a viable option to produce potable water. The technol-
ogy available for desalination can provide extensive amount of water for human 
usage irrespective of the climate. Further development of this technology is becoming 
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progressively more important to address the water scarcity around the world. This is 
because the gap between global supply and demand of water is increasing on an 
annual basis due to  the rising population, pollution, industrial development and 
the climate change. The prominent conventional technologies for extracting pure 
water from seawater are membrane separation (RO), thermal evaporation (MSF, 
MEF and VC) and chemical separation (IX and ED). Eventhough it is possible to 
produce high-quality water with these separation mechanisms, there are challenges 
to their specific applications like high capital and/or operating cost, and soaring 
energy requirement. A number of unconventional desalination methodologies, such 
as MD, FO, AD and FD, have emerged for the purpose of addressing some of the 
existing limitations of the conventional desalination processes.

The MD is a developing thermal based technology. While the technology can 
utilize low grade heat to drive the desalination process, it still faces few challenges 
including low flux and temperature polarization. Further development of this tech-
nology requires substantial improvement of system hydrodynamics and membrane 
materials. The FO is developed based on the natural phenomenon of osmosis to 
separate the pure water from the seawater through a suitable membrane with a draw 
solution. This desalination technology, which is a combination of separation and 
mixing processes, does not require high temperature or pressure. As a result, the 
potential of membrane fouling is far less than traditional RO process. However, the 
FO methodology suffers from the shortage of appropriate draw solution and mem-
brane material. It is also challenging to scale up a FO process. The AD technology 
uses low temperature waste heat to produce water vapor that is adsorbed and, then, 
desorbed to produce potable water. Although a low energy solution, successful scale 
up of a laboratory-based AD system is yet to be reported in literature. It is also chal-
lenging to model an AD process. In the FD technology, seawater or brine is desali-
nated by crystallizing water and melting the separated ice crystals into pure water. 
The complexity of crystal formation and separation is the most challenging part to 
its commercial application. Comparatively higher capital cost is also an impend-
ing block.

The apposite solution for the preemptive challenges is to treat these as oppor-
tunities of research and development (R & D). Currently, desalination is primarily 
used to produce water for municipal and industrial usage in economically devel-
oped countries. However, it is expected to be used worldwide in many other sec-
tors, such as, power and irrigation in future [143]. Desalination is likely to be a 
critical tool to ensure sustainable water supply around the world. Unconventional 
desalination technologies discussed in this chapter are likely to play a major role 
in the process. Continual R&D in this sector will lead to the advancement of the 
desalination technology for its global application. Intensive scientific interests 
and long-term investments in R&D are necessary to ensure affordable, sustainable 
and secure supply of water to our human race in the resource-constrained 
future world.
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Chapter 5
Corrosion in Thermal Desalination 
Processes: Forms and Mitigation Practices

Abdelkader A. Meroufel

5.1  Introduction

Thermal seawater desalination was competing with membrane-based desalination 
such as Reverse Osmosis (RO) up to the mid-1990s where RO started to dominate 
globally (Fig. 5.1). However, Gulf Cooperation Council (GCC) still relying on the 
robust and reliable thermal desalination technologies due to many reasons. This 
include the subsidized fossil fuel cost, the huge water demand and the challenging 
water quality for the sensitive RO desalination process.

The description of thermal desalination technologies is covered in the first and 
second chapters of this book. As one of their major challenges, corrosion attracted a 
lot of research and engineering interest. This is due to the severe conditions where the 
desalination industry accumulated an important level of learned lessons and practical 
experience particularly in the mature brine recycle Multiple-Stage- Flashing (MSF) 
process with more than 50 years of record. Consequently, the MSF plant design life 
increased from 25 years to 40 years between 1980 and 2005. Nevertheless, Multiple 
Effect Desalination (MED) still facing some challenges making its market penetration 
difficult and corrosion studies very limited. The cost- effectiveness and reliability of 
these two processes are dependent among material performance in the different pro-
cess streams and outdoor conditions. Indeed, special care is considered for equipment 
in desalination plants where double corrosion threats are expected i.e. internal and 
external. While the external corrosion risks are similar to other marine atmosphere 
industries, the internal ones are specific in terms of corrosion factors such as tempera-
ture, oxygen concentration and flowing conditions.

Although corrosion was pointed as a source of the environmental impact of 
desalination, this chapter aims to discuss the main corrosion forms and their 
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 engineering mitigation practices that contribute to the limitation of this unwanted 
phenomenon. The chapter considers two major parts of the process i.e. pretreatment 
and desalting system. Corrosion in utilities (steam/power plant) and post-treatment 
(water transmission section) sections are out of the scope of the discussion. Finally, 
the corrosion in thermal desalination in this chapter goes beyond the practical expe-
rience to outline the standardization issues and research niches for future efforts.

5.2  Economics of Equipment Integrity in Thermal 
Desalination Industry

The economics of corrosion in thermal desalination still an aspect with many uncer-
tainties. Indeed, such data are plant-specific where site conditions, plant design are 
so variable making the accurate estimation of corrosion cost a challenge. In addi-
tion, the absence of standardization of corrosion engineering in the desalination 
industry contributes to the scattering of the cost figure. However, there is a general 
agreement on the materials cost at least in terms of Capital Expenditure (CAPEX). 
Figures 5.2a and 5.2b show the contribution of corrosion-related items for MSF and 
MED desalination processes for a plant with 450,000 m3/d production capacity [1]. 
The values presented in the figures should be considered as percentage relative to 
the water production cost. Then, it is important to notice the close capital cost of 
materials between MSF and MED despite the difference in process design and 
conditions.

For operational expenditure (OPEX) cost, the corrosion cost represented through 
indirect factors such as parts and chemicals is shown in Figs. 5.3a and 5.3b. These 
contributions interfere with other functionalities such as mechanically failed parts, 
disinfection and anti-scaling activities. The two chemicals related to the corrosion 
cost are biocides and oxygen scavenger. While the former is adopted for both pro-
cesses, oxygen scavenger is present only in MSF desalination. The higher cost of 
chemicals in MED is usually attributed to the higher dozing of antiscalant.
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Fig. 5.1 World trend of desalination technologies since 1990. (Source: GWI Desaldata IDA) [1]
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Fig. 5.2 (a) CAPEX breakdown of MSF desalination plant, (b) CAPEX breakdown of MED 
desalination plant [1]

Unfortunately, other corrosion cost items are not included in most of the calcula-
tions such as corrosion monitoring (inspection/life assessment) and maintenance 
(preventive or corrective). This is mainly due to the scattering of investment 
between thermal desalination owners.

Some authors discussed CAPEX and OPEX of thermal desalination processes 
from a perspective of water production cost [2–4]. They aimed to find opportunities 
to reduce the CAPEX especially through materials selection and process configura-
tion choice. This kind of exercise fit to the Front End Engineering Design (FEED) 
phase where corrosion can be tackled early before the plant construction. Materials 
selection in thermal desalination plants will be discussed later in this chapter. In the 
following section, the desalination philosophy in terms of equipment reliability will 
be described briefly especially as tactics.
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5.3  Reliability Philosophy Within Thermal Desalination 
Industry

From an engineering point of view, the equipment integrity in the desalination 
industry can be classified into two groups; static and rotating equipment. The differ-
ences in corrosion or failure risks between these two equipment groups define the 

Fig. 5.3 (a) OPEX breakdown of MSF desalination plant, (b) OPEX breakdown of MED desali-
nation plant [1]
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investment level of the desalination plant owner. For instance, due to the severe 
operating conditions, rotating equipment are subject to duplication and alternating 
operation. The main equipment concerned by this practice are the pumps handling 
the different waters (feed seawater, brine and distilled water).

Unlike oil and gas industry where professional engineering practices are well 
spread (RBI,1 predictive maintenance, etc.), desalination still dealing with corrosion 
challenge based on manufacturer recommendations through two maintenance prac-
tices i.e. preventive and corrective maintenance with huge financial and time invest-
ments. With experience accumulation, some manufacturer recommendations are 
modified to optimize the maintenance cost.

Recently, an initiative to move for a condition-based maintenance was raised to 
reduce the water production cost. However, this asset management tool for high 
production capacity plants can jump to higher values if this practice is not opti-
mized. In addition, this is not the end of the story where reliability initiatives do 
have a maturation process. For reliability initiatives with condition-based mainte-
nance, more assessment structures are needed. The advantages are the ability to 
sense operational changes, the impact on the performance increase and more proac-
tive maintenance strategy [5].

5.4  Corrosion Forms in Thermal Desalination Plants

For simplicity, corrosion forms encountered in thermal desalination plants will be 
detailed by environment. Under each environment, the discussion are organized by 
the material type; and the corrosion forms with each material type are explained 
with supportive evidences from real desalination plants. It is important to notice 
that, due to their widespread implementation, we are considering MSF desalination 
plants operating by using high-temperature additives (anti-scalant). Acid dozing 
MSF plants are out of the scope of this chapter. Similarly, few cases from MED 
desalination plants are considered because of the limited number of MED plants.

5.4.1  Saline Water Corrosion

Seawater is a common challenge between desalination and other sectors such as oil 
and gas, power plants, shipping, etc. However, this challenge is more pronounced in 
desalination where the water is heated and concentrated producing highly saline 
brine. Depending on operation parameters and the metal/alloy in contact with the 
seawater, different corrosion impacts can be expected. Corrosion due to acidic 
saline waters is described in Chap. 10.

1 Risk Based Inspection
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Despite the high number of published results on marine corrosion, failures still 
occur [6]. From general to localized corrosion, the spectrum is wide when the equip-
ment is fully immersed in this aggressive medium. Through desalination industry 
history, many authors studied and updated the knowledge about the different saline 
corrosion forms that can be expected in thermal desalination plants [7–13]. Indeed, 
Giuliani et al. [8], summarized the reasons of the unexpected desalination corrosion 
failures including corrosive transitory conditions, and malfunctioning of control 
instrumentation. Due to the variety of used alloys, the information on thermal desal-
ination corrosion in the literature is highly dispersed. In the present section, an 
attempt is made to organize and summarize this information. Starting from the 
industry workhorse material which is the carbon steel, desalination materials moved 
toward corrosion resistant alloys (CRAs) seeking maintenance-free plant.

Table 5.1 summarizes the expected corrosion forms of metals/alloys in saline 
waters and their accelerating factors. The factors affecting the corrosion of materials 
in saline environments are well documented [14, 15].

In the following, corrosion risks will be discussed by the material type including 
for MSF and MED desalination processes and considering the two main types of 
corrosion (general and localized).

Despite the variation in seawater characteristics (salinity, temperature, microbial 
activity) around the world, differences in the general corrosion rate of submerged 
steel in seawater were found relatively small. This was well-explained by a compen-
sation relation between controlling factors as discussed by LaQue [16]. For instance, 
the temperature increase induces a decrease of dissolved  oxygen concentration, 
increase of its diffusion and water salinity, and enhance the development of protec-
tive surface products such as inorganic (calcium/magnesium-based) deposits. In the 
end, it was found that steel corrosion when immersed continuously in seawater 

Table 5.1 Alloys used in thermal desalination and their corrosion risks in saline waters

Material Corrosion risk Critical factors

C-Steels General 1,2,3,7
Ductile iron: ferritic ASTM A536 General 1,2,3,7
Ductile iron: austenitic Ni-resist D2/D2W SCCa 1,2,8
SS: austenitic 304 / 316 L Pitting/crevice 1,2,3,4,6
SS: Austenitic Nitronic 50 Pitting/Crevice 1,2,3,4,6
SS: duplex CD4MCu Crevice 1,2,3,4,6
SS: duplex 2205 Crevice 1,2,3,4,6
CuNi: 90/10, 70/30 and modified 70/30b VSCc- Pitting 1,3,7
Al Brass/AlBr / NiAlBr Erosion-corrosion 1,2,3,5
NiCu: Monel 400/500 MICd 1,3,4
Titanium Gr.2 Crevice 1,3,6

1: Temperature/2: Salinity/3: Oxidants/4: Biofouling/5: Velocity/6: Crevice/7: pH/8: Stress
aStress corrosion cracking
b66Cu30Ni2Fe2Mn
cVapor Side Corrosion
dMicrobiological induced corrosion
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tends to decline with time [17]. In thermal MSF desalination plants, the actual carbon 
steel corrosion rate in the submerged area for different MSF stages was estimated 
based on thickness loss measurements and found less than 0.1 mm/yr. after 35 years 
of operation at TBT2 that does not exceed 98 °C (Fig. 5.4). This could be explained 
by a combination of factors including the formation of protective calcareous deposit, 
reduced dissolved oxygen concentration and closed evaporator system. One of the 
consequences of this very low corrosion rate is the necessity to revise the corrosion 
allowance during the design phase of MSF evaporators.

For localized corrosion of carbon steels in saline waters, the common cause is the 
non-uniformity of surface products (partial surface coverage) causing a differential 
cell. In a similar way to the evolution of general corrosion, the localized attack also 
decreases with time as found by many authors [16, 18]. Although passivity is never 
reached in flowing seawater for carbon steels due to the high chlorides concentra-
tion, corrosion rate get stabilized beyond a critical velocity of seawater [19]. 
However, erosion-corrosion can proceed above critical velocity or even at low 
velocity if the area suffers from a flow disturbance as occurred on vertical non- 
cladded carbon steel pillars shown in Fig. 5.5. Later on, MSF designer specified the 
necessity to either clad carbon steel or adopt solid stainless steel to resist to this kind 
of attack.

With their carbon content in excess to 1.7 wt.% and presence of more corrosion 
resistant phase (graphite) in their microstructure, cast iron has some differences in 
seawater corrosion behavior compared to conventional carbon steels. Cast iron 
alloys are present in the list of thermal desalination materials mainly in an alloyed 
form such as austenitic ductile iron called Ni-resist D2W grade. This grade is 
 well- recognized for its superior corrosion and erosion-corrosion resistances in sea-
water compared to the normal and low alloy cast irons [20, 21]. In terms of localized 

2 Top Brine Temperature

Fig. 5.4 General corrosion 
of MSF flash chamber 
bottom after 35 years of 
operation
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corrosion, Ni-resist seldom has pitting, crevice or stress corrosion cracking (SCC) 
[21]. However, SCC failures were reported in the early 1990s for this alloy as brine 
recycle pump component within MSF desalination plant (Fig. 5.6) [22]. Microscopic 
observation revealed the typical SCC cracking mode as shown in Fig. 5.7. These 
failures were attributed to manufacturing residual stresses combined with brine 
salinity circulating at temperature reaching 40 °C. The absence of residual stresses 
for this alloy in some other desalination plant locations was explained by a post- 
heating treatment conducted by the manufacturer; which raises the material capi-
tal cost.

The next family of materials in thermal desalination is the stainless steel (SS) 
with three metallurgies i.e. austenitic, duplex and martensitic. Stainless steels are 
known to be immune to general corrosion in saline waters with a corrosion rate far 

Fig. 5.5 Severe erosion-corrosion of carbon steel in MSF flash chamber structure

Fig. 5.6 SCC of Ni-resist D2 in brine recycle pump column
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lower than 0.1 mm/yr. However, they are prone especially to localized corrosion in 
saline waters such as pitting, crevice, and environmental assisted cracking (EAC) 
depending on critical alloying elements, metallurgical features and association of 
extrinsic and intrinsic stresses.

In terms of critical alloying elements, lot of works were conducted to illustrate 
the beneficial role of chromium (Cr), molybdenum (Mo), nitrogen (N), copper (Cu) 
and tungsten (W). Then, an empirical formula was introduced to rank the different 
stainless steels in terms of localized corrosion susceptibility and degree i.e. Pitting 
Resistance Equivalent Number (PREN) [23]. Different formulas of PREN are cited 
in the literature that are function of the stainless steel composition, microstructure 
and the experimental findings. Bauernfeind et al. [24] reviewed these formulas and 
concluded that the most used formulas for standard austenitic stainless steels are 
PREN20N and PREN30N. Due to the similarity between pitting and crevice corrosion 
mechanisms, the same formula is used to rank stainless steel alloys in terms of 
crevice corrosion resistance as well.

While stainless steel manufacturers usually present their developed products 
after conducting standard tests for pitting (ASTM G46-methods A and E) and crev-
ice (ASTM G46-methods B and F), long-term tests in seawater conditions are the 
most reliable information for desalination plant owners. Indeed, laboratory standard 
tests are in most of the time over-conservative and difficult to be correlated with real 
conditions for certain important factors. Cases of pitting corrosion on stainless 
steels in thermal desalination are very rare in the open literature. This could be due 
to the formation of tightly adherent calcareous deposit protecting the underneath 
substrate (Fig. 5.8). Nevertheless, one case study published by Malik et al. [25] 
concerns 316 L cladding of MSF flash chamber bottom as shown in Fig. 5.9. This 
unusual failure initiated during a long period of shut-down combined with 
 incomplete draining of the unit. In a similar way, Elshawesh et al. [26] discussed a 
case of multiple pitting of MSF flash chamber walls made of 316 L after 3 months 
of continuous operation. The corrosion attack was confined to the mechanical 

Fig. 5.7 Transgranular cracking revealed on Ni-resist D2 failed pump column (×50)
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damaged and iron contaminated area. The failure to keep the oxygen level below 
the requested limit accelerated the localized pitting attack. Such kind of cases can 
be avoided by some pre-service practices centered on the quality of the material 
discussed by Giuliani [27].

Many authors studied the effect of metallurgical features of stainless steel grades 
on the three considered degradation modes. Indeed, the presence of inclusions, 
residual stresses, and the partition of elements (for duplex stainless steels) are the 
main factors that enhance the stainless steel susceptibility to localized degradation 
[28–30]. The role of MnS inclusion was more debated for pitting and crevice 
 corrosion where the negative effect of Mn was included in the PREN equation pro-
posed by Bauernfeind et al. [24]. Similarly, the precipitation of undesirable phases 
in duplex stainless steels such as sigma phase was found to decrease both localized 
corrosion and mechanical resistance of these alloys [29].

Fig. 5.8 Calcareous deposit covering most of the 1st stage flash chamber in MSF desalination 
plant

Fig. 5.9 Pitting corrosion 
on MSF flash chamber 
bottom cladded by 
stainless steel 316 L
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On the other hand, the manufacturing process of the part seems to affect the 
metallurgy of the material inducing variation in the corrosion resistance. Many 
authors observed that cast stainless steels suffered from crevice corrosion in seawa-
ter to a higher degree compared to the forged ones [31, 32]. This can be explained 
by the better uniformity of forged alloys in terms of composition and structure pro-
viding fewer sites for crevice corrosion attack.

The history of crevice corrosion of stainless steels in thermal desalination does 
not include significant published cases. Mohammed et al. [30] reported the crevice 
corrosion in MSF plant of seawater drain valve with a body made of 316 L SS after 
5 years of service. All drain valves suffered from the same crevice corrosion causing 
an enormous replacement cost. It is important to mention that crevice corrosion 
occurrence is not limited to the presence of susceptible alloys such as 316 L or 
duplex 2205. The presence of crevice itself is the main factor combined with other 
environmental parameters such as presence of oxidants (oxygen, chlorine). For 
instance, Lee et al. [33] found that the corrosion of 316 L SS is reduced by a factor 
of 20 on deaeration to 25 ppb oxygen, even though the temperature has increased 
from ambient to 105 °C. The presence of calcareous deposit inhibiting the cathodic 
process limits the possibility of crevice corrosion occurrence in thermal desalina-
tion plants.

Due to their double microstructure (ferrite/austenite), duplex stainless steels 
received important research interest. Especially in the role of partitioning elements 
between constituent phases on the pitting/crevice susceptibility in saline waters [34]. 
Duplex stainless steel use within thermal desalination is limited to seawater pumps 
with the successful performance of the older grade CD4MCuN containing nitrogen. 
Saithala et al. [34] introduced a PREN for each constituent phases of duplex stainless 
steel to explain the selective attack. Olsson et  al. [35] suggested the use of solid 
duplex stainless steel as evaporator parts including shell, floor, and roof. This mate-
rial choice will be further detailed under materials selection section.

When residual stresses are present in the alloy, either from manufacturing or 
from welding activity and associated with corrosive chlorides as in thermal desali-
nation, the most dominant failure mode is either chloride SCC or corrosion fatigue. 
These degradation modes interfere with other failure mechanisms such as inter-
granular corrosion as it will be discussed in Chap. 7. According to Streitcher [36], 
the conclusion made by Staehle in 1969 on the absence of a unified mechanism of 
SCC for austenitic stainless steels is still valid. For duplex stainless steels, it is well 
accepted that these alloys have better resistance to SCC and corrosion fatigue than 
austenitic and precipitation hardening stainless steel grades [37].

Copper alloys are essential materials in thermal desalination plants. Depending 
on the equipment function (valve, pump, heat exchanger and water box), the most 
widely used alloys are cupronickel, bronze and brass. Their general corrosion in 
unpolluted seawater is known to be very low due to the thick and compact protec-
tive corrosion film based on cupric and cuprous oxides. However, Shams El-Din 
et al. [38] reported some unexpected pitting corrosion on the internal surface of 
cupronickel. The authors attributed this failure to the galvanic corrosion between 
cupronickel tube and carbon particles present at its surface. The source of this car-
bon was claimed from water box gasket material that was a carbon-based rubber. 
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However, carbon-based rubber is usually insoluble in seawater that makes this 
hypothesis unsupported. On the other hand, Giuliani et al. [8] discussed the pres-
ence of carbonaceous material as dirt on the surface of cupronickel tubes before 
installation (during manufacturing) which requires sandblasting. This is in line 
with practical recommendations in terms of tube quality discussed by many authors 
[39, 40]. Pitting corrosion of cupronickel can also be expected if the iron is present 
on their surface acting as a potential anodic site.

Under copper base alloys, aluminum bronze and nickel aluminum bronze alloys 
are well recognized in the list of thermal desalination cladding materials as mainly 
for tube sheets and water boxes in heat rejection systems of MSF. Their corrosion 
resistance in seawater relies on the protective alumina-rich corrosion film with an 
erosion resistance that exceeds that of 70Cu30Ni alloy [41]. One of the most cited 
corrosion risks on these alloys is the pitting due to the presence of a significant con-
centration of sulfide compounds (polluted seawater or microbial activity product).

In a similar way, aluminum brass specified in early design for MED heat 
exchanger tubes is sensitive to sulfide-polluted seawater. In addition, this alloy is 
known for its high susceptibility to erosion-corrosion when the velocity exceeds 
1.8 m/s [42]. Malik et al. [43] reported its pitting corrosion due to an erosion of 
spraying seawater in MED plant (Fig. 5.10).

Aluminum bronze is also specified for valves handling seawater and brine with 
excellent record except for a few failure cases. Mohammed et  al. [30] reported 
erosion- corrosion on the body of a seawater valve in MSF plant after 3 years of 
operation. The seawater temperature was 42 °C and the minimum linear velocity 
was 4.8 m/s (which is accepted for this alloy). However, in such cases, the maxi-
mum velocity should be considered along with the sand particle’s size and medium 
temperature. Indeed, at seawater solids content higher than 100 mg/L, the particle’s 
size and velocity start to affect the corrosion rate of copper alloys [40].

Titanium is considered as the seawater corrosion immune material in thermal 
desalination plants including MSF and MED. However, one of the exceptions is the 
crevice corrosion of titanium tube after 4 months of operation as discussed by Kido 
et al. [44]. The corrosion occurred between roll-expanded tube and tube sheet at the 
temperature range of 88–110 °C causing Ti-hydride formation near the corroded 
surface. Indeed, titanium is known for its immunity to crevice corrosion in seawater up 
to 82 °C or somewhat above as reported by Mountford [45]. In brine environment, 

Fig. 5.10 Erosion-corrosion of Al brass tube from a MED plant
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Been et al. [46] reported an upper-temperature limit of 80 °C as safe and conservative 
with a brine pH equal to or less than 9. However, this temperature limit is directly 
dependent on the crevice presence/geometry where the same authors mention the 
necessity of very narrow and much deeper crevice than most of stainless steels [45]. 
The rarity of crevice corrosion cases in desalination may be explained by the 
absence of crevice due to better junction design between tube and tube sheet. This 
can be explained mostly by the materials selection and environment control where 
the oxygen concentration is kept below 20 ppb by mechanical deaeration compen-
sated by the injection of oxygen scavengers.

5.4.2  Vapor Phase Corrosion

One of the most studied corrosion modes in thermal desalination is the vapor phase 
corrosion. Indeed, this type of corrosion is critical to a certain level, which deter-
mines the lifetime of evaporator condenser parts [47]. Most of the publications 
focused on brine recycle MSF process with more susceptible alloys and conditions 
[47–51]. Three alloys are concerned by this corrosion form i.e. carbon steel, cupro-
nickel and stainless steel 316  L.  Two main types of corrosion can be expected; 
general and localized. Non-condensable gases and particularly CO2 aggravate these 
corrosion forms. The contribution of oxygen ingress (air-in leakage), bromine gas, 
and sulfur-containing compounds was found to affect cupronickel, carbon steel and 
316 L alloys.

Up to now, sulfur-containing compounds were never discussed in thermal desali-
nation heat exchangers failures. Indeed, biogenic sulfur compounds cannot be 
excluded in these conditions where thermophilic bacteria could exist with microbial 
activity. Many authors discussed MIC cases for seawater cooled heat exchangers 
causing different kinds of localized corrosion attack, demonstrated for all alloys 
except titanium [52, 53].

While the general corrosion concerns carbon steel and cupronickel alloys with 
minor impact, the localized corrosion forms are the most critical affecting espe-
cially cupronickel and stainless steels. The vapor side corrosion can appear in dif-
ferent forms i.e. thinning, pitting, crevice, galvanic or SCC. SCC is usually limited 
to 316 L as venting pipe (see Chap. 7). Pitting corrosion was observed on 90Cu10Ni 
cupronickel tubes from stage 5 from a longitudinal tube configuration MSF plant as 
shown in Fig. 5.11. The investigation revealed pitting corrosion enhanced by low- 
performance venting combined to the presence of bromine gas [51].

Following these cases, Hodgkiess et al. [54] studied the pitting corrosion suscep-
tibility of cupronickel alloys (70Cu30Ni and 90Cu10Ni) in hot distilled water in the 
presence of CO2 leading to a pH of 5.3–5.7 to mimic vapor phase in MSF plants. In 
addition to the pitting, both alloys suffered from crevice corrosion after long expo-
sure (20 days) at 80 °C.

Galvanic corrosion was suggested as a failure mechanism reported by Malik 
et al. [43] between 90Cu10Ni alloy as tubing material, 316 L SS as product water 
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tray and carbon steel as tube support material (Fig. 5.12). Whereas the distillate 
conductivity is very low which would limit the corrosion to the junction area, the 
extent of this kind of corrosion under near acidic pH and high temperature should 
be investigated for different area ratio to confirm the galavanic risk extent.

Clear galvanic corrosion was observed between cupronickel tube and tube baffle 
in heat recovery of an MSF brine recycle plant as shown in Fig. 5.13. Such kind of 
attack will increase the clearance gap between tube and baffles making a suitable 
condition for tube damage in the form of fretting corrosion when vibrating due to 
the high velocity flowing brine inside tubes.

Malik et al. [43] reported a crevice corrosion failure mechanism accelerated by 
the galvanic coupling between 90Cu10Ni tubes and 316 L tube support in the first 
stage inducing huge corrosion after 14 years of operation as detected by eddy 

Fig. 5.11 Pitting corrosion on MSF condenser tube from 5th stage after 13 years of operation

Fig. 5.12 Galvanic corrosion of tube support in MSF plant
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current testing (Fig. 5.14). Authors attributed the extensive failure degree to accel-
erating conditions including the galvanic action between 316 SS and 90/10 Cu/Ni, 
the low pH due to the accumulation of CO2 and vibration of tubes following the gap 
created between tube and tube support.

Fig. 5.13 Galvanic corrosion between tube and tube baffle in MSF plant

Fig. 5.14 1st stage MSF condenser tubes corrosion after 14 years of service revealed by Eddy 
current technique
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Few works have been conducted to determine the extent of galvanic corrosion in 
acidic and low conductive media. In a recent work, Finšgar tried to determine the 
galvanic series in different acids including mineral and organic acids [55]. The 
author obtained a different order between stainless steel grades and copper and 
aluminum- based alloys in each acid and conclude that it is advisable to avoid gal-
vanic coupling between stainless steel grades and copper alloys in all the tested acids.

5.4.3  Corrosion Under Insulation (CUI)

Corrosion under insulation is not specific to the desalination industry and it is a wide-
spread corrosion form in all industries. Unfortunately, the absence of published cases 
and/or the related cost make the appreciation of this corrosion form difficult. 
Figure 5.15 shows one of the few cases published in the open literature where an MSF 
evaporator suffered from severe CUI after 25 years of service [56]. The root cause of 
such unexpected case was the stagnancy of significant and contaminated rainwater 
that penetrate through gaps of the insulation. It was found that the calcium silicate 
insulation material was totally soaked with contaminated rainwater. This raised the 
concern of roof structure design with limited draining capability. As a root cause, it is 
well-known that when aluminum cladding is removed, it is never re-fitted in the origi-
nal way. Then, poorly fitted cladding particularly on a horizontal surface such as an 
evaporator roof frequently leads to roof corrosion problems due to moisture ingress. 
This was detected on a number of desalination units as shown in Fig. 5.15.

Fig. 5.15 CUI on MSF evaporator roof after 25 years of service
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5.4.4  Microbial Induced Corrosion (MIC)

MIC corrosion is rarely reported in thermal desalination as discussed by Meroufel 
et al. [57]. Indeed, the high temperature and salinity contribute to the limitation of 
biofilm that excludes the possibility to develop an MIC scenario. It is well- established 
that marine biofilm development is stopped above a critical temperature. This tem-
perature depends on the  worldwide seawater location [58, 59]. On the other hand, 
the higher salinity reaching saturation induces exclusion of oxygen which is a vital 
element in biofilm development.

However, in some locations of thermal desalination plants, the possibility of MIC 
occurrence remains such as in MED condensers and MSF intake systems. An example 
of MIC case occurred in MED condenser where the cooling seawater is below 35 °C 
causing severe pitting on 70Cu30Ni tubes at 6 O’clock position after 6 years of 
operation is shown in Fig. 5.16. Meroufel et al. [60] discussed the root causes of this 
case including the use of water velocity below the acceptable limit and an inefficient 
chlorination system. These factors are favorable to the development of the microbial 
activity under deposit. The low velocity was adopted during low production period 
based on reduced water demand.

Another MIC failure occurred on seawater intake pump casing bolts that were 
in service for 10 years. These bolts made of Monel 400 developed circumferential 
cracks as shown in Fig. 5.17. At the microscopic level, the cracks appear to be 
intergranular filled with sulfur-containing compounds. These sulfur-rich com-
pounds detected at grain boundaries support a mechanism of intergranular corrosion 
initiated by MIC.

Fig. 5.17 MIC on seawater pump bolt in desalination intake

Fig. 5.16 MIC on MED condenser tubes after 6 years of operation
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Monel is a nickel-copper alloy that is susceptible to MIC corrosion as studied by 
Gouda et al. [61]. However, many authors raised the unclear mechanisms of MIC 
interaction with intergranular corrosion [62, 63].

5.4.5  Miscellaneous Corrosion

Under this category, we gather corrosion cases with a low negative impact on the 
operation of thermal desalination plants. Splash corrosion for instance, is an aggres-
sive corrosion form that can affect thermal desalination especially in intake struc-
tures [64, 65]. With tide action, early designed plants adopted painted carbon steel 
as protection. However, mechanical impact on the paint would create a pathway to 
the aggressive seawater and lead to accelerated localized splash zone corrosion. A 
more reliable approach is the use of stainless steel grade 316 L along with cathodic 
protection by sacrificial anodes. However, the efficiency of sacrificial anodes to 
overcome the splash zone localized corrosion stay questionable. This is mainly due 
to the instability of the electrolyte in this location as discussed by Chen et al. [66]. 
These authors suggested wrapping carbon steel rods subject to splash corrosion 
with good seawater absorbent material (linen). The measurements of cathodic cur-
rent showed good cathodic protection on carbon steel rods in seawater using zinc 
sacrificial anodes.

On the other hand, in all cases, macro-fouling attachment cannot be avoided 
particularly when chlorination system performance is unstable. Figure 5.18 shows 
an example of a bar screen painted and fouled with barnacles at the intake of a 

Fig. 5.18 Splash and crevice corrosion caused by barnacles attachment on bar screen in desalina-
tion intake
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thermal desalination plant. In addition to the crevice environment under barnacles 
which induces paint degradation, the chloride salts concentration at splash zone is 
well clear associated with differential aeration cell inducing accelerated corrosion.

During the late 1970s, Hodgkiess et al. [67] investigated mild steel and stainless 
steel welds corrosion in aerated seawater up to 60 °C. The authors confirmed the 
sensitivity of the heat-affected zone (HAZ) in mild steel welds to accelerated corro-
sion. Post-weld heat treatment provided a reduction of this corrosion but it was not 
enough to suppress it. On the other side, austenitic stainless steel welds were unaf-
fected. Eid studied later the effect of heat treatment, testing media and its tempera-
ture [68]. The author gave some recommendations to mitigate the corrosion and/or 
cracking of austenitic stainless steel welds in contact with hot seawater/brine solu-
tions. Similarly, Saricimen et al. [69] investigated the austenitic stainless steel weld 
corrosion in MSF desalination plant after only 6 years of operation. The root cause 
of the failure was the exposure to stagnant brine and a potential sensitization during 
welding/stress relieving operations. For duplex stainless steel welds, Petersson et al. 
[70] outlines the importance to ensure the right proportion of austenite phase in the 
weld metal and HAZ to respect the proportion of the phases and avoid intermetallics 
precipitation. In addition, the importance of good post-weld cleaning to ensure good 
corrosion properties cannot be over-emphasized. Figure 5.19 shows distillate tray 
cracks on the welds of the bottom stiffeners. After repetitive previous unsuccessful 
weld repairs, the cracks have propagated on to the tray itself. Some distortion of the 
distillate tray occurred due to the thermal stresses set up locally where the bottom 
stiffeners and the tube support plates were welded on either side of the tray.

Cavitation of pump impellers in thermal desalination was rarely reported in the 
open literature. Figure 5.20 shows a case of cavitation on brine recycle pump impel-
ler made of austenitic stainless steel 316 L. The pump was in service for 19 years 
when cavitation was detected with hole formation which should affect the pump 
efficiency.

Fig. 5.19 Cracks on the welds of the bottom stiffeners from distillate tray
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5.5  Corrosion Control Practices

Depending on the corrosion forms and impact, corrosion control practices can vary 
upon cost and simplicity versus the operation and maintenance activities. In the 
following, three main corrosion control practices practiced in thermal desalination 
plants; viz. environment control, material selection and corrosion monitoring are 
described.

5.5.1  Environment Control

Seawater handling equipment is usually pretreated physically and chemically to 
minimize its aggressive action. Under physical treatment, macro and sub-macro 
screening are adopted to prevent or reduce the penetration of macro-fouling and 
solid particles. The former (macro-fouling) represents an obstacle to the stream flow 
and are a potential site for crevice corrosion when attached to the surface of the 
alloy. Crevice corrosion under barnacles was studied by some authors and is highly 
expected if the pretreatment is inefficient [71]. The mitigation of this risk is ensured 
by bar screens (trash racks) with an opening of 20 mm.

For solid particles, travelling band screen is used associated with a washing sys-
tem to sustain the filtering performance. However, micrometer particles will pene-
trate to the process and usually accumulate with inorganic scale formed on heat 
transfer surfaces. Then, the thermal insulation properties of the scale increases. 
On the other hand, travelling band screen may encounter the risk of re-injecting 
debris on the clean waterside if the spray nozzles are unable to remove the debris 
clogging the screen. Travelling screens are usually under cathodic protection system 

Fig. 5.20 Cavitation on brine recycle pump impeller after 19 years of service
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that needs routine maintenance to avoid its corrosion, which can release corrosion 
product in the filtered feedwater.

For the chemical pretreatment, two main chemicals are used i.e. biocides and 
oxygen scavengers. Biocide is used to control biofouling through the chlorination 
by the injection of sodium hypochlorite (NaClO4) which is often produced by elec-
trolysis of the seawater itself. The treatment is managed to obtain a residual chlorine 
that does not exceed 0.25 ppm in the entering seawater either as cooling or to the 
heat rejection feed. Higher residual chlorine concentrations represent a risk for 
many ferrous and non-ferrous alloys [41, 72]. Biofouling control is well detailed 
from a microbiological perspective in Chap. 16.

To ensure deaerated stream, oxygen scavenger is dozed after mechanical deaera-
tion of the seawater feed to compensate the oxygen reduction up to 20 ppb. Sodium 
sulfite is the most used with excellent performance. Contrary to passive alloys, a 
low oxygen level is beneficial for active alloys such as carbon steel [7]. This would 
enhance the formation of well protective magnetite corrosion layer and slow down 
the corrosion kinetics [15].

5.5.2  Material Selection

Materials selection for desalination plant attracted a lot of interest of desalination 
professionals. Taking benefit from materials development, offshore industry experi-
ence, industrial standards and desalination operating plants feedback, many authors 
studied materials selection in desalination plants [73–77]. Material selection should 
reflect the industry philosophy in terms of design lifetime, cost profile, monitoring 
and maintenance philosophy, etc.

However, most of the efforts were focused on MSF due to its implementation 
dominance compared to the MED. We can split materials selection in MSF into 
three major parts i.e. shell & evaporator internals, heat exchangers and pumps. 
Historically, materials selected for MSF evaporator shell and internals passed 
through different phases: totally made of carbon steel, epoxy coated carbon steel, 
and CRA cladding to the recent solid duplex stainless steel. Through this history, 
some non-successful idea of non-metallic evaporators were considered with limited 
use including concrete and polymer composite evaporators [78, 79]. In terms of 
standardization, Oldfield tried to suggest a standard guide for MSF evaporator 
materials based on 25 years of experience of 41 MSF desalination plant surveyed in 
MENA3  region [80].

The idea of solid stainless steel as MSF evaporator material was discussed for the 
first time through the work of Olsson et al. [81]. Practically, this introduced in the 
market the concept of dual-duplex™ (developed by Outokoumpu) where duplex 
stainless steel 2205 is used for areas in contact with brine and seawater while the 
lean duplex 2304 is used for areas in contact with vapors and produced distilled 

3 MENA stands for Middle-East and North Africa
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water. This concept was extrapolated to the low-temperature MED desalination 
plants [82]. In such a way, lower life cycle cost is claimed compared to the traditional 
carbon steel cladded by stainless steel 316 L for high-temperature stages. However, 
welding quality and acid cleaning operations are two main concerns that need to be 
considered for this choice. Indeed, due to the sensitivity of duplex stainless steels 
during welding, undesirable phases could precipitate creating corrosion risk areas 
and great care should be paid to the manufacturing of the evaporator to avoid fail-
ures at welded joints [83]. The corrosion resistance of duplex stainless steel to the 
acids used for descaling should be well-controlled [84].

Water boxes handling seawater or brine are usually made of carbon steel 
which is internally cladded by either cupronickel or nickel aluminum bronze 
(NAB) and painted externally. Sacrificial anodes are installed inside water boxes 
to avoid the impact of galvanic coupling with titanium. The galvanic corrosion of 
NAB due to the coupling with titanium was found dependent on the presence of 
oxygen [85]. This situation can be expected in heat rejection where aerated sea-
water circulate.

Whereas some authors recommended the use of Glass Fiber Polymers (GRP) for 
water boxes with successful performance and reduced cost, it seems that these 
materials are still questionable to be considered in projects specifications [86].

Heat exchanger materials within thermal desalination plants attracted lot of 
research interest. Due to their highest capital cost, it is well-established that heat 
exchangers determine the lifetime of a thermal desalination plant. While the cupro-
nickel and titanium alloys dominate the tubing material, the tube sheet, baffles and 
tube supports can be made of cladded carbon steel, carbon steel and austenitic 
stainless steel 316 L respectively. Depending on operating conditions and galvanic 
compatibility, titanium grade 2 or 70Cu30Ni as tube and 316 L and 90Cu10Ni as 
cladding are reserved for the most aggressive conditions. Modified 70Cu30Ni with 
66% of copper, 30% of nickel and 2% for iron and manganese elements is also 
used. This alloy showed the highest performance, which justifies its highest cost. 
Except the vapor side corrosion discussed above, the inlet erosion-corrosion has 
been well controlled in most of the plants. This was achieved either using the mod-
ified 70Cu30Ni or by the insertion of super-thin walls inserts that can be metallic 
(superior copper alloy grade, stainless steel or titanium). Therefore, the heat 
exchanger lifetime extends which avoid the huge retubing investment as discussed 
by Tallman [87]. Aluminum brass was suggested in the early stages of thermal 
MED desalination plants. However, this material was quickly abandoned after 
erosion-corrosion failures [43, 88]. In a similar way to the evaporator materials, 
Oldfield suggested a standard guide for heat exchangers in MSF desalination 
plants [80].

Stainless steels and particularly superferritic grades were also suggested for heat 
exchanger tubing in thermal desalination with limited interest [89, 90]. Despite the 
achieved good thermal conduction properties, their main drawback is the crevice 
corrosion risk. Alternatively, recent interest to the implementation of conductive 
polymer composites for tubing material is still in the early stages of validation for 
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low-temperature MED process [91]. Due to the lack of long-term performance 
and difficulty to predict their lifetime, this technology needs more elaboration and 
qualification tests. In parallel, many efforts are made using additive manufacturing 
technologies to develop highly conductive polymer composites for heat transfer 
applications. Deisenroth et al. [92] discussed all the aspects and challenges in this 
research area. The absence of a database on different additive manufacturing tech-
niques/products, and the low manufacturing speed are the challenges for the large 
scale production.

Pumps handling saline waters including seawater and concentrated brine are the 
most critical due to the coupling of the corrosive environment with mechanical 
stresses. For this reason, desalination plant pays more attention to this equipment by 
duplicating their numbers and investing a lot on their maintenance/monitoring to 
ensure a high level of plant reliability. Materials used for this equipment has to show 
good corrosion resistance, cavitation/erosion resistance and galvanic compatibili-
ties in saline waters as well as in acidic condition for acid cleaning operation. 
Besides, standby conditions where stagnant waters should not induce corrosion. 
Francis et  al. [93] considered also manufacturing/joining aspects (machinability, 
castability, weldability) and mechanical strength of pump alloys that follow the 
minimum requirements mentioned in industrial standards [94, 95].

Many references can be considered for the discussion of materials selection for 
pumps handling seawater and brine solutions [96–98]. For instance, Todd discussed 
the service experience and optimum material choice among the four main alloy 
categories i.e. copper-based, stainless steels, austenitic cast irons and nickel-based 
alloys [96]. The same author reported cavitation tests on different pump materials 
where stainless steel and nickel aluminum bronze are the most resistant to this kind 
of severe attack. That is why their use is widespread with successful performance. 
Previous to this, Morrow et al. [97] reported a table from Gutierez suggesting sea-
water materials based on performance and capital cost (Table 5.2).

Conventional austenitic stainless steels such as 316 L are still in seawater service 
with good performance for more than 40  years. However, the flowing condition 
should be maintained with a lower accepted velocity of 0.9–1.5 m/s and stagnancy 
should be strictly avoided. Recently, superduplex stainless steel is proposed for both 
seawater and brine solutions showing cost-effectiveness (Table 5.3) where 1 corre-
spond to poor and 4 to excellent [93].

Conventional duplex stainless steels such as the CDM4Cu grade was suggested for 
pump’s impeller and used since the 1980s [98]. In a similar way, industrial standards 
suggest duplex stainless steel 2205 for deaerated seawater and superduplex for the 
aerated condition [94]. However, it is necessary to consider the susceptibility of con-
ventional duplex 2205 to the crevice corrosion in seawater that is difficult to predict 
due to the absence of a reliable method to assess the crevice geometry in the field.

As discussed by Skar et al. [99], material selection defined in industrial standards 
has to be safe and conservative. Materials limits are based either on laboratory or 
field experience. In both cases, factors playing a role in the corrosion/failure vary 
significantly, which modify the material choice between end-users. Additional care 
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should be paid to the pump type and associated piping and valve systems when 
selecting materials.

5.5.3  Monitoring

Corrosion monitoring within thermal desalination plants can be discussed from two 
perspectives. This includes corrosive agents monitoring and corrosion impact moni-
toring. The former is related to residual chlorine, oxygen, temperature, and flow. 
However, the latter consist of the periodic inspection, chemical analysis of product 
water and circulating brine and vibration for rotating equipment such as pumps.

Periodic inspection is based on non-destructive tests (NDT) including visual 
examination, surface crack detection and thickness measurements. Visual examina-
tion is supported with photography and crack detection is conducted by dye pene-
trant test (DPT). Thickness measurement is performed by ultrasound probes or eddy 
current depending on the inspected part i.e. evaporator structure or heat exchanger 
tubes. Thickness measurement data is used to calculate the general corrosion rate 
during life assessment exercise.

In addition, in-service monitoring is conducted by laboratory and inspection 
department including physical and chemical analysis that is related to the corrosion 
either directly or indirectly as summarized in Table 5.4.

5.6  Conclusions and Outlook

Corrosion in thermal desalination plants represents a serious concern affecting the 
lifetime of desalination assets, which merits multiperpsective mitigation practices. 
From a problem-understanding point of view, most of the forms are well-studied up 
to a certain extent in the literature. However, corrosion failures will continue due to 

Table 5.3 Relative merits of four material options for an offshore seawater pump. (Source: Pump 
Engineer) [93]. NAB: Nickel Aluminum Bronze. 

Property
Option
Ti superduplex NAB 316SS

Castability 1 3 3 4
Strength 3 4 3 1
Pressure tightness 3 3 3 3
Corrosion resistance 4 4 2 1
Weldability 2 3 2 4
Machinability 1 3 3 4
Availability 1 3 4 4
Cost 1 2 3 4
Total 16 25 23 25
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different reasons that are human-based such as improper operation and maintenance 
practices, depraved supply chain quality, deceiving specifications, design faults, etc. 
and that are more concern for the asset integrity engineers rather than corrosion 
specialists.

However, some perspectives can be anticipated in terms of the material adopted 
for thermal desalination plants. For instance, the unification of evaporator and heat 
exchanger materials is an idea, which merits consideration. Indeed, a total solid 
stainless steel system or polymer composite material could be an interesting option 
for both MSF and MED plant designers offering a higher lifetime of the plant with 
low life cycle cost (LCC). However, the end-user asks often long-term performance 
data before switching to such choices.

Stainless steel heat exchangers are employed in some parts of MED process 
(e.g. condensate heater) and in steam/power plant utilities (e.g. steam condenser). 
In condensate heater, the austenitic 347 grade is already established with good per-
formance. For the steam condenser using either brackish or seawater cooling 
medium, superferritic S44660 or S44735 grades are the most performing [100, 101].

Stainless steel manufacturers recently support the use of hyperduplex grades for 
heat exchangers combining excellent thermal conductivity, good corrosion resis-
tance and better mechanical properties. However, the sensitivity of crevice corro-
sion in MSF and MED plant needs further studies with the challenge of crevice 
geometry control for tubes [102]. While this risk can be limited to the seawater/
brine side due to the formation of calcareous deposit minimizing the cathodic pro-
cess, it can be a concern in both MSF vapor side with acidic distillate and MED 
desalination as studied by Snis et al. [103]. On the other hand, duplex stainless steel 
as evaporator material can suffer from corrosion risks due to operation and mainte-
nance practices or supply chain quality issues. This would need some research in 
different areas such as duplex welding corrosion, stress corrosion cracking in hot 
contaminated vapors.

Table 5.4 Physical and chemical analysis of waters in thermal desalination process

Parameter/Medium Feed seawater Recycle brine Blow down brine Product water

Residual chlorine (Cl2) √
pH √ √ √ √
Conductivity √ √ √ √
TDS √ √
Turbidity √
Chlorides (Cl−) √ √ √
Oxygen √
M. Alkalinitya √ √
Copper • • √
Iron • • √

•: on demand
aTotal alkalinity
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For polymer composite materials, many efforts are conducted to enhance the 
thermal conductivity of these materials by the incorporation of thermally conduc-
tive fillers. These materials are already used in air conditioning but still facing some 
challenges for thermal desalination with limited real testing data. For evaporator 
made of Fiber Reinforcing Polymer (FRP), the situation is different where chemical 
and physical stability are different. Indeed, internal degradation concerns for this 
kind of material when in contact with neutral and acidified saline water and that did 
not receive enough research efforts to determine the expected lifetime. Also, the 
external degradation risks related to the saline humidity and sun radiations exposure 
merits more research efforts before drawing premature conclusions.

References

 1. Cost estimator, Desaldata https://www.desaldata.com/cost_estimator
 2. S. Arazzini, R. Borsani, G. Migliorini, U. Zuboli, Economics of MSF plants: Influence of 

variations in the design parameters and use of different construction materials. Desalination 
52, 97–103 (1985)

 3. C. Sommariva, H. Hogg, K. Callister, Maximum economic design life for desalination plant: 
The role of auxiliary equipment materials selection and specification in plant reliability. 
Desalination 153, 199–205 (2002)

 4. R. Borsani, S. Rebagliati, Fundamentals and costing of MSF desalination plants and compari-
son with other technologies. Desalination 182, 29–37 (2005)

 5. D. Rozette, The road to reliability (2014), https://www.meridium.com/author/don-rozette
 6. B. Todd, Materials selection for high reliability copper alloy seawater system (2000), http://

innovations.copper.org/2000/0009/marine_supreme.html
 7. B. Todd, The corrosion of materials in desalination plants. Desalination 3, 106–117 (1967)
 8. L. Giuliani, R. Cigna, Corrosion problems of copper alloys in desalination plants. Desalination 

22, 379–384 (1977)
 9. U.  Rohlfs, H.D.  Schulze, Possibilities of corrosion prevention and removal in seawater 

exposed structures and desalination plants. Desalination 55, 283–296 (1985)
 10. A.U. Malik, P.C. Mayan-Kutty, I. Andijani, S. Al-Fozan, Materials performance and failure 

evaluation in SWCC MSF plants. Desalination 97, 171–187 (1994)
 11. R. Francis, Galvanic corrosion of highly resistant stainless steels in seawater. Br. Corros. 

J 29, 53–57 (1994)
 12. J.W. Oldfield, B. Todd, Technical and economic aspect of stainless steels in MSF desalination 

plants. Desalination 124, 75–84 (1999)
 13. S. Jacques, J. Peultier, J.C. Gagnepain, P. Soulignac, Corrosion resistance of duplex stain-

less steels in thermal desalination plants. Corrosion, NACE – 08261, NACE International, 
Houston,(2008)

 14. B. Todd, Selection of materials for high reliability seawater systems, Supplement to Chemistry 
and Industry, (1977), p. 22

 15. D.C. Silverman, Aqueous Corrosion, in Corrosion: Fundamentals, Testing, and Protection, 
ed. by S. D. Cramer, B. S. Covino, vol. 13A, (ASM Handbook, ASM International, 2003), 
pp. 190–195

 16. F.L. LaQue, Theoretical studies and laboratory techniques in seawater corrosion testing eval-
uation. Corrosion 13, 33–44 (1957)

 17. I. Matsushima, Carbon steel-corrosion by seawater, in Uhlig’s Corrosion Handbook, ed. by 
R. W. Revie, 3rd edn., (The electrochemical Society, INC, and John Wiley & Sons, INC., 
ISBN: 978-0-470-08032-0, 2011), p. 601

5 Corrosion in Thermal Desalination Processes: Forms and Mitigation Practices

https://www.desaldata.com/cost_estimator
https://www.meridium.com/author/don-rozette
http://innovations.copper.org/2000/0009/marine_supreme.html
http://innovations.copper.org/2000/0009/marine_supreme.html


126

 18. F.W.  Fink, Corrosion of Metals in Sea Water, PB 171344 (Battelle Memorial Institute, 
Columbus, 1960), p. 59. https://digital.library.unt.edu/ark:/67531/metadc11613/

 19. K. Ichikawa, K. Nagano, S. Kobayashi, N. Kitajima, Ebara Eng. Rev 85, 2 (1973)
 20. R.  Covert, Properties and applications of Ni-resist and ductile Ni-resist alloys. Nickel 

Institute Publication (1998), https://www.nickelinstitute.org/media/1770/propertiesand 
applicationsofni_resistandductileni_resistalloys_11018_pdf

 21. A. Marshall, Corros. Prev. Contr., 177–181 (1983) Une nouvelle nuance de fonte Ni-resist a 
graphite spheroidal. INCO NICKEL 33 (1971). p. 4

 22. A.U. Malik, S. Basu, I. Andijani, N.A. Siddiqui, S. Ahmad, Corrosion of Ni-resist cast irons 
in seawater. Br. Corros. J 28, 209–216 (1993)

 23. K.  Lorentz, G.  Medawar, Über das Korrosionsverhalten austenitischer chrom-nickel-
(Molybdän) stähle mit und ohne stickstoffzusatz unter besonderer berücksichtigung ihrer 
beansprunchbarkeit in chloridhaltigen Lösungen. Thyssenforschung 1, 97–108 (1969)

 24. Bauernfeind D, Mori G Corrosion of superaustenitic stainless steels in chloride and sulfate 
containing media – Influence of alloying elements Cr, Mo, N, N and Cu. Corrosion (2003), 
NACE – 03257, NACE International, Houston

 25. A.U. Malik, M. Mobin, I.N. Andijani, S. Al-Fozan, Investigation on the corrosion of flash 
chamber floor plates in a multistage flash desalination plant. J.  Fail. Anal. Prev 6, 17–23 
(2006)

 26. F. Elshawesh, A. Elhoud, O. Ragha, Role of surface finish and post-fabrication cleaning on 
localized corrosion of 316L austenitic stainless steel flash chambers. Paper No. 053, Eurocorr, 
(2001)

 27. L. Giuliani, Pre-service corrosion control in multiflash desalination plants. Desalination 38, 
295 (1981)

 28. Z. Szklarska-Smialowska, Influence of sulfide inclusions on the pitting corrosion of steels. 
Corrosion 28, 388–396 (1972)

 29. M. Bernas, I. Westermann, C. Lauritsen, R. Johnsen, M. Lannuzzi, Effect of microstructure 
on the corrosion resistance of duplex stainless steels: Materials performance maps. Corrosion 
2017, NACE-2017–8923, NACE International, Houston, (2017)

 30. R.A. Mohammed, K. Shahzad, N.S. Sabah, Control valves failures in seawater desalination 
plants-some case studies. 16th International Corros. Congress, Beijing, (2005)

 31. H. Yakuwa, K. Sugiyama, M. Miyasaka, A.U. Malik, I. Andijani, M. Al-Hajri, K. Mitsuhashi, 
K. Matsui, NACE Middle East Corros. Conf., Paper No. 134, Bahrain, (2007)

 32. N. Larché, D. Thierry, V. Debout, T. Cassagne, J. Peultier, E. Johansson, C. Tavel-Condat, 
Crevice corrosion of duplex stainless steels in natural and chlorinated seawater. Duplex 
World, 11–13 (2010)

 33. T.S. Lee, R.M. Kain, Factors influencing the crevice corrosion behaviour of stainless steels in 
seawater. Corrosion 1983, NACE-69, NACE International, Houston, (1983)

 34. J.R. Saithala, H.S. Ubhi, J.D. Atkinson, A.K.P. Patil, Pitting corrosion mechanisms of lean 
duplex and superduplex stainless steels in chloride solutions. Corrosion 2011, NACE-11255, 
NACE International, Houston, 2011

 35. J. Olsson, H.L. Groth, Evaporators made of solid duplex stainless steel: A new approach to 
reduce cost. Desalination 97, 67–76 (1994)

 36. M. Streitcher, Austenitic and ferritic stainless steels, in Uhlig’s corrosion handbook, ed. by 
R. W. Revie, 3rd edn., (The Electrochemical Society, INC, and John Wiley & Sons., INC, 
ISBN: 978–0–470-08032-0, 2011), p. 657

 37. M.L. Falkland, M. Glaes, M. Liljas, Duplex stainless steels, in Uhlig’s Corrosion Handbook, 
ed. by R. W. Revie, 3rd edn., (The Electrochemical Society, INC, and John Wiley & Sons, 
INC., ISBN: 978–0–470-08032-0, 2011), p. 695

 38. A.M. Shams El-Din, M.E. EI-Dahshan, H.H. Haggag, Carbon induced corrosion of MSF 
condenser tubes in Arabian Gulf seawater. Desalination 172, 215–226 (2005)

 39. N.M. Valota, Copper alloy tube for MSF desalination plant: Some practical considerations. 
Desalination 66, 245–256 (1987)

 40. R. Francis, The Corrosion of Copper and its Alloys: A Practical Guide for Engineers, NACE 
International, ISBN: 9781575902257, (2010)

A. A. Meroufel

https://digital.library.unt.edu/ark:/67531/metadc11613/
https://www.nickelinstitute.org/media/1770/propertiesandapplicationsofni_resistandductileni_resistalloys_11018_pdf
https://www.nickelinstitute.org/media/1770/propertiesandapplicationsofni_resistandductileni_resistalloys_11018_pdf


127

 41. CDA, Aluminium Bronze Alloys Corrosion Resistance Guide, Publication No, 80, 
Copper Development Association. (1981), https://copperalliance.org.uk/resources/
aluminium-bronze-corrosion-resistance-guide/?download=start

 42. Circuits Eau de Mer, Traitements et Matériaux, Edition Technip, ISBN: 2710806479 
9782710806479. (1993)

 43. A.U. Malik, S. Al-Fozan, F. Al-Muaili, Corrosion of heat exchanger in thermal desalination 
plants and current trends in material selection. Desalin. Water Treat 55, 2515–2525 (2014)

 44. S.  Kido, T.  Shinohara, Corrosion under heat flux encountered in desalination plant. 
Desalination 22, 369–378 (1977)

 45. J.A. Jr Mountford, Titanium – Properties, Advantages and Applications Solving the Corrosion 
Problems in Marine Service, Corrosion 2002, NACE – 02170, NACE International, Houston, 
(2002)

 46. J. Been, J.S. Grauman, Titanium and titanium alloys, In: The electrochemical Society, INC, 
and John Wiley & Sons, INC, ISBN: 978-0-470-08032-0, (2011), p. 861

 47. J.W. Oldfield, B. Todd, Vapor side corrosion in MSF plants. Desalination 66, 171–184 (1987)
 48. E.A. Al-Sum, A. Al-Radif, S. Aziz, Performance of materials used for the venting system in 

SED’s desalination plants (MSF). Desalination 93, 517–527 (1993)
 49. A.M. Shams-El Din, R.A. Mohammed, Contribution to the problem of vapour side corrosion 

of copper nickel tubes in MSF distillers. Desalination 115, 135–144 (1998)
 50. N. Asrar, A.U. Malik, S. Ahmed, M. Al-Khalidi, K. Al-Moaili, Vapor side corrosion in thermal 

desalination plant. Mater. Perform 4, 66–71 (1999)
 51. Y.A. Alzafin, Condenser tube failures: MSF desalination plant Jebel Ali, G- PH1. Paper No. 

IDAWC/DB09, IDA World Congress – Atlantis, The Palm – Dubai, (2009)
 52. D.H. Pope, Microbial corrosion in fossil-fired power plants – A study of microbiologically 

influenced corrosion and a practical guide for its treatment and prevention. EPRI Final 
Report, CS-5495, Project 2300-12 Electric Power Research Institute, Palo Alto, (1987)

 53. K. Al-Nabulsi, T.Y. Rizk, F. Al-Abbas, O.C. Dias, Seawater Cooler Tubes Corrosion and 
Leaks Due to Microbiologically Induced Corrosion, Corrosion 2016, NACE-7034 (NACE 
International, Houston, 2016)

 54. T. Hodgkiess, D. Mantzavinos, Corrosion of copper-nickel alloys in pure water. Desalination 
126, 129–137 (1999)

 55. M. Finšgar, Galvanic series of different stainless steels and copper and aluminum based 
materials in acid solutions. Corros. Sci 68, 51–56 (2013)

 56. A.A. Al-Mobayed, P. Bukovinszky, R. Harris, Evaporator roof corrosion in MSF desalina-
tion – A case study. IDA Paper No. IDAWC/026, IDA World Congress, (2002)

 57. A. Meroufel, T. Green, A.U. Malik, MIC and desalination industry: What is the progress?. 
Paper No.1409, NACE Middle East Corros. Conference, (2014)

 58. A. Mollica, A. Trevis, E. Traverso, G. Ventura, G. De Carolis, R. Dellepiane, Cathodic per-
formance of stainless steels in natural seawater as function of microorganism settlement and 
temperature. Corrosion 45, 48–56 (1989)

 59. Shams E1-Din AM, T.M.H. Saber, A.A. Hammoud, Biofilm formation on stainless steels in 
Arabian Gulf water. Desalination 107, 251–264 (1996)

 60. A. Meroufel, A. Al-Sahari, M. Ayashi, A. Alenazi, MIC of cupronickel tubes from MED 
desalination condenser. Mater. Perform 57, 15–17 (2018)

 61. V.K.  Gouda, I.M.  Banat, W.T.  Riad, S.  Mansour, Microbiologically induced corrosion of 
UNS N04400 in seawater. Corrosion 49, 63–73 (1993)

 62. K.R. Sreekumari, K. Nandakumar, Y. Kikuchi, Bacterial adhesion to weld metals: Significance 
of substratum microstructure. Biofouling 17, 303–316 (2001)

 63. M. James, D. Hattingh, Case studies in marine concentrated corrosion. Eng. Fail. Anal 47, 
1–15 (2015)

 64. S. Al-Fozan, A.U. Malik, Effect of seawater level on corrosion behavior of different alloys. 
Desalination 228, 61–67 (2008)

 65. A. Ul-Hamid, H. Saricimen, A. Quddusa, A.I. Mohammed, L.M. Al-Hems, Corrosion study 
of SS304 and SS316 alloys in atmospheric, underground and seawater splash zone in the 
Arabian Gulf. Corros. Eng. Sci. Technol 52, 134–140 (2017)

5 Corrosion in Thermal Desalination Processes: Forms and Mitigation Practices

https://copperalliance.org.uk/resources/aluminium-bronze-corrosion-resistance-guide/?download=start
https://copperalliance.org.uk/resources/aluminium-bronze-corrosion-resistance-guide/?download=start


128

 66. J. Chen, J.Y. Huang, X. Dong, Study on the splash zone corrosion protection of carbon steel 
by sacrificial anode. Int. J. Electrochem. Sci 7, 4114–4120 (2012)

 67. T.  Hodgkiess, N.  Eid, W.T.  Hanbury, Corrosion of welds in seawater. Desalination 27, 
129–136 (1978)

 68. N.M.A. Eid, Localized corrosion at welds in structural steel under desalination plant con-
ditions Part II: Effect of heat treatment, test temperature and test media. Desalination 73, 
407–415 (1989)

 69. H. Saricimen, M. Shamim, I.M. Allam, M. Maslehuddin, Performance of austenitic stain-
less steels in MSF desalination plant flash chambers in the Arabian Gulf. Desalination 78, 
327–341 (1990)

 70. R. Pettersson, M. Johansson, E.M. Westin, Corrosion performance of welds in duplex, super-
duplex and lean duplex stainless steels. Corrosion 2013, NACE-2697, NACE International, 
Houston, (2013)

 71. M. Eashwar, G. Subramanian, P. Chandrasekaran, K. Balakrishnan, Mechanism for Barnacle- 
induced crevice corrosion in stainless steel. Corrosion 48, 608–612 (1992)

 72. T. Rogne, U. Steinsmo, Practical consequences of the biofilm in natural sea water and of 
chlorination on the corrosion behaviour of stainless steels. Sea water corrosion, Stainless 
Steels – Mech. Exp. EFC Publ, 19, (1996)

 73. T.G. Temperley, Material specification and the availability and life of desalination equipment 
in both Saudi Arabia and the Arabian Gulf. Desalination 33, 99–107 (1980)

 74. J.D. Birkett, E.H. Newton, Present trends in materials selection and performance in multi- 
stage flash desalination units. Desalination 38, 207–222 (1981)

 75. T. Hodgkiess, Current status of materials selection for MSF distillation plants. Desalination 
93, 445–460 (1993)

 76. C. Sommariva, D. Pincirolli, E. Tolle, R. Adinolfi, Optimization of materials selection for 
evaporative desalination plants in order to achieve the highest cost-benefit ratio. Desalination 
124, 99–103 (1999)

 77. A.U.  Malik, S.  Al-Fozan, Corrosion and materials selection in MSF desalination plants. 
Corros. Rev 29, 153–175 (2011)

 78. Y. Tazawa, Y. Nojiri, K. Fujii, Behaviour of concrete evaporator shells during operation of the 
module plant at the Chigazaki test facilities. Desalination 22, 111–120 (1977)

 79. O.J. Morin, R.A. Johnson, MSF evaporator fabricated from reinforced thermosetting materials. 
Desalination 31, 355–363 (1979)

 80. J.W. Oldfield, Survey of material usage in MSF plants over the past 25 years. IDA Paper No. 
IDAWC/024, IDA World Congress, Bahamas, (2003)

 81. J.O. Olsson, H.L. Groth, Evaporator made of solid duplex stainless steel a new approach to 
reduce costs. Desalination 97, 67–76 (1994)

 82. J. Peultier, V. Baudu, P. Boillot, J.C. Gagnepain, News trends in selection of metallic material 
for desalination industry. IDA Paper No. IDAWC/DB09, IDA World Congress, Dubai, (2009)

 83. M. Bernås, I. Westermann, C. Lauritsen, R. Johnson, M. Lannuzzi, Effect of microstructure 
on the corrosion resistance of duplex stainless steels: Materials performance maps. Corrosion 
2017, NACE-8923, NACE International, Houston, (2017)

 84. S.H. Mameng, A. Bergquist, E. Johansson, Corrosion of stainless steel in sodium chloride 
brine solutions. Corrosion 2014, NACE-4077, NACE International, Houston, (2014)

 85. R.C. Barik, J.A. Wharton, R.J.K. Wood, K.R. Stokes, Galvanic corrosion of nickel aluminum 
bronze coupled to titanium or Cu15Ni alloy in brackish seawater, Paper No. 330, Eurocorr 
2004, Nice, (2003)

 86. H. Bos, Fiberglass for sea water boxes and MED modules – Long term solutions. IDA Paper 
No. IDAWC/156, IDA World Congress, (2002)

 87. C.P.  Tallman, Method for extending heat exchanger and condenser life. Desalination 73, 
231–246 (1989)

 88. B. Todd, Copper-Nickel Alloys in Desalination Systems, Seminar Technical Report 7044–1919, 
Copper Development Association, (1999)

A. A. Meroufel



129

 89. W. Fairhust, Some recent developments in stainless steels and their application to seawater 
cooled condenser. Mater. Des., 5, 235–243 (1984)

 90. R. Rautenbach, S. Schäfer, Development and testing of ultrathin superaustenitic tubes for 
heat exchangers in desalination plants. Desalination 127, 13–17 (2000)

 91. T. Orth, D.-C. Alarcón-Padilla, G. Zaragoza, P. Palenzuela, P. Mueller, Shaping the future of 
thermal desalination with high performance heat conducting polymer tubes. IDA Paper No. 
IDAWC/58054, IDA World Congress, São Paulo, (2017)

 92. D.C. Deisenroth, R. Moradi, A.H. Shooshtari, F. Singer, A. Bar-Cohen, M. Ohadi, Review of 
heat exchangers enabled by polymer and polymer composite additive manufacturing. Heat 
Transfer Eng 39, 1652–1668 (2018)

 93. R. Francis, L. Phillips, Cost Effective Materials Selection for Pumps, Pump Engineer, (2003) 
p.  44–49 https://www.neonickel.com/wp-content/uploads/2016/12/66.-Cost-Effective- 
Materials-Selection-for-Pumps.pdf

 94. NORSOK, Materials selection, Standard M-001 (2014), https://www.standard.no/
pagefiles/1176/m-001.pdf

 95. ISO 21457, Petroleum, petrochemical and natural gas industries – Materials selection and 
corrosion control for oil and gas production systems (2010), https://www.iso.org/stan-
dard/45938.html

 96. B. Todd, (2010) Pump materials for desalination plants. Materials Selection and Corrosion, 
Vol. II, In: Encyclopedia of Desalination and Water resources, p. 261 http://www.desware.
net/Sample-Chapters/D07/D14-020.pdf

 97. S.J. Morrow, (2007) Vertical turbine pumps in seawater service materials of construction, ITT-
Pumplines: 5–10 http://turbolab.tamu.edu/wp-content/uploads/sites/2/2018/08/Tutorial-05.
pdf

 98. NDI, (1995) Materials for Saline Water, Desalination and Oilfield Brine Pumps, 2nd Edition, 
Nickel Institute Reference Book, Series No. 11 004, Toronto,

 99. J.I. Skar, S. Olsen, A review of materials application limits in NORSOK M-001 and ISO 
21457. Corrosion 73, 655–665 (2017)

 100. E.R. Blessman, J.J. Dunn, J.F. Grubb, Stainless steels for desalination projects. IDA Paper 
No. IDAWC/157, IDA World Congress, (2003)

 101. H.  Richaud-Minier, H.  Marchebois, P.  Gerard, Titanium and super stainless steel welded 
tubing for solutions for seawater cooled heat exchangers, Paper No.1214, Eurocorr 2008, 
Freiburg, (2008)

 102. C.  Leballeur, N.  Larché, D.  Thierry, Definition and Qualification of Crevice Assembly 
Adapted for Tube Geometry (Stainless Steel World Conference, Maastricht, 2017)

 103. M. Snis, J. Olsson, M. Willfor, D. Bjorklund, G. Antonopoulos, Stainless steels for LT-MED 
plants. IDA Paper No. IDAWC/MP07–052, IDA World Congress, Gran Canaria, (2007)

5 Corrosion in Thermal Desalination Processes: Forms and Mitigation Practices

https://www.neonickel.com/wp-content/uploads/2016/12/66.-Cost-Effective-Materials-Selection-for-Pumps.pdf
https://www.neonickel.com/wp-content/uploads/2016/12/66.-Cost-Effective-Materials-Selection-for-Pumps.pdf
https://www.standard.no/pagefiles/1176/m-001.pdf
https://www.standard.no/pagefiles/1176/m-001.pdf
https://www.iso.org/standard/45938.html
https://www.iso.org/standard/45938.html
http://www.desware.net/Sample-Chapters/D07/D14-020.pdf
http://www.desware.net/Sample-Chapters/D07/D14-020.pdf
http://turbolab.tamu.edu/wp-content/uploads/sites/2/2018/08/Tutorial-05.pdf
http://turbolab.tamu.edu/wp-content/uploads/sites/2/2018/08/Tutorial-05.pdf


131© Springer Nature Switzerland AG 2020
V. S. Saji et al. (eds.), Corrosion and Fouling Control in Desalination Industry, 
https://doi.org/10.1007/978-3-030-34284-5_6

Chapter 6
Corrosion in Reverse Osmosis Desalination 
Processes: Forms and Mitigation Practices

Abdelkader A. Meroufel

6.1  Introduction

Seawater reverse osmosis (SWRO) is a widely used as desalination process due to 
its lower energy consumption compared to other processes like thermal desalina-
tion. The main components of an SWRO plant are the intake, pre-treatment, reverse 
osmosis (RO) process itself, energy recovery system and post-treatment.

When compared to the thermal desalination processes, many research efforts are 
going on in RO desalination technology to improve the operational performance, 
energy efficiency, produced water quality and membranes reliability. Within this 
context, corrosion and material selection in RO desalination attracted a lot of inter-
est during the first 20 years (1975–1995) of large-scale RO plants implementation. 
Two major reasons that pushed RO professionals to consider corrosion and material 
selection are: the maintenance/capital cost reduction (need to be competitive with 
the thermal multi-stage flash, MSF process), and the membranes reliability issues 
(mainly affected by fouling). Membrane reliability can also be affected by the cor-
rosion of equipment, which induces the blockage of membrane pores and declines 
the water product quality and quantity. All these issues are reflected in the water 
production cost where an important competition is undergoing globally.

Since RO desalination deals with aerated ambient seawater, common corrosion 
forms that are common with thermal desalination are observed in the seawater 
intake area of RO systems. The specific pretreatments of natural seawater followed 
and the diverse operating conditions used in the plants can dictate some typical cor-
rosion forms similar to that observed in other industrial installations such as oil and 
gas offshore. Corrosion scientists and engineers are continuing working on different 
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aspects of corrosion forms, their mechanism, prevention methods, modelling, cor-
rosion monitoring/detection and testing protocols specific to RO plants.

Seawater is a complex environment including physical parameters and living organ-
isms that can affect corrosion phenomenon in different ways justifying the continuous 
research efforts and discussions. All desalination professionals agree on the fact that RO 
desalination performance and reliability are site-based. While there is a general agree-
ment on the plant design, the variation of the seawater quality represents a challenge for 
designers and owners. The scarcity of field tests of the different suggested alloys and the 
scattering of the laboratory-performed tests raise the challenge of standardization as an 
additional barrier to overcome before concluding on material performance.

In the present chapter, an attempt to summarize the key points of this topic are 
made based on research outcomes, material development perspective and RO plant 
database. The interrelated corrosion forms considered for discussion are the crevice, 
pitting and microbiological corrosion.

6.2  Economics of Equipment Integrity

Several published information is available on economic analysis of RO desalination 
systems [1–3]. The major factors influencing the analysis are: plant configuration 
and capacity, membrane/alloy development, and accumulated operation/mainte-
nance experience around the world.

The economics of corrosion in RO desalination is a challenging question espe-
cially in terms of operational cost. This can be explained by the plant design and 
performance affected by the site location and project procurement model. However, 
the CAPEX scheme indicates the significant contribution of alloys, pumps and pip-
ing in the total CAPEX of RO desalination plant (Fig. 6.1).

For operational expenditure (OPEX) cost, the corrosion costs represented 
through indirect factors such as parts, chemicals and labors are shown in Fig. 6.2. 
These contributions interfere with other functionalities such as mechanically failed 
parts, disinfection and anti-scaling activities. The two chemicals related to the cor-
rosion cost analysis are biocides and acids for scaling control.

Since the total water cost is the sum of CAPEX and OPEX, Ghaffour et al. [2] 
suggested a typical water production cost breakdown as shown in Fig. 6.3. It appears 
clearly that corrosion cost is embedded in different parts such as the CAPEX, chem-
icals, spares, and O&M (operation and maintenance).

6.3  Reliability Philosophy

One of the measured performance indicators for RO desalination plant is the avail-
ability. Since RO desalination units should be in continuous operation, it is easier 
and appropriate to assess their availability. Improving this parameter for the whole 
plant is a challenging task to reduce the production cost. The improvement of 
 availability induces technical solutions such as the duplication of some critical sys-
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tems like the high-pressure pumps. In the same time, the intake system is very 
important to the whole plant operation. Any problem can induce a low seawater flow 
and will cause significant production decrease. Pretreatment section is also a crucial 
part that cannot be out of service for a long duration. Therefore, the RO desalination 
process is more sensitive to equipment reliability issues.

Fig. 6.1 CAPEX breakdown of RO desalination plant with capacity of 240,000 m3/d [4]

Electrical energy
61%

Labour
10%

Chemicals
15%

Parts
7%

Membranes
7%

Fig. 6.2 OPEX breakdown of RO desalination plant with production capacity of 240,000 m3/d [4]
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Unfortunately, there is limited work on the reliability analysis of RO plant except 
the ones conducted by some authors as done in early days of large-scale RO plant 
implementation by Kutbi et al. [5]. The authors used the Fault Tree Analysis (FTA) 
technique to determine the critical area in RO desalination plant. Based on operation 
and maintenance data from Jeddah RO plant, the authors could fix the impact of 
failures including corrosion. Pump failures in the form of corrosion, cavitation or 
erosion represented the major failure types. Based on the analysis, improvement in 
RO desalination is recommended in materials choice, and design/operation prac-
tices. In a similar way, Hajeeh et al. [6] assessed a RO desalination plant operating 
in the Gulf region where the redundancy and over design of the system showed an 
impact on the plant availability. More discussions on this topic are added in the 
material selection section.

More recently, Bourouni [7] discussed two methods of reliability analysis applied 
to RO desalination plants for an economic optimization objective. This includes 
Reliability Block Diagram (RBD) and FTA methods. Based on data from Kuwait 
RO desalination plant, it has been demonstrated a good agreement between the two 
methods where high-pressure pump and RO modules were found to be the most 
affected by the unavailability and that merit more attention from the specifica-
tion phase.

Spares
4%

O&M
14%

Capital recovery
41%

Chemicals
6%

Power
19%

Membranes
16%

Fig. 6.3 Total water production cost for a RO desalination plant. Reproduced with permission 
from Ref. [2]; Copyright 2013 @ Elsevier
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6.4  Corrosion Forms in RO Desalination Plants

Since RO is dealing only with aerated seawater as environment, and corrosion resis-
tant alloys (CRAs), the discussion will be articulated on the typical localized corro-
sion forms such as pitting, crevice and microbial corrosion. While the morphological 
appearance of these forms can be different, the electrochemical mechanism is 
tightly similar. The carbon and low alloy steels were never considered for this desal-
ination process due to their low corrosion resistance making them a non-economical 
solution. Thus, the most used materials for RO desalination plants since the begin-
ning are CRAs and in limited cases nickel-copper alloys such as Monel. In the 
below sections, the important corrosion forms in RO plants are briefly discussed. 
Further details on these corrosion forms can be found in the literature [8–11].

6.4.1  Pitting Corrosion

Pitting corrosion of stainless steels particularly in seawater has been subject to sev-
eral studies. It is important to distinguish pitting corrosion in neutral to alkaline 
medium which has an electrochemical nature from other types of pitting (chemical 
and etch) as mentioned by Alvarez et al. [12]. It is well accepted that halides (chlo-
rides and bromides), flowing condition, susceptible material (composition, surface 
heterogeneity), temperature, oxidants concentration (oxygen, hypochlorite) and 
microbial activity are the main factors that can affect pitting phenomenon [10, 13, 
14]. The synergy between these factors determines the performance of any CRA 
depending on exposure duration.

Many studies are still undergoing to understand the passivity phenomenon and 
the role of alloy elements such as molybdenum to explain the pitting itself [15, 16]. 
The variation of passive layer characteristics between different CRAs implies the 
necessity of proper understanding the material’s metallurgy. The passive layer for-
mation depends on alloy composition, microstructure, surface treatment and the 
surrounding environment.

Localized electrochemical and surface analytical techniques continue to provide 
precious pieces of information in understanding the pitting mechanism. From the 
passive film breakdown to the pit growth giving macro damage (in the order of 
100 μm), various competitive processes occur; under the effect of environmental 
parameters. That is why operators of RO desalination plant are guided for instance 
to the flushing when it comes to the shut-down of the plant as well as to keep the pH 
in a certain range. Indeed, as revealed by Marcus et al. [17], there is a competition 
between Cl− and OH− adsorption on the surface of the oxide layer and also on the 
underneath metal/alloy which hinders the repassivation inducing the enlargement of 
the formed pit.

Another aspect is the role of the alloying elements in the pitting corrosion resis-
tance of different grades. Baroux made a distinction between elements entering the 
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passive film and others that does not. While the first group reduce the pit initiation 
and growth, the second group of elements can reduce the ionic current through the 
metal/passive film interface which may slow down the dissolution rate [18]. Under 
the first group, it has been demonstrated that only chromium and molybdenum con-
tribute to the protectiveness and chemistry of the passive layer. We recall that both 
chromium and molybdenum compounds are considered in the field of inorganic 
corrosion inhibitors. However, some other alloying elements belongs to the second 
group and still undergoing research studies to understand their role in the pitting 
corrosion resistance [19–21]. These elements include nitrogen, copper, and tungsten 
that reduce pitting corrosion through a different proposed mechanism. Since the 
role of each element is dependent on the material metallurgy and the environment 
parameters, no conclusion can be drawn here. However, one of the direct conse-
quences of this alloying role concerns the corrosion engineer responsible for mate-
rial selection. The classic material selection practice followed by corrosion engineers 
is based on the Pitting Resistance Equivalent Number (PREN) as discussed in Chap. 
5. The different proposed formulas are directly related to the role of each element in 
either pitting or crevice corrosion resistance. Materials selection for RO desalina-
tion plant will be detailed later in this chapter.

Pitting corrosion failures in RO desalination was not subject to a high number of 
studies due to the absence of critical factors and the randomness (stochasticity) of 
its occurrence. While the chlorides concentration is high and the oxygen is at satura-
tion level, the flowing condition makes the occurrence of pitting corrosion very rare 
as mentioned by Oldfield et al. [22]. In this regard, different critical velocities are 
suggested by corrosion specialists ranging from 1 to 1.5 m/s above which pitting 
corrosion is not expected [22, 23].

Electrochemically speaking, pitting corrosion of stainless steels can occur if the 
corrosion potential increase in an excessive way toward the pitting potential region. 
This kind of scenario can be expected in two situations i.e. at high biocide concen-
trations or in the presence of a biofilm.

Francis et al. [24] discussed the corrosion risk function of residual chlorine and 
seawater temperature. For instance, for a seawater temperature of 40 °C, the resid-
ual chlorine safe limit should not exceed 0.7 ppm. The usual practice in RO desali-
nation plants is either a continuous chlorination followed by a dechlorination of the 
feed seawater to preserve RO membranes or the chock dozing where a high level of 
residual chlorine will be generated for short-term period. For both chlorination 
practices, the flow and the distance between the biocide injection point and CRA 
affect the pitting corrosion risk.

While the pitting corrosion due to the ennoblement of the corrosion potential in 
the presence of biofilm still discussed, this situation cannot be expected in RO 
desalination service due to the extensive seawater pretreatment and flowing condi-
tions. Pitting corrosion due to the biofilm presence was observed by Neville et al. 
[25] on stainless steel alloys after long-term exposure in the north sea. The attacked 
samples were under anodic polarization which stimulates the activity of sulfate 
reducing bacteria (SRB) producing a black sulphide corrosion product.
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Some rare cases of pitting during operation of RO desalination plant were 
reported during early days of large-scale RO plants implementation. The first case 
reported was in Malta RO plant within 2  years of operation [26]. However, the 
authors did not discuss or illustrate clearly the case. This resulted in some mix-up 
with crevice corrosion form since it happens on RO permeator manifolds and con-
nections. Similarly the confusion between cavitation and pitting corrosion was 
noticed in the case reported on Energy Recovery Device (ERD) wheel buckets parts 
in Ras Abu Jarjur RO (Bahrain) desalination [27]. Darton et al. [28] reported a case 
study on pitting corrosion within 3  years of operation of RO desalination plant 
based at Gibraltar. Pitting occurred on high-pressure pump valves and seats due to 
the stagnant seawater. Pitting corrosion of welds were mentioned by Bullock et al. 
[29] but without enough details on their occurrence. The susceptibility of welds to 
the pitting corrosion still attracting significant research interest. The role of welding 
quality/parameters in pitting corrosion resistance is well established [30, 31]. Malik 
et al. [32] studied the pitting corrosion of 317 L brine reject pipe at the weld joints 
location (Fig. 6.4). Authors attributed the root cause to the preservation medium 
(saline water containing formalin) before plant commissioning. The preservation 
took 3 years and this can play a role in the pitting corrosion initiation. However, the 
welding quality and surface condition in these cases are the first issues that should 
be considered.

Similarly pitting corrosion of Monel alloy grades was studied in stagnant seawa-
ter by some authors [33]. Usually, this alloy is used for (seawater, flushing) pumps 
or ERD sleeves and bolts. So far, there were no pitting failures reported in the open 
literature for this material except the case discussed in thermal desalination corro-
sion forms in Chap. 5.

Therefore, pitting corrosion represents a risk to RO desalination plant owners 
during the shut-down period. There are several methods to rank the pitting corrosion 
resistance of the different alloys proposed to RO desalination. The quickest one in 
practical point of view is the use of PREN number. Scientists use various electro-
chemical laboratory parameters (breakdown potential, repassivation potential etc.), 

Fig. 6.4 Pitting corrosion 
on the weld joint of brine 
rejection pipe in SWRO 
plant
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critical pitting temperature (CPT), and pit generation rate. A detailed discussion of 
these pitting susceptibility indicators can be found in reference [8].

6.4.2  Crevice Corrosion

Many corrosion professionals qualify the crevice corrosion as a special case of pit-
ting corrosion due to the similarities between these forms. Indeed, both of the two 
types belong to the localized corrosion where passive film breakdown occurs in a 
specific location and lead to the perforation or crack initiation on the metal. Thus, 
passive alloy, which resists to the crevice corrosion should resist to the pitting in 
stagnant conditions. Crevice corrosion happens in restricted flow areas where there 
is a contact between metal and non-metal or metal and metal. These contact areas 
are difficult to avoid in the design of equipment, and they can also form under 
deposits, in poor welds, pipe flanges, and joints.

Crevice corrosion is the major corrosion risk in all RO desalination plants. It 
occurs into two main phases i.e. initiation and propagation. From a corrosion engi-
neering perspective, the lifetime of equipment susceptible to this kind of corrosion 
is limited to the initiation phase. This agrees well with the safety requirement for 
operators especially in high-pressure section where it is important to avoid the ini-
tiation since the progress of this crevice corrosion cannot be predicted.

This type of corrosion still undergoing many research efforts from scientists 
about the mechanism, the factors, the modelling, the testing procedure and the pre-
vention methods [11, 34–41]. After describing the crevice corrosion as a differential 
aeration corrosion by Evans and Mears, four theories were developed to cover vari-
ous aspects of crevice corrosion mechanisms: critical crevice solution, critical IR 
drop, metastable pitting and coupled environment [42, 43]. The two former theories 
correspond to the incubation and initiation steps while the last two theories govern 
the propagation stage. The major factors affecting crevice corrosion are: the geom-
etry and type of crevice, the passivation and metallurgy of metals, environment 
parameters (temperature, oxidant, salinity, pH and biofouling) and electrochemical 
considerations (anode to cathode ratio and repassivation) [44]. All these factors are 
inter-related and different scenarios can occur. For instance, biofouling is known to 
accelerate the cathodic process affecting the propagation rate of crevice corrosion. 
However, this is dependent on the crevice geometry and seawater temperature. The 
later can accelerate or limit the biofilm development and at the same time can accel-
erate the kinetics of the cathodic reaction.

Scientists tried to model crevice corrosion in three ways i.e. mechanistic, empiri-
cal and probabilistic. For instance, Oldfield et al. [22] used his proposed model to 
predict the initiation of crevice corrosion on different stainless steels proposed to 
RO desalination. The authors could plot the crevice corrosion resistance for differ-
ent RO alloys as a function of the crevice gap at ambient seawater. While the authors 
consider that practical crevice gaps are in the range 0.2–0.5 μm, it is still difficult to 
determine the geometry of crevice in real conditions. In a more developed way, 
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Chang et  al. [45] developed a mathematical model including several processes 
(mass transport, chemical reactions, ion migration, etc.). The authors could deter-
mine the critical crevice depth/with ratio that have two impacts: controlling the 
initiation phase and defining two components of the IR drop (chemical and physi-
cal). This model was validated with experimental data on 316 L SS in NaCl solu-
tion. Some more complicated models aim to cover the phenomenon in an integrated 
and multiscale approach which increases the required inputs, expertise and chal-
lenge levels such as accuracy and validation [43, 46].

Crevice corrosion testing is usually conducted to compare or qualify alloys for 
certain service conditions. Sridhar et al. [47] conducted a review of the different 
crevice corrosion tests (electrochemical and non-electrochemical) where they dis-
cussed the limits of each test. Particularly, the non-uniformity of the compressive 
pressure is one of the major drawbacks of ASTM crevice corrosion testing standard 
(ASTM G48). This pushed the European Federation of Corrosion (EFC) to conduct 
a research program (named CREVCORR) during the 1990s to improve the crevice 
test assembly set-up [39]. Unfortunately, despite the excellent research findings of 
this project considered under ISO 18070, many corrosion professionals are not con-
sidering these findings when studying this type of corrosion. This with other influ-
encing test parameters continues to scatter more the results and make their 
comparison quite impossible. For both the exposure and the electrochemical tests, 
the factors mentioned above continue to affect the accuracy and reproducibility of 
the results creating an additional gap with the field performance of the differ-
ent alloys.

Contrary to the case of pitting corrosion, crevice corrosion failures in RO desali-
nation plant was communicated since the early days of this industry [48–52]. These 
failures troubled austenitic low grades such as 316 L and 317 L, superaustenitic 
904 L and conventional duplex 2205. Figures 6.5, 6.6 and 6.7 show crevice corro-
sion cases of 316 L, 317 L and 904 L on typical RO desalination parts in contact 
with pre-treated feed seawater. Due to the condition on connections to the RO cells 
to be demountable, this provides severe crevice sites and explains the important 
number of failures in these locations.

Fig. 6.5 Crevice corrosion of 316 L RO nozzles coupling high-pressure header to the RO mem-
branes. Reproduced with permission from Ref. [49]; Copyright 1994 @ Elsevier
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For high grades of stainless steels such as the superaustenitic high moly 254SMO 
or superduplex, rare cases of crevice corrosion are reported in RO desalination 
plants. However, both the alloys were mentioned in some cases of crevice corrosion 
in oil and gas industry [53]. This issue will be discussed in more details under mate-
rial selection section of this chapter.

For instance, Byrne et al. [54] discussed one of the rare cases of crevice corro-
sion of high-pressure pipe spool made of superduplex Zeron 100® (Fig. 6.8). The 
failure occurred within 1 year of service showed a relation with stray currents from 
an undefined source. In the literature, stray-current was demonstrated to affect the 
crevice corrosion of low grade of stainless steels such as 316 L [55]. It is recom-
mended to conduct further research to investigate how and when stray-currents can 
induce or accelerate crevice corrosion on stainless steels.

Fig. 6.6 Crevice corrosion of 317 L RO nozzles coupling high-pressure header to the RO mem-
branes [52]

Fig. 6.7 Crevice corrosion 
of 904 L micro-cartridge 
filter top flange basket [52]
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6.4.3  Microbiological Influence Corrosion (MIC)

Microorganisms present in the seawater does not limit their impact to the membrane 
fouling which reduces the productivity of a RO desalination plant. They can also 
affect metallic parts in different ways. According to Dexter [56], microorganisms 
can either increase or decrease the corrosion of metals.

Many scientists studied microbial corrosion in seawater for different metals/
alloys with more focus on active alloys such as carbon/mild steels [57–59]. However, 
its impact on CRAs was explored more from the perspective of biofilm contribution 
to enhance the typical localized corrosion forms discussed above (pitting and crev-
ice) [60–63]. For this case, the mechanism by which biofilm affect the corrosion of 
stainless steels remain unclear and debated among the corrosion community. 
Nevertheless, the creation of heterogeneous surface, participation to the cathodic 
process through direct electron uptake, secretion of biogenic products (hydrogen 
sulfide, acids) are among the mechanisms demonstrated in some cases [64–67].

Curiously, there are no MIC cases in the desalination industry reported in the 
open literature. This could explain the absence of this industry from the table pro-
posed by Dexter summarizing the industries most affected by MIC [68]. From his 
side, Scott limited the impact of MIC in desalination to the biofilm formed on RO 
membranes [69]. However, these data are dependent on the desalination community 
understanding of MIC and the failure analysis, which can reveal the presence or 
absence of MIC cases. Within the context of this limited information, it is important 
to address one of the challenges to assess MIC in RO desalination plant: the ability 
to distinguish between MIC and non-MIC corrosion mechanism. While some 
authors claim certain corrosion geometry typical of MIC, this practice did not 
receive full agreement from corrosion scientists since it is case-based [70]. For 
instance, the weld joint pitting corrosion discussed above (Fig. 6.4) could be the 
result of certain contribution of microorganisms in a similar way to the case dis-
cussed by Hilbert et al. [71] in low chlorides waters (max. 130 ppm). However, most 
MIC reported cases on stainless steels occurred in stagnant or near stagnant condi-
tions. In addition, within a RO desalination plant context, more efforts are needed to 

Fig. 6.8 Crevice corrosion of HP pipe spool made of Zeron 100® (Source: Rolled Alloys) [54]
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assess MIC where the continuous operation and very high pressure limit the 
 possibility to monitor MIC.  However, if corrosion cases occur as suggested by 
NACE TG304 and Javaherdahsti in their work, the first step in MIC assessment is to 
prove that the failure case is a non-MIC corrosion. If it is not the case, the prerequi-
site of MIC corrosion should be gathered to conclude, as illustrated in Fig. 6.9 [72].

One of the demonstrated effect of biofilm is enhancement of crevice corrosion of 
stainless steels. Many studies showed an enhanced cathodic process on the exposed 
area due to the biofilm establishment, which accelerates the crevice corrosion prop-
agation of stainless steel grades [73–75]. However, studies in real RO conditions 
including high velocity and pH around 6.5–7 should be conducted to explore the 
level of biofilm contribution.

Prove the
corrosion
case is
NOT
MIC!

Certain
that

It is MIC?

Proceed with defining
mitigation/prevention

methods and programs

Congratulations!
Many people are there

to help out!

Yes?

Successful?

Failed? Welcome to the club!
Not many people to help out though!

1. Check system chemistry
2. Check corrosion type
3. Check the deposits, their touch and color
4. Analyse corrosion products etc., etc., etc.

No?

Fig. 6.9 MIC assessment guide proposed by Javaherdashti Reproduced with permission from Ref. 
[72]; Copyright 2008 @ Springer
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6.5  Mitigation Practices

Corrosion mitigation practices in reverse osmosis plants can vary depending on 
plant conditions. In similar way to other industries, three main corrosion control 
practices are adopted, viz. environment control, material selection and corrosion 
monitoring.

6.5.1  Environment Control

The environment control for RO based desalination plant focuses on the aspect of 
desalting system performance. To avoid membranes pores blockage and fouling, 
intensive pre-treatments are conducted in desalination plants through injection of 
biocides, coagulants and anti-scalants. The impact of these chemicals on the local-
ized corrosion initiation and propagation was limited to the biocides due to their 
well-established oxidizing power effect. In some limited cases, RO desalination 
plant uses copper sulphate as a disinfection chemical. The effect of this chemical on 
the localized corrosion of RO alloys was not explored. On the other hand, some RO 
processes operate under slightly acid conditions, i .e. at a pH value of 5–6. Although 
this will tend to increase the corrosivity of the water, the effect on stainless steels 
can be negligible.

Another aspect concerns the corrosivity of nano-filtered seawater in nanofiltra-
tion (NF)-RO desalination process. The NF of seawater will produce a very low 
sulfate content seawater making the water more corrosive as reported in the litera-
ture [23]. Curiously, this subject did not attract the attention of scientists.

Also, fully aerated waters with high chloride contents will be more severe than 
deaerated waters of the same chloride content. Except for the limited information 
from RO Tanajib desalination plant, there is no data in the open literature on the 
corrosion resistance in deaerated RO desalination plants. Material selection for 
Tanajib RO desalination plant considered 317LN and 904  L for high-pressure 
 section where after 2 years of service, the experience was judged positive without 
details [76].

Recently, Francis et  al. [77] outlined the importance of oxidation-reduction 
potential (ORP) as an indicator of the corrosivity of the feed seawater in RO desali-
nation plant. The authors support this suggestion based on critical crevice tempera-
ture measurements correlated with real cases from SWRO plants. The usefulness 
of ORP parameter can be extended to the optimization of the chemical pretreat-
ment and void corrosive seawater especially when using high grades of stain-
less steels.
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6.5.2  Material Selection

Material selection for RO desalination plants was more dynamic compared to the 
thermal desalination plants for many reasons and particularly for the high-pressure 
section. Non-metallic materials (reinforced concrete and fiber reinforcing polymers, 
FRPs) dominate the low-pressure RO section. However, for the high-pressure sec-
tion, there is an agreement on the necessarily required properties as follows [78]:

 1. Adequate strength, fabricability and weldability
 2. Availability
 3. Good corrosion resistance

Some authors tried to include additional parameters such as successful case histo-
ries and cost factor [79]. Indeed, an economic solution in terms of material selection 
is always based on the long-term experience and cost parameters. However, such 
conditions are not easy to fulfill due to the variation in practices as well as the alloy 
market fluctuations. This induces decisions that are based on subjective conclusion 
and limited knowledge of alternatives. In general, stainless steels and nickel-base 
alloys meet the requirements but different grades with varying properties and costs 
are proposed in the market. Then, it is necessary to optimize the cost/performance 
equation and select the right grade.

When RO desalination plants started, austenitic 316 L was the most suggested 
stainless steel grade. However, with an accumulation of crevice corrosion failures, 
most of the plant designers started to recommend superaustenitic 254SMO which 
was made commercially available by the late 1970s. In parallel, some corrosion 
professionals stayed on the suggestion of other stainless steel grades such as 317 L 
and 904 L. Thus, the debate between stainless steel manufacturers and RO desalina-
tion plant owners started on the fact that although the capital cost of high stainless 
steel grade like 254SMO is about 10% more than 316 L, this could be justified by 
far better life cycle cost compared to low grades. Then, by the mid-2000s, superdu-
plex availability and experience increased in the global market and start to penetrate 
RO desalination specifications offering an interesting option gathering performance 
and cost. This option allowed filling the great gap existing between conventional 
and high stainless steel grades. Shulz et al. [80] discussed the availability of super-
duplex among other duplex grades for different industries. While superduplex Zeron 
100® was used by oil and gas offshore in the North Sea since the 1980s, it was 
necessary to wait a long time before seeing this grade present in RO desalina-
tion plant.

In terms of corrosion resistance ranking, RO desalination plant designers rely on 
the PREN number to specify the right stainless steel grade. The practice in this 
regard was slightly various where some authors suggested in the beginning, a mini-
mum of PREN equal to 38 [81]. After some years, RO professionals started to be 
convinced by the NORSOK-M001 and ISO 21456 standards that require a mini-
mum PREN equal to 40 for materials in contact with ambient aerated seawater [82, 
83]. It is important to mention that this value is based on North Sea field experience 
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and the situation can vary in tropical seawaters. This aspect fits well with tempera-
ture limits discussed by many authors in terms of chloride stress corrosion cracking 
risk [84].

On the other hand, Larché et al. [85] considered certain alloys with PREN equal 
or close to 40 having a borderline behavior in terms of crevice corrosion risk after 
their partial failure in seawater at a temperature of 30 °C. The results of these authors 
are in agreement with the previous study conducted in different seawater world 
locations where seawater temperature can reach up to 38 °C and chloride concentra-
tion upto 23,000 ppm [86].

In addition, some authors suggested another ranking of materials in terms of 
crevice corrosion resistance [87]. Crevice corrosion index (CCI) can be calculated 
by multiplying the maximum attack depth with the number of sides attacked. This 
would provide a ranking that accounts for both initiation and growth of crevice cor-
rosion attack where lower values imply improved resistance.

Some corrosion engineering recommendations were suggested in the literature 
for RO desalination plant in high-pressure section [88]. For instance, it is always 
advised to adopt the same alloy for high-pressure pipe, pumps, valves and connec-
tors. On the other hand, welding quality is an important aspect for all stainless steels 
and superduplex grades in a more particular way. These later are very sensitive to 
the precipitation on undesirable phases creating weak points highly susceptible to 
localized corrosion. The use of backing gas (argon) in the pipe, the purging and the 
pickling are strictly recommended to avoid internal oxidation of the pipe.

6.5.3  Electrochemical and Surface Treatment

Under this category of mitigation practices, we consider especially the crevice cor-
rosion protection. This includes cathodic protection (CP) and crevice surface coat-
ing using different options. Some authors proposed CP to protect conventional 
low-grade stainless steel such as 316 L and 17-4PH [89, 90]. They used steel and 
aluminum anodes to prevent the crevice corrosion to occur in marine environment. 
More recently, Larché et al. [91] studied this possibility for different RO compo-
nents (pump and valves) made of different stainless steel grades including 316 L, 
(rolled and cast) duplex 2205, superduplex 2507 and superaustenitic 
254SMO.  Laboratory and field tests were conducted considering the two CP 
approaches i.e. sacrificial anodes and impressed current. These authors noticed a 
competition between biofilm and calcareous deposit in terms of impact on the 
cathodic current demand. As expected also, the efficiency of the CP system was 
affected by the geometry of the component to be protected. For all these studies, 
good performance was obtained but there is no field application as per the open lit-
erature. This can be explained by two reasons; the necessity of proper CP design 
efforts and/or the end-user choice to go for maintenance-free choice.

The second mitigation practice, which is not well spread, is the filling or surface 
coating of the crevice area by a material than can play a role of physical barrier 
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(ceramic or sacrificial material). This option needs strict control on the filler quality, 
application and performance monitoring.

6.5.4  Non-metallic Solutions

With their development, non-metallic materials and especially FRPs are attracting a 
lot of research interest to replace the metallic ones. The initial application was lim-
ited to the low-pressure section and RO membrane housing. Then, efforts were initi-
ated for high-pressure pipes and pumps or ERDs applications. Indeed, with their 
excellent record in handling seawater and brine, these materials showed both excel-
lent mechanical strength and almost corrosion-free performance. The recent efforts 
of Japanese scientists to develop high-pressure pipe made of FRP are very interest-
ing trying to overcome the challenge of large diameter to be able to handle large 
seawater and brine quantities [92, 93]. These authors could develop 6 meter length 
FRP headers with 0.35 m diameter and capable to sustain a maximum working pres-
sure of 82 bar. The second challenge remains with the joints where still high-grade 
stainless steels should be used.

In terms of seawater pumps, some manufacturers started to think about FRP parts 
that can be considered in seawater pumps to reduce corrosion problems. Hicks et al. 
[94] developed positive displacement high-pressure seawater pump made entirely 
from FRP. However, the model was limited to a pumping capacity of 158 m3/d. FRP 
seawater pumps were first adopted by big aquarium and shipboard applications in 
US with a capacity, which does not exceed 100,000 m3/d [95]. The recently avail-
able information from RO desalination plants reports the use of FRP in pumps with 
capacities, which does not exceed 25,000 m3/d [96].

6.6  Conclusions and Outlook

In this chapter, it has been shown that if operation and maintenance practices respect 
corrosion-engineering recommendations, the dominant remaining corrosion form in 
RO plants is the crevice corrosion. The remaining research questions around this 
problem concern the materials qualification (testing) and the cost-effectiveness of 
CP as a mitigation method in field conditions. Whereas end-users are satisfied with 
high-grades of stainless steel in most of the time, if CP protection can be well- 
designed it can compete and break down significantly the CAPEX of RO desalina-
tion plants reducing further the water production cost.

The second interesting option is the FRP based materials for high-pressure com-
ponents. This area merits more collaborative efforts to overcome the challenges of 
size and joints. Two research areas interconnect with this challenge i.e. nanotech-
nology and materials informatics. The exceptional properties of nano-materials can 
be considered as input in multiphysics modelling tools to design the optimal mate-
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rial for RO high-pressure conditions. Such approach can achieve an important sav-
ing in the time of material development if research entities collaborate efficiently.

Among the persisting research interest in seawater corrosion is the borderline 
behavior of certain high grade of stainless steels with regard to the crevice corrosion 
risk. More contribution from corrosion modelling community should clarify more 
the stochasticity aspect of this localized corrosion type. Taking benefit from the 
development of localized sophisticated techniques, in situ characterization of sur-
face phenomena should bring more information to explain and justify certain mac-
roscale test results.
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Chapter 7
Environmentally Assisted Cracking 
of Stainless Steels in Desalination

Abdelkader A. Meroufel

7.1  Introduction

Seawater desalination and corrosion resistant alloys (CRAs) is a long story that 
continues with the development of various alloys and processing techniques to over-
come in-service failures. Stainless steel corrosion failures in desalination plants 
such as pitting and crevice corrosion were discussed in Chaps. 5 and 6. In the pres-
ent chapter, the discussion will be limited to Environmental Assisted Cracking 
(EAC). Indeed, the combination of mechanical (intrinsic or extrinsic) stresses (static 
or dynamic) and corrosive environment leading to EAC represents one of the main 
challenges to the reliability of desalination equipment.

Stainless steels are present in the market with various grades offering a large 
spectrum of performance depending on the application requirements. The main 
advantage of these alloys is their very low general corrosion rate due to the stable 
passive film formed spontaneously. However, their susceptibility to localized corro-
sion induced great development efforts that continue in terms of alloying, micro-
structure control, and surface modifications. In parallel to this development, 
scientists continue to study the mechanisms of degradation of the different grades 
for diverse applications. The aim is to provide the industry with a complete figure 
on the performance map for the different stainless steels grades.

While a lot of progress has been made toward the understanding and mitigation 
of EAC for different alloys-environment combinations, still failures occur mostly 
for multiple reasons. Susceptible steel grades in old desalination plants, favorable 
operation and maintenance practices, quality control and quality assurance issues, 
and unpredicted environmental conditions represent the main reasons for these con-
tinuous failures. In terms of statistics, EAC failures and learned lessons are more 
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documented with other industries such as petrochemicals, oil and gas and nuclear 
power plants compared to desalination. Although the stress level (less than 5% of 
yield stress) and EAC rate are low in regard to the yield stress and asset life-time 
respectively, the catastrophic consequences emphasize the importance of the subject 
and justify the high level of research interest from scientific and engineering 
communities.

The scope of the present chapter will be limited to Stress Corrosion Cracking 
(SCC) for static equipment and Corrosion Fatigue (CF) for dynamic equipment. 
These two mechanisms and related research efforts will be discussed in the specific 
conditions relative to desalination plants including thermal and reverse osmosis 
(RO) desalination processes. For both cases, the fundamentals and proposed theo-
ries are presented. Typical EAC failure cases are also presented followed by mitiga-
tion practices.

7.2  Environmental Assisted Cracking Mechanisms

EAC include many failure types such as SCC, CF, and hydrogen damages (hydro-
gen embritllement (HE), hydrogen-induced cracking (HIC) etc.).

7.2.1  Stress Corrosion Cracking

SCC phenomenon is a combination of three interrelated elements as illustrated in 
Fig. 7.1. The three elements are in a complete synergy where susceptibility of a 
material to SCC has two perspectives; corrosion and stress. Thus, any material 
which can suffer from localized corrosion (pitting or crevice) can develop stress 
raisers where SCC will initiate leading to catastrophic failure. The transition from 
pits (and other localized corrosion sites) to SCC depends on the pit depth and shape, 
and local stresses/strains/stress-intensity factor.

In the same manner, any material which develops micro or macro cracks will 
provide localized corrosion site which initiates a SCC damage mechanism.

Usually, SCC risk is considered for certain combinations of material and environ-
ment as shown in Table 7.1. However, Anderson et al. [1] presented an emerging issue 
where service conditions that are not conducive to SCC may produce over time a SCC 
situation. This aspect can be anticipated from asset integrity perspective. Indeed, the 
combination, material/environment conducing to SCC can be either from normal ser-
vice environment conditions or unanticipated environmental conditions.

In terms of environment, for each factor, there is a critical threshold value initiat-
ing a SCC phenomenon. Due to the synergy between SCC elements, this critical 
threshold value is specific for each material parameters (composition, microstruc-
ture) and stress level. In parallel, some factors impact the propagation rate of 
SCC. Then, the number of environments promoting SCC has increased significantly 
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Environment.
Oxidants
Temperature
Halides
Flow
pH

Material.
Composition
Microstructure
Surface condition
Strength

Stress.
Internal
External

Fig. 7.1 Required elements for stress corrosion cracking mechanism

Table 7.1 Alloy-environment systems exhibiting SCC.  Reproduced with permission from 
Ref. [2]; Copyright 2018 @ Springer

Metal Environment (solutions)
Temperature 
(°C)

Carbon steel Caustic > 80
Carbonate-bicarbonate ≥ 50/60
Nitrate ≥ 50/60
Phosphate ≥ 50/60
Liquid ammonia with traces of water CO/
CO2/H2O

Tamb

Austenitic stainless steel Neutral aerated containing chloride > 80/100
Acid containing chloride ≥ Tamb

H2S containing chloride ≥ Tamb

Caustic ≥ 80/120
Oxygen containing pure water ≥ 100

Nickel alloys Caustic > 100/200
Nickel alloys (Cr < 30%) Water with dissolved H2 > 250/280
Sensitized stainless steel and 
nickel alloy

Polythionates and thio-sulphates ≥ Tamb

Copper alloy Ammonia containing Tamb

Aluminum alloy Chloride containing Tamb

Titanium alloy Alcohol containing chloride Tamb
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in recent times as a result from new developed SCC tests allowing better electro-
chemical control and crack development monitoring [2].

As mentioned by Parkins [3], SCC is also influenced by the electrode potential 
where cracking occurs only within certain potential ranges for particular metal–
environment combination. In this regard, Saithalla et al. [4] could plot critical SCC 
potentials versus pitting resistance equivalent number (PREN) of stainless steels 
and corresponding pitting potentials. In the same manner as pitting potential and 
other specific electrode potentials are dependent on the material surface- environment 
system, SCC critical potential can provide SCC susceptibility indication for 
any alloy.

Few authors studied the contribution of microorganisms or microbial biofilm on 
the SCC on carbon steel [5, 6]. These works were focused on the activity of Sulfur 
Reducing Bacteria (SRB) to produce H2S as the precursor of the hydrogen absorp-
tion participating in the SCC failure in laboratory conditions. For austenitic stain-
less steels, one suspected SCC case in biotic conditions was reported by Duret-Thual 
[7]. On the other hand, duplex stainless steel was found to suffer from very rapid 
SCC in presence of a mixture of marine biofilm containing SRB bacteria during 
slow strain rate testing compared to the abiotic condition [8]. The contribution of 
biofilm in the electrochemical process during both SCC initiation and propagation 
phases is a fact which merits more investigation.

Among surface condition factors, roughness has a significant effect on SCC ini-
tiation. High roughness would correspond to deeper grooves that provide both cor-
rosion initiation sites and stress raiser for crack initiation thus reducing the 
incubation time to cause SCC in the same manner as surface machining which 
induces residual stresses as studied by Turnbull et al. [9].

The complexity and synergy between SCC factors made the task for SCC risk 
assessment difficult where it was necessary to wait for the development of comput-
ing techniques to treat the high number of SCC data. Indeed, with Neural network 
processing techniques, corrosion community started to take benefit and address 
SCC failures and testing data to generate categorized output data for SCC initiation 
prediction [10, 11]. More focus was on SCC initiation risk prediction based on safe- 
life design approach philosophy where no significant damage is allowed and mini-
mum inspection of the equipment is considered. However, SCC propagation 
prediction fit to the damage tolerance approach where fracture mechanics is the 
most adopted methodology. These two philosophies were discussed by Wanhill [12] 
for SCC testing methodologies.

Regarding stress causing SCC, it is believed that SCC occurrence is greater from 
internal residual than external service operation stress. Residual stresses that can be 
generated by welding or cold work operations could induce SCC if they could gen-
erate a dislocation movement at material defect regions. This residual stresses 
threshold for SCC of stainless steels still debated in the literature. From another 
perspective, it has been found that tensile residual stresses are more favorable to 
induce a SCC compared to compressive residual stresses. This lead to the use of 
laser peening as surface engineering to reduce SCC occurrence [13]. Usually, SCC 
is discussed with a focus on static stress. However, slow monotonic straining or low 
amplitude cyclic stress was also found to accelerate SCC in many alloys.
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SCC mechanisms still discussed by scientists with different approaches within 
challenging testing issues context. From atomistic to macro levels, it is important to 
mention that there is a difficulty to unify SCC mechanism for different alloy- 
environment systems. Even for one material-environment combination, little con-
sensus exists between scientists. This is due mainly to the difficulty to find techniques 
to obtain data on the atomistic level. In this regard, Persaud et al. [14] reviewed the 
recent efforts toward the use of microscopic techniques combined with computa-
tional science to develop SCC atomistic models from quantitative micro-nano 
(QMN) approach initiated by Roger Staehle in 2011. This promising approach is 
based on segmentation of SCC phenomenon into six segments where the critical 
segment is the precursor which need to be fixed to mitigate SCC initiation risk. One 
more challenge to identify the mechanism, is the presence of corrosion product on 
the fracture surface which hinds fine details. In this direction, Turnbull et al. [15] 
adopted the pulsed direct current potential drop (DCPD) to monitor the crack growth 
rate with reduced noise from corrosion products. This practice would provide some 
indirect mechanistic information.

At the end, most of the microscopic observations suggest the involvement of 
three environmental interactions in SCC damage i.e. adsorption at crack tips, 
 hydrogen (generation, diffusion and segregation at grain boundaries), and dissolu-
tion at crack tips [13]. Table 7.2 summarizes the most discussed SCC mechanisms 
in the literature with relative references. According to Lynch [16], only three mech-
anisms have wide applicability based on model-system observations. This includes 

Table 7.2 SCC proposed mechanisms

Mechanism Brief description Authors, Year

Dissolution-based (slip 
dissolution)

Atoms removal at crack tips preferentially in normal 
direction to the applied stress promoted by anodic 
precipitates, segregants along grain boundaries, or 
active path generated by stress/strain concentrated.

Scully, 1977
Parkins, 1992

Adsorption-based 
(adsorption induced 
dislocation-emission)

Adsorption reduces surface energy and weaken surface 
atoms bonding.

Uhlig, 1960
Lynch, 1976

Hydrogen-based Involve either adsorbed H, dissolved H, or hydrides at 
crack tips that weaken interatomic bonds (easy 
dislocation emission/decohesion @ crack tip).

Lynch, 2003,
Beachem, 
1972
Jones, 1985

Vacancy-based Vacancy generation and diffusion leading to 
deformation.

Aaltonen, 
1997,
Jones, 1996

Surface-mobility Surface diffusion of atoms from elastically stressed 
crack tip to adjacent vacant lattice site.

Galvele, 1987

Film-induced-cleavage Brittle film at crack tip (formation and fracture) 
proposed for trans and intra-granular cracking.

Sieradzki, 
1985

Corrosion enhanced 
localized plasticity

Depassivation/localized dissolution along 111 plane/
localized shearing/pile-up of dislocations/propagation 
of crack/crack arrest.

Magnin, 
1980
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adsorption- induced dislocation emission (AIDE) or decohesion at crack tips, 
hydrogen- enhanced cohesion (HEDE) ahead the crack tip and localized strain 
assisted dissolution. These mechanisms can coexist in certain material-environment 
systems.

The validation of any mechanism should be conducted by the combination of 
detailed metallographic and fractographic studies. Then, mechanistic insights are 
useful information for material designers, industrial operator and failure investiga-
tors to control SCC failures. Practically, SCC failures are investigated at two levels 
i.e. macro and micro. For the former, SCC fractures are characterized by lack of 
macroscopic deformation, absence of general corrosion and difference in corrosion 
products between fracture and external surfaces. For instance, the external surface 
of stainless steel is shiny but the fracture surface is rusty colored. On the micro-
scopic level, two types of cracks are observed usually i.e. intergranular and trans-
granular associated sometimes with plastic deformation. Depending on the crack 
type, the fractured surface can be either smooth or featureless (intergranular) or 
serrated steps, which form fan-like or herringbone patterns (transgranular) [14]. The 
fractography of SCC failed samples were used by some authors to determine the 
initiation and propagation rates of SCC [17].

The quantification of SCC growth rate has been tried through the use of electrical 
resistance measurement techniques which offer better accuracy of crack growth 
velocity [18]. However, this is conducted in laboratory testing conditions that are 
not usually correlating field service parameters. This pushes some authors to attempt 
the quantification based on SCC mechanisms but without high confidence due to the 
pending mechanisms questions. One typical example of this, is the work conducted 
by Galvele et al. [19] considering surface mobility mechanism which was discussed 
by Turnbull et al. [20] who pointed the unsatisfactory assumptions of this model.

The correlation of accelerated SCC laboratory tests with field applications is a 
common fact with other materials damages. However, efforts continue through the 
review and up-date testing international standards with various configurations and 
objectives. Specimen type (smooth or pre-cracked), load method (constant or slow 
strain) and corrosive environment (MgCl2, CaCl2, NaCl) are the main SCC testing 
parameters that vary with application and test purpose (qualitative or quantitative). 
Slow strain rate test (SSRT) seems the most adopted by industrials and scientists 
due to its convenience and aggressiveness which shorten the experiment duration. 
Henthorne reviewed the literature related to this test covering different industry 
applications (oil and gas, nuclear power plant, buried pipes, etc.) [21]. The author 
mentioned the weakness of discussion on the critical parameters (possible critical 
strain rate, potential susceptibility zones, and importance of aeration/deaeration) 
affecting SSRT test in international standards. However, the development of tools 
for electrochemical measurements during the test and its combination with fracture 
mechanics techniques seems a promising avenue to elucidate more mechanistic 
SCC features.

Due to the similarities between EAC mechanisms, the mitigation practices will 
be discussed at the end of the chapter.
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7.2.2  Corrosion Fatigue

CF also belongs to EAC damage types where it is distinguished by the involvement 
of cyclic/fluctuating load. Some authors consider that CF is a mechanically assisted 
degradation [22]. Indeed, many alloys can fail below their yield stress due to the 
fatigue phenomenon. There is maximum stress during cycling below which material 
can sustain several cycles without failure. The fatigue life increases as the maximum 
stress during cycling decreases until the fatigue limit (stress threshold) is reached. 
Fatigue data are usually represented by stress versus the number of cycles to failure 
(S-N curve or Wöhler diagram). Wang distinguished the true fatigue limit, which 
does exist for a limited number of alloys [23]. In fact, due to the relation between 
EAC types, some authors distinguished between what they call true corrosion 
fatigue (TCF) and stress corrosion fatigue (SCF) depending if the metal is suscep-
tible to SCC [2]. This lead to the interference between CF and SCC making a diffi-
culty to distinguish between them.

The presence of localized corrosion phenomenon, in particular, reduces signifi-
cantly the fatigue life of materials either by affecting initiation or propagation 
(growth) phases. Some authors include the effect of the improper design of cathodic 
protection (CP) system. However, this factor would induce a hydrogen embrittle-
ment which is not covered in the present chapter. It is now established that higher 
damage of CF is observed compared to the sum of individual processes (corrosion 
and fatigue). To illustrate the impact of environment, some authors did not stop to 
the fatigue properties in the air but go up to the absolute non-corrosive conditions 
such as vacuum or under inert gas atmosphere based on some experimental findings 
which show certain role of the air’s oxygen in the fatigue mechanism [24].

In terms of crack types, environment and mechanical load define the cracks of 
CF that can be transgranular, intergranular or mixed all being perpendicular to the 
tensile stress direction. It is important to notice that some authors addressed the 
cracks terminology in EAC; the cracks in EAC are classified into three categories; 
short, small and long. Zhou et al. [25] considered that short cracks correspond to 
crack with a short length and cracks developing from surface flaws correspond to 
small cracks (small in length, width and opening). These considerations are well 
supported and based on experimental microscopic observations.

CF initiation sites can be either from localized corrosion sites (pits) or material 
intrinsic defects such as slip bands, twins, interphases and grain boundaries. It is 
well accepted that 95% of structure/equipment life is spent in fatigue crack initia-
tion. Then, crack propagation governed by the so-called “Paris law” which link the 
fatigue crack growth rate per cycle to the difference between maximum and 
 minimum stress intensity factor has to be studied through fracture mechanics. In 
terms of materials and CF crack growth, Tice [26] mentioned that it is relatively 
well understood for low alloy steels contrary to the stainless steels where the pend-
ing knowledge gaps were summarized through EPRI review in 2011 [27].

The factors that may affect CF progress rate will not go beyond the three contribut-
ing elements i.e. material, environment and stress (amplitude, frequency, and wave-
form) [22, 24]. One of the interesting metallurgical factors is the grain orientation, 
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which originates from material processing and induces anisotropy in the material. 
This concept was noticed in mechanical fatigue of steels during the 1950s and con-
tinue to attract research interest. It has been found that grain orientation could affect 
both dissolution and hydrogen absorption, depending on surface finishing [28, 29].

The synergy between electrochemical corrosion and mechanical crack growth 
stay complicated as discussed previously for SCC. Recently, Xu et al. [30] devel-
oped a multiphysics model based on mechanochemistry of solid surfaces initiated 
by Gutman during 1990s. The authors assumed one dimensional SCC crack propa-
gation direction for X100 pipeline steel. The obtained experimental and numerical 
results showed that the mechanical-electrochemical interaction affects the corrosion 
process only when the corrosion defect is under plastic deformation. These results 
are in agreement with more recent findings from Fatoba et al. [31] on X65 steel. 
Therefore, it would be interesting to adapt this model for CF of stainless steels. 
However, probabilistic analysis has to be associated with mechanochemistry mod-
els to address the randomness character of pitting, the behaviour of small cracks and 
microstructures [32]. Despite these efforts, the impact of corrosion on crack initia-
tion for different materials and conditions remain unclear [33].

Fatigue usually appears transgranular unless it is associated with the SCC pro-
cess where fatigue would contribute only to the initiation mechanism. Other combi-
nations between EAC mechanisms including HE, SCC and TCF are discussed 
elsewhere [24]. The fingerprint on the macro aspect of fatigue is the presence of 
striations with borders that are smoothed out by corrosion, which is not the case for 
mechanical fatigue. Microscopically, these striations can be either ductile or brittle 
depending on the involvement of HE. This later or SCC contribution to the failure 
produce brittle striations as reported by Torronen et al. [34] for stainless steel grade 
304 L tested in boiling water at different oxygen levels with some hydrogen coming 
from hydrazine treatment. Microscopic observations also allow the determination of 
fatigue propagation direction.

CF mechanisms are categorized into two processes; anodic slip dissolution and 
hydrogen embritlement [23]. Its evolution has been divided into different phases i.e. 
surface film breakdown, pit growth, pit to crack transition and cracking (small and 
long crack growth) [35]. Most of CF studies were conducted in applications that are 
energy-based such as boiler water reactors (BWR) and pressurized water reactors 
(PWR) called collectively light water reactors (LWRs). However, dynamic equip-
ment such as pumps in the desalination industry can suffer from corrosion fatigue 
since it is handling corrosive seawater and brine liquids. In the following, both SCC 
and CF of stainless steels in typical desalination environment will be discussed.

7.3  Environmental Assisted Cracking on Stainless Steels

Material selection in the desalination industry was always centred on corrosion- 
resistant alloys among which stainless steels are the first choice. These alloys pro-
vide excellent corrosion performance due to their thin, stable and self-healing 
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passive layer which is based on chromium oxide. The various challenges facing this 
industry pushed metallurgists and manufacturers to develop many alloys for differ-
ent application purposes. Chemical composition and heat treatment are the most 
adopted approaches to tailor stainless steels. This lead to the formation of austenitic 
(FCC1 structure), ferritic (BCC2 structure), martensitic (BCT3 structure) or duplex 
(ferritic and austenitic) microstructure based grades. Figure 7.2 shows the classifi-
cation of stainless steel grades with typical sub-grades.

Due to the limitation in their use in the desalination industry, ferritic and mar-
tensitic stainless steels will not be covered. Austenitic stainless steels are the most 
important group adopted in aggressive environments since they do not undergo a 
ductile/brittle transition. However, the development of duplex grades competes suc-
cessfully offering a lot of advantages of both mechanical and corrosion resistance 
properties breaking down the final cost. While they require careful processing and 
welding operations, they are gaining acceptance within the desalination industry 
from specifications stage.

Based on the interdependence between chromium and nickel equivalents, stain-
less steel metallurgy can be predicted as illustrated in the famous Schaeffler dia-
gram as shown in Fig. 7.3.

The main mechanical properties including tensile and hardness of the different 
stainless steel grades are shown in Table 7.3 [36]. The superior mechanical proper-
ties of duplex SS compared to the austenitic family is clear.

The corrosion resistance of stainless steels is usually predicted using different 
parameters such as PREN, CPT, and CCT as already discussed in Chaps. 5 and 6. 
All these parameters provide a ranking which remains qualitative for the end-user. 
Then, testing including accelerated laboratory and field conditions remains the ulti-
mate tool for decision-makers.

1 Face Cubic Centered
2 Body Cubic Centered
3 Body Centered Tetragonal

Stainless Steels

Martensitic Ferritic AusteniticDuplex

Lean duplex
Standard duplex
Super-duplex
Hyper-duplex

Conventional
Superaustenitic
Heat-resistant

Conventional
Superferritic

Fig. 7.2 Stainless steel grades
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Fig. 7.3 Schaeffler diagram showing stainless steel grades

Table 7.3 Minimum room temperature tensile properties and maximum hardness of wrought 
solution annealed stainless steels. Reproduced with permission from Ref. [36]; Copyright © 1997 
Woodhead Publishing and Elsevier

Family Grade Rp0.2 (MPa) Rm (MPa) As∗(%)
Hardness
HB HRC

Ferritic S40900 205 380 20 179 –
S44700 415 550 20 223 20

Austenitic S31603 170 485 40 217 –
S31254 300 650 35 223 –

Duplex S31803 450 620 25 293 31
S32304 400 600 25 290 32
S32550 550 760 15 302 32
S32750 550 795 15 310 32
S32760 550 750 25 270 –

∗Elongation

The resistance of the different stainless steel grades to EAC remains an attractive 
research topic where the publication of  results continue. For instance, it is well 
established in the literature that austenitic stainless steels are susceptible to SCC in 
hot concentrated chloride solutions, chloride contaminated steam which represents 
typical desalination plant conditions [2]. Some laboratory testing conducted usually 
by stainless steel manufacturers for all their developed grade provides some 
 indication on the susceptibility of certain grade to EAC depending on environmen-
tal parameters. Figure 7.4 shows the typical SCC risk prediction on different SS 
grades as a function of chlorides and temperature.
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However, it is important to consider other environmental parameters in the phe-
nomenon, such as oxygen and pH. Besides, austenitic stainless steel grades expo-
sure to seaside atmosphere environment could lead to SCC contrary to what was 
believed by Trumann et al. [38] where many research works are undertaken recently 
[39, 40]. It is commonly accepted that iron contamination on stainless steels sur-
faces results in transgranular SCC when stored in coastal environments at ambient 
temperature [41]. Mechanistically, stress intensity factor values in the second phase 
of SCC process for austenitic stainless steels in hot chloride solution indicates that 
a physical-chemical process (dissolution, diffusion or adsorption) is controlling the 
crack velocity rather than mechanical one [42].

Another source of chlorides in thermal desalination plant is the thermal insula-
tion material. Indeed a contact between hot stainless steel and chloride containing 
thermal insulation can induce a SCC process if stress element is present. That is 
why regulation emphasizes certain limit of chlorides in the insulation in contact 
with hot stainless steel sensitized or non-sensitized.

Among stainless steel grades, duplex and ferritic structures are more resistant to 
SCC. SCC resistance of duplex was demonstrated by Tsai et al. [43] for the standard 
duplex 2205 in NaCl solution with concentration up to 26% and temperature up to 
90 °C. The superior performance of duplex stainless steels in hot chloride environ-
ments is associated with 3–10 times threshold stress intensity values higher than for 
austenitic which means that duplex components must be highly stressed or defective 
to fail by SCC in hot chloride solutions.

Fig. 7.4 SCC risk on different stainless steels in neutral chloride solution. Reproduced with per-
mission from Ref. [37]; Copyright @ 2007 Taylor & Francis

7 Environmentally Assisted Cracking of Stainless Steels in Desalination



164

However, it should be pointed out that not all duplex stainless steels are resistant 
to chloride SCC [44]. In all situations, the resistance of any SS grade is a function 
of localized corrosion resistance and mechanical strength. This led us to the chemi-
cal composition and metallurgical parameters (undesirable phases or precipitates, 
residual stresses, etc.) as the main factors affecting SCC resistance.

Regarding the impact of the chemical composition on SCC resistance, some 
authors suggested the concept of stacking fault energy (SFE), which should be high 
to offer a good SCC resistance [44]. SFE is related to the chemical composition of 
the SS grade where typical equations proposed can be found in the literature [45, 
46]. It is important to mention that SFE decreases with temperature increase. Thus, 
SFE values should be compared at the temperature at which SCC resistance is 
aimed for the different SS grades [47]. On the other hand, lowering the carbon con-
tent reduces the SFE slightly where values for 304 and 304 L or 316 and 316 L are 
not quite different. For duplex stainless steels, intensive efforts are made to study 
the effect of certain alloying elements on EAC resistance of DSS. This includes 
manganese and nitrogen in certain environments [48, 49].

In terms of metallurgical factors, sigma phase presence in duplex SS has been 
shown to decrease SCC resistance [50]. Indeed, its formation creates depletion 
zones on its surrounding providing localized corrosion sites. This makes duplex 
welds more vulnerable to SCC risk than solution annealed duplex stainless steels. 
This is also the case of austenitic SS grades with sensitization where the remedial 
measures include lowering carbon content (typically below 0.03%) and introduction 
of carbide formers such as titanium and niobium. Some authors consider that it is 
necessary to control the combination carbon, chromium and nickel to avoid sensiti-
zation and intergranular corrosion (IGC) [51].

On the other hand, welding of duplex SS grades is known to coarsen the ferrite 
grain and reduce SCC resistance. However, coarser grain in austenitic SS was found 
to improve low cycle fatigue life above certain critical strain amplitude. This was 
observed for austenitic stainless steel 316 LN and attributed to the formation of 
martensite which absorbs energy during cyclic straining and introduces compres-
sive stresses [52]. If welding is not controlled it can generate undesirable effects 
such as sensitization, depleted zones, and residual stresses. This later effect was 
explained by the high coefficient of thermal expansion and a low heat transfer rate 
of stainless steels creating a distortion or high level of residual stress in weldments.

At the microstructure level in modern duplex steels, SCC occurs in the ferrite and 
is arrested by the austenite. This has been explained through electrochemistry where 
ferrite plays the role of the anode and the austenite is the cathode. When the crack 
approaches a mixed potential, the ferrite is polarized above its normal cracking 
potential and cracks quickly while the austenite is below its cracking potential. 
However, in the presence of strong oxidant (oxygen, biocide), or if oxygen is sup-
plied through a thin boiling layer (as in evaporating seawater, which leaves behind 
a layer of saturated MgCl2 solution), then the austenite is no longer protected by the 
ferrite and threshold stress intensity drops significantly. The opposite situation can 
occur if the ferrite remains passive in the crack while the austenite corrodes which 
switch the protection role to the ferrite.
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Selective dissolution in duplex stainless steels was found helping to remove the 
stress concentration by eliminating the slip bands. In the same time, it can modify 
the fracture surface morphology once created by fatigue [53].

7.4  Stress Corrosion Cracking of Static Equipment

In the present section, SCC of austenitic stainless steels will be discussed based on 
desalination failure history and laboratory studies. Very limited number of publica-
tions are available on SCC specific to desalination in the open literature. Prakash 
et al. [54] tried to assess through laboratory tests the SCC risk on different MSF 
engineered alloys in the presence of chlorides, CH3COOH, H2S and oxidants 
(NACE and Shell solutions). The list of materials included 316 L and 317 L tested 
at ambient temperature in a proof ring to define time to the rupture with parallel 
microscopic observations. The results showed a good resistance of these alloys in 
the tested conditions with high passive current densities relative to other alloys. 
More recently, Abuzeid et al. [55] studied the susceptibility of 316 L and superdu-
plex 2750 to SCC in the proof ring as replacement of Ni-resist brine recycle pump 
casing. As expected, superduplex showed excellent SCC resistance in hot brine 
compared to the austenitic 316 L.

Practical cases of SCC on static equipment in desalination plant are occurring 
but not widely shared in publications. One of the most known cases is the SCC of 
austenitic 316 L venting pipe in MSF desalination plant. Indeed, the combination of 
hot vapors contaminated by less than 10 ppm of chloride and CO2 non-condensable 
gas especially for the first high-temperature stages induced SCC attack with very 
slow progress. Figure 7.5 shows a typical SCC case from a MSF desalination vent-
ing line from stage 1, which was in service for 24 years. The cracks appear at and 

Fig. 7.5 SCC attack on 316 L venting pipe from first stage of MSF evaporator
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far from the weld joint and originate from the internal of the pipe where the corro-
sive environment is present.

Microscopic analysis on the failed sample at and far from weld joint are shown 
in Figs. 7.6 and 7.7 respectively. Based on a visual inspection and surface analysis, 
the SCC failure mechanism proposed included water droplets (entrained with non- 
condensable gases during suction) impingement on the internal surface of the vent-
ing pipe combined with a pitting corrosion process accelerated by chlorides, 
temperature and dissolved CO2.

Fig. 7.6 Microstructure and crack path far from the weld joint location of 316 L venting pipe from 
1st stage of MSF evaporator

Fig. 7.7 Microstructure and crack path at the weld joint location of 316 L venting pipe from 1st 
stage of MSF evaporator
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SCC of venting lines in MSF desalination is a chronic problem for pipes made of 
austenitic 316 L SS. Its growth is known to be slow where it has been observed that 
venting pipes can stay above 30 years before to decide to replace or material change. 
This lifetime of the venting pipe can be explained by the low aggressiveness of the 
environment and high thickness of the pipe. Then, material up-grade of venting 
pipes was suggested through the history of MSF plants design. In the mid-1990s, 
superaustenitic 904 L SS was proposed before the consideration of standard duplex 
2205 grade which offers good SCC resistance and competitive life cycle cost. Non- 
metallic pipes for venting such as Fiber Reinforcing Polymer (FRP) are already 
adopted but up to certain temperature limit where improvements can be studied to 
extend their use up to high-temperature stages.

7.5  Corrosion Fatigue of Rotating Equipment

Corrosion fatigue of stainless steels in seawater environment was fully studied in 
the literature within the context of offshores structures. Many authors studied differ-
ent grades considering environment parameters such as seawater temperature, salin-
ity and depth [56–58]. Corrosion fatigue cases in desalination are not well shared in 
the open literature. One of the limited studied cases consists of the CF failure of 
make-up seawater pump shaft shown in Fig. 7.8 [59].

The cracked surface shows a rotating bending fatigue failure appearance with 
two zones i.e. fatigue and instantaneous. Large final fracture (instantaneous) zone 
(≈ 45% of the total surface) indicate a low cycle and high-stress load. The received 
shaft failed at threaded connection location as shown in Fig. 7.9. The interpenetra-
tion between fatigue and instantaneous zones indicating torsional load that could be 
due to the post-failure.

Fig. 7.8 Corrosion fatigue of seawater make-up pump shaft
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Chloride ingress at the keyway area combined with stress concentration at 
threaded connections contributed to the initiation of a corrosion fatigue process. A 
ductile mode of fracture was observed associated with post-failure damage (torsion 
and rubbing).

7.6  Mitigation Practices

7.6.1  Material Selection

Depending on the aggressiveness of the environment and the equipment design, the 
material selection can dictate the use of high grades of stainless steel. Before jump-
ing to the costly higher SS grades, some initial attempts to add some alloying ele-
ments was successful in certain applications. This is the case of 316 L which has 
been alloyed with nitrogen offering an enhanced CF life in sodium chloride solu-
tion. Based on microstructural observations, it was proposed that nitrogen addition 
induced slip reversibility. CF crack propagation proceeded in a transgranular mode 
prior to tensile overload; the cracking was wholly transgranular and no switch over 
to the intergranular mode was observed [60].

The selection of higher SS grades is based on their high localized corrosion resis-
tance (discussed in Chaps. 5 and 6) combined with their excellent mechanical prop-
erties mentioned in Table 7.3. It is now well accepted that duplex stainless steel 
offers the best EAC resistance keeping strict control when combined to cathodic 
protection if any.

7.6.2  Surface and Materials Engineering

Instead of selecting costly high stainless steel grade, different surface engineering 
techniques has been studied with the aim to reduce both localized corrosion attack 
and crack development. This includes laser surface treatment where proper control 

Fig. 7.9 Complete view of the fractured shaft as received
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of laser parameters (beam power, size and transverse speed) affect positively 
carbides, chromium depleted zones, impurities or unwanted precipitates [61].

Ion nitriding is another example of surface treatment which is widely industrial-
ized allowing to harden steel surface via nitrogen diffusion which increases surface 
resistance to wear and fatigue initiation. However, its direct application to stainless 
steels, while enhancing their mechanical properties, also causes a marked degrada-
tion in their corrosion resistance. Similarly, by the adaptation of the plasma process 
with nitrogen and/or carbon elements, the compromise between tribological and 
corrosion resistance properties can be satisfied. It was observed that carbon surface 
treatment improve better surface tribology compared to nitrogen [62, 63]. Stainless 
steel surface nitriding can also be achieved by low-temperature liquid weld cladding 
process. The resultant higher surface hardness and corrosion resistance were dem-
onstrated in the case of 316 L grade [64].

Chromization of 316 L grade was performed by fluid bed reactor chemical vapor 
deposition (CVD). The material was studied in terms of localized corrosion resis-
tance in reverse osmosis desalination conditions. Excellent localized corrosion 
resistance was obtained including welded samples. Chromium-enriched surface 
layers are found to be retained after the welding process, which leads to the improve-
ment in corrosion resistance of weld zones [65].

The elimination of residual stresses and undesirable phases within materials sus-
ceptible to EAC can be obtained through a proper heat treatment either during man-
ufacturing or after installation when performing joining operations (welding). For 
instance, Post-Welding-Heat-Treatment (PWHT) on austenitic stainless steel grades 
is a debatable topic between engineers. While ASME code does not allow such as 
treatment due to dimensional variation and loss of mechanical properties risk, it is 
suggested for some purposes. This includes the anticipation of corrosive service, the 
homogenization of the structure and stabilization.

7.6.3  Operation and Maintenance Practices

The initiation of localized corrosion followed by EAC process can be avoided 
through proper operation practices. This is especially related to start-up and shut- 
down procedures. Flushing with distilled water and air drying are the main recom-
mendations adopted in desalination plants. Stagnant chloride-based solution 
avoidance is the general rule followed not only in desalination but in all industrial 
processes.

From a maintenance point of view, SS surface remains a precious part to be pro-
tected from mechanical damage or contamination such as by iron and salts.
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7.7  Conclusions and Outlook

In this chapter, an attempt was made to cover the main issues related to EAC of 
stainless steels with a focus to desalination conditions. Corrosion scientists still 
looking to the mechanism aspect within a context of testing standardization and 
capabilities challenges. Lynch summarized some pending mechanistic questions for 
SCC process [15]. This includes the crack growth mechanisms versus localized 
plasticity, crack continuity, fracture planes and direction. These questions should be 
addressed to predict the behavior of the different grades and anticipate the failure 
with proper inspection and maintenance timing. Also, the understanding of phe-
nomenon will allow the material developer to design and manufacture suitable 
alloys with required properties.

From his side, Magnin discussed some research needs for CF such as the crack 
tip chemistry modelling, quantitative analysis of corrosion-deformation interaction 
at crack tip and interaction between CF and SCC near the fatigue threshold [66].

It is important to mention that due to the nature of EAC process, multiphysics 
modelling seems the best way to solve all modeling questions. However, the valida-
tion of these models will require intensive testing investments that need to be 
addressed by industrial professionals. For desalination industry, there is no doubt on 
the EAC resistance superiority of duplex stainless steel grades over austenitic 
grades. However, when the lifetime question is raised, EAC models become a 
necessity.
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Chapter 8   
Corrosion Monitoring in Desalination 
Plants             

Mahbuboor Rahman Choudhury, Wesley Meertens, Liuqing Yang, 
Khaled Touati, and Md. Saifur Rahaman      

8.1  Introduction 

Corrosion monitoring in desalination plants is the measurement of corrosion 
 occurring under real operational situations. It refers to the determination of the 
occurrence (extent and rate) of degradation of material (e.g., evaporators, storage 
tanks, piping, pumps, etc.) exposed to the desalination process environments. The 
corrosion monitoring data represent key information for corrosion management 
strategies in the desalination plants. Depending on the corrosion monitoring tech-
niques adopted, the monitoring data might provide a time-averaged or instantaneous 
corrosion rate. Modern corrosion monitoring technologies are directed towards 
real-time data acquisition, which provides a better understanding of instantaneous 
corrosion rates in an aqueous system and helps in the overall management of pro-
cess parameters in a desalination plant. 

A desalination plant includes a wide range of corrosive media like seawater, 
salt- air vapors, and non-condensable volatile gases at different temperatures, 
flow velocities, and particulate concentrations. There are different forms of cor-
rosion that can take place in a seawater desalination plant. Some corrosion forms 
are identifiable by visual inspection (e.g., uniform corrosion, pitting corrosion, 
crevice corrosion, galvanic corrosion, etc. taking over a substantial time period 
to make them appear visible to naked eyes); some are identifiable with special 
inspection tool (e.g., erosion, cavitation, fretting, exfoliation, inter-granular, 
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etc.); and others require microscopic examination (e.g. stress corrosion crack, 
corrosion fatigue, etc.) [1]. Corrosion monitoring is more complex than monitor-
ing other process parameters mainly due to the different forms corrosions taking 
place in the system, which can be either uniform, localized, or even have a wide 
variability over relatively short distances. It is common to use more than one 
monitoring techniques in a system, as one single measurement technique cannot 
detect all types of corrosion. 

A wide range of corrosion monitoring techniques has evolved for identifying, 
measuring, and predicting the occurrence of corrosion. The efficient use of corro-
sion measurement techniques allows timely remedial actions and allows a cost- 
effective operation in desalination plants as it reduces the life-cycle costs of 
associated components and operations. This chapter aims to provide a concise 
account of commonly employed corrosion monitoring techniques in desalination 
industries.  

8.2  Significance of Corrosion Monitoring in Desalination 
Plants 

Desalination plants can implement four different approaches concerning its cor-
rosion issues. Firstly, the corrosion rates can be accepted until a failure occurs in 
the system. This approach is based on the excessive thickness of different com-
ponents. In this “run to fail” technique, the equipment replacement is undertaken 
after the failure occurrence. This practice is inefficient from a maintenance cost 
perspective, particularly for extending the life of old engineering systems. 
Secondly, corrosion- related issues could be inspected at scheduled intervals, 
where required repairs and maintenance can be provided. This process can pro-
vide a somewhat reasonable safeguard against corrosion failure and can keep the 
system operational for a longer duration when compared to no maintenance. The 
inspection, if unaided by corrosion monitoring, can lead to maintenance sched-
ules set too conservatively and having excessive system downtimes. Reversely, if 
the inspection intervals are set too far apart, the system may experience excessive 
corrosion and remain vulnerable to the associated cost and safety consequences. 
Thirdly, corrosion rates can be kept within desired levels by adopting different 
corrosion prevention schemes (e.g., dosing of corrosion inhibitors, protective 
coatings, durable corrosion-resistant materials, etc.). The excess cost of corro-
sion prevention schemes can be optimized using  information from real-time or 
time-averaged corrosion monitoring data. Finally, corrosion control can be 
applied selectively in  locations where immediate action is required, which is 
facilitated by continuous corrosion monitoring tools. Although instantaneous 
corrosion rate monitoring is clearly helpful in assessing real-time corrosion 
inspection and maintenance needs, the cost-saving aspects in the overall opera-
tion of the plant often guide the deployment of highly sophisticated corrosion- 
monitoring schemes. 
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The importance of corrosion monitoring techniques for desalination plants from 
an investment perspective can be related to achieving process safety, reduced down-
time, reduced maintenance costs, longer intervals between maintenance, reduced 
operating costs, and life extension of the plant. These techniques can provide early 
warning to impending corrosion-induced failures for preemptive action. They can 
also relate corrosion scenarios to different process parameters and guide corrosion 
prevention schemes for optimal system management.  

8.3  Corrosion Monitoring Techniques 

Corrosion monitoring in desalination plants is complicated due to the wide variety 
in process setup and conditions in different desalination units. A report by NACE 
International organized different corrosion monitoring techniques in field applica-
tions into different categories [2]. By following the NACE report [2] and various 
desalination industry approaches, the most commonly used corrosion monitoring 
techniques in desalination plants can be tabulated as, shown in Table 8.1 [2]. Direct 
techniques measure parameters that are directly influenced by the corrosion pro-
cess. An indirect technique provides data on parameters that either influence or have 
been influenced by the corrosiveness, or by corrosion end products in that environ-
ment. A monitoring tool is defined as intrusive if it requires access through a vessel 
or conduit wall to make a measurement, such as scraping a sample off a wall. This 
is usually done using a probe or obtaining a test specimen. Among the techniques 
listed in Table 8.1, gravimetric mass-loss coupons, ER, and LPR techniques are the 
prominent and the widely used methods in desalination. 

In addition to the methods mentioned above, there are several methods that are 
suitable for corrosion monitoring in desalination plants; that include various elec-
trochemical methods (impedance spectroscopy, potentiodynamic polarization, and 
noise analysis), harmonic distortion analysis method and non-intrusive techniques 
(field signature, and acoustic emission). More details can be found elsewhere [2]. 

Table 8.1 Different corrosion monitoring techniques that are currently used in desalination plants

Direct corrosion monitoring

Physical techniques (intrusive)
– Gravimetric mass-loss
– Electrical resistance (ER)
– Visual inspection
Electrochemical (DC) techniques (intrusive)
– Linear polarization resistance (LPR)
– Zero-resistance ammeter (ZRA)

Indirect corrosion monitoring – Corrosion potential
– Water quality analyses
– Residual inhibitor

Microbiologically induced corrosion monitoring – Planktonic microorganism
– Sessile organism
– Biological assessment

8 Corrosion Monitoring in Desalination Plants
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8.3.1  Direct Intrusive Techniques

8.3.1.1  Physical Techniques 

Physical techniques involve gauging the change in the geometry or other physical 
properties of exposed coupons, or structural components of the desalination plant, 
in the process environment to establish a corrosion rate over the exposure time. The 
properties that are influenced by corrosion include mass, electrical resistance, mag-
netic flux, reflectivity, stiffness, porosity, topography, etc. In some instances, the 
properties can be read frequently by electrochemical means while the test specimen 
remains in-situ. In other cases, the test specimen requires to be removed physically 
from the process to get a measurement of property change due to corrosion. Frequent 
readings become difficult in the latter case.

 a. Gravimetric mass-loss method 

The gravimetric mass-loss method uses the weight difference of small metal, or 
metal alloy specimens/coupons before and after exposure to a process stream to 
evaluate the corrosiveness of the environment. It is an inexpensive and facile tech-
nique with well-documented standard operational procedures [3–5]. This method 
gives an average corrosion rate over the entire exposure period of the test coupon 
[6]. The gravimetric method is employed to observe corrosion rates occurring on 
existing equipment and to evaluate the potential of alternative materials for con-
struction/maintenance. A coupon holder allows mounting of metal or metal alloy 
specimens on a rod, which is then inserted in the process stream. The coupon holder 
is placed in a way that it does not blowout of the system under pressure nor affect 
flow patterns within the process stream. Many coupons can be exposed simultane-
ously in the process streams to evaluate corrosion rates in this process, which 
enables duplicate or triplicate testing. This process also enables testing of corrosion 
under various conditions (e.g., welding, residual stresses, crevice corrosion, pitting, 
de-alloying corrosion, etc.) by fabricating different coupon geometries to meet the 
specifications of the conditions [2]. These variations can enhance the confidence of 
the engineer in selecting materials for new units, maintenance, or repair [7]. The 
coupons can be placed either in the main process stream or in a side stream that is 
isolated from the main process stream, where operational conditions are duplicated 
for representative corrosion analysis. 

The test coupons are cleaned as soon as possible after removal from the process 
stream following ASTM standard G1–03 [3]. The gravimetric process only provides 
a time-averaged corrosion rate. However, the associated visual inspection helps in 
isolating critical localized corrosion effects, which may not be reflected by the cor-
rosion rate data. The coupon needs to be cleaned thoroughly through the repetitive 
cleaning process, and the corrosion rate can be estimated from a mass plot curve, as 
indicated in Fig. 8.1 [3]. The average corrosion rate is then estimated by the follow-
ing equation (Eq. 8.1):

 

R
K m m

A t t
=

( )
( )

1 2

1 2

−

− ρ
 

(8.1)

M. R. Choudhury et al.



179

Where R is the penetration (corrosion) rate (mm/year); A is the exposed area (cm2); 
m1 and m2 are the initial and final masses (g), with m2 being the intercept made by 
extrapolating line BC to the y axis in Fig. 8.1; t1 and t2 are the starting and ending 
times (h); ρ is the density (g/cm3); and K is a constant for unit conversion. The value 
of K in Eq. 8.1 is 1.142 × 10−5.  

  b.  Electrical resistance (ER) method    

The ER method quickly became popular for industrial corrosion monitoring in 
the 1950s [9, 10]. The principle of the widely used ER technique is very simple. 
It measures the change in electrical resistance of a corroding metal probe speci-
men, which is exposed to the process stream environment. An increase in electri-
cal resistance is related directly to the metal loss: as corrosion reduces the 
cross-sectional area of the probe, its electrical resistance increases. The electrical 
resistance of a metal alloy is given by the following equation (Eq. 8.2),

 
R r

L

A
=

 
(8.2)

 

Where L is the probe element length (cm); A is the cross-sectional area (cm2); and  
r is the specific resistance of the probe metal (Ω cm). 

Temperature influences the electrical resistance of the probe element. Hence, ER 
sensors usually measure the resistance of a corroding sensor element relative to that 
of an identical shielded element. Commercial ER sensors are available in the forms 
of plates, tubes, plates, or wires. While reduced sensor thickness can increase their 
sensitivity, it will consequently provide a shorter life span for the sensor. 

Fig. 8.1 Mass loss of corrosion coupons from repetitive cleaning cycles carried out for weight loss 
determination. Reproduced with permission from [8]; Copyright 2007; John Wiley & Sons Inc
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A series of measurements can be made over a period, and the corrosion rate can 
be determined from the slope of the resulting metal loss versus time plot [11]. This 
method has several advantages over the gravimetric method; the sensors or probes 
are small, they can be installed easily, and can connect directly to a monitoring facil-
ity. The ER method provides average corrosion rates over periods of several days 
[12]. Presence of pitting corrosion, crevice corrosion, corrosion byproducts, and 
mineral precipitation severely hampers the efficiency of ER method [13]. Erroneous 
corrosion results will manifest in cases where conductive corrosion products or sur-
face deposits form on the sensing element. Microbial corrosion and carbonaceous 
deposits in atmospheric corrosion are relevant examples.

 c. Visual inspection method 

Visual inspection is a basic method for analyzing corrosion in metal or metal 
alloys exposed in process streams. The visual inspection is carried out on coupon 
specimens after cleaning operations, which are to be exposed to a particular envi-
ronment for the gravimetric-mass loss method. The coupons are examined with the 
unaided eye, and then at increased magnifications using a microscope or scanning 
electron microscope. These examinations help in identifying different forms of 
superficial localized defects and corrosion damages. Coupons can be further bent or 
cut to reveal underlying types of corrosion damage. The visual inspection helps in 
identifying some localized corrosion effects that may otherwise jeopardize the esti-
mation of realistic corrosion rates using other physical methods.  

8.3.1.2  Electrochemical Techniques 

Measurements of electrical properties on the metal solution interface are carried out 
to evaluate corrosion scenarios over a wide range of circumstances. Electrochemical 
monitoring techniques involve the determination of specific interface properties like 
corrosion potential, current density, surface impedance, etc. Some methods study 
the interface using a direct current (DC), while other methods employ alternating 
current (AC) to provide further characterization of the corrosion interface between 
the metal alloy and process fluids.

 a. Linear polarization resistance (LPR) method 

The electrochemical LPR method can respond to the small variations in the cor-
rosiveness of the aqueous environment, in which the metal specimen remains 
exposed, and can measure the corrosion rate in short time intervals [6, 14, 15]. It can 
be employed for long-term corrosion monitoring in field conditions as well [16]. 

In this method, a small potential perturbation (usually in the range of ±10 mV to 
±30 mV) around the free corrosion potential is applied to the sensor electrode (also 
referred to as the working electrode), and the corresponding current values with the 
potential scan recorded. The polarization resistance (RP) is defined as the differen-
tial of the overpotential (E) over the withdrawn current (i) when ΔE approaches 
zero, i.e., the slope of the potential-current curve at the free corrosion potential 
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(Eq. 8.3). The RP is inversely proportional to the uniform corrosion rate, and it can 
be related to the corrosion current (icorr) using the Stern and Geary equation (Eq. 8.3):
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Where B is an empirical polarization resistance constant (also known as Stern 
and Geary constant) that can be related to the anodic (ba) and cathodic (bc) Tafel 
slopes with the following equation (Eq. 8.4):
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The Tafel slopes can be either determined empirically from polarization plots or 
obtained from the literature. They can also be determined by other techniques, such 
as curve fitting of polarization resistance curves by potentiodynamic polarization 
scans or by harmonic distortion evaluation. 

A standard test method is available for the LPR method [17], however, the coef-
ficient values used to convert polarization resistance to instantaneous corrosion rate 
are not constant and vary with system parameters (like water quality, metal alloys, 
etc.) [15, 16]. Typically, a two or three-electrode probe configuration is employed 
in the LPR measurement. With a two-electrode system, the corrosion measurement 
is an average of the rate for both electrodes. Both electrodes would then be made of 
the alloy being monitored. The three-electrode system comprises a working elec-
trode (corrosion rate of the working electrode is measured in the process), a refer-
ence electrode, and a counter electrode. A stainless steel reference electrode is 
suitable for field application, which offers more robustness than the capillary salt 
bridge arrangement used for laboratory measurement [16]. The distance between 
the working and reference electrode are kept minimum (usually within 2–3 mm) to 
reduce the interference of solution resistance [16]. The solution resistance can offer 
significant error to LPR measurements. However, for seawater, the solution in the 
desalination plant will offer low resistivity. High resistivity solution will render 
erroneously low corrosion rates. The probes in LPR measurement will require 
access to the vessel or pipe walls, hence, there is always an added chance of leakage 
in the system. One limitation of LPR measurement is that it only provides an aver-
age corrosion rate, hence, this method does not provide any indications of localized 
corrosion (like pitting corrosion).

 b. Zero resistance ammeter (ZRA) method 

A zero resistance ammeter is a current to voltage converter that produces a volt-
age output proportional to the current flowing between its two input terminals while 
imposing no voltage drop to the external circuit. In the ZRA method, galvanic cur-
rents between dissimilar electrode materials are measured with a zero resistance 
ammeter. This method is used to study the electrochemical reactions that take place 
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when two different metals or metal alloys, immersed in the same stream, are electri-
cally coupled to one another. The differences in the electrochemical property of two 
electrodes when exposed to a process stream give rise to differences in the redox 
potential at these electrodes. Once the two electrodes are externally connected, the 
more stable electrode acts predominantly as a cathode, while the more active elec-
trode acts predominantly as an anode, becoming sacrificial. When the anodic or 
cathodic reaction is relatively stable, the galvanic current monitors the response of 
the cathodic or anodic reaction, respectively, to the variations in process stream 
conditions [2]. 

The ZRA method can provide a quantitative measure of corrosion rate when the 
number of influencing factors is limited and easily verifiable by other processes. 
The corrosion rate results may not always reflect the actual corrosion rates as the 
galvanic corrosion depends on the relative areas and geometries of the electrode 
components, which can vary between the probe and the actual plant components. 
Moreover, this method cannot distinguish between the activation of the anodic or 
the cathodic reaction. The incremental measurement of current can result from 
either a cathodic activation by increased dissolved oxygen, an anodic activation by 
increased bacterial biofilm activity, or due to a combination of the two. Hence, a 
separate analysis is warranted to differentiate between these electrochemical 
processes.   

8.3.2  Indirect Corrosion Monitoring Techniques 

Several on-line and off-line indirect corrosion-monitoring methods have been 
developed to assess the corrosiveness in a process. These indirect techniques mea-
sure the indirect changes, either in the solution environment or in the metallic com-
ponent of interest, that take place during  the corrosion process or the change in 
corrosion rates. Different chemical analysis methods have been used over the years 
that aid the process plant operators gain insight on the corrosive environment exist-
ing in the metal-solution interface or on the efficacy of different corrosion inhibitors 
dosed in the process stream. The following section describes different popular indi-
rect corrosion monitoring methods that are used in desalination plants. 

8.3.2.1  Corrosion Potential Method 

This method only indicates a corrosion risk and does not measure corrosion rates. 
The open-circuit potential or freely corroding potential (referred to as Ecorr) is mea-
sured with respect to a reference electrode, which is characterized by a stable half- 
cell potential. The Ecorr measurement in the long term depends on the stability of the 
reference electrode. Environmental factors like temperature, pressure, pH, electro-
lyte composition, and other such variables can limit the scope of use of the reference 
electrode for corrosion-monitoring service. This method can be valuable in cases 
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where a metal alloy can demonstrate both active and passive corrosion characteris-
tics in a given exposure stream. For example, stainless steel can provide excellent 
service when they remain passive at the metal-liquid interface. However, the occur-
rence of chloride or reducing agents in the process stream can make stainless steel 
become active and exhibit excessive corrosion rates. Ecorr measurements would indi-
cate the development of active corrosion, and the corrosion rate could be measured 
by other electrochemical means [7].  

8.3.2.2  Water Quality Analyses 

Probing of process stream water quality provides important information to a corro-
sion monitoring system for a desalination plant. Some of the water qualities can be 
measured on-line using appropriate sensors, while others require further analysis in 
the laboratory to collect relevant information. Parameters like pH, conductivity, dis-
solved oxygen (DO) concentration, and oxidation-reduction (redox) potential of the 
process stream can be measured on-line. Alternatively, alkalinity, metal ion concen-
tration, total dissolved solids (TDS), residual oxidant analysis, and scaling indices 
can be measured off-line after further laboratory analysis of collected water samples. 
The scaling indices (like Langelier, Ryzner, etc.) can be used to assess the scale 
formation tendency of a process stream, which in turn can infer on the corrosiveness 
of the metal-liquid interface [18, 19]. 

A higher pH indicates fewer hydrogen ions in solution. Process streams, which 
have a pH < 7 are acidic, whereas substances with pH > 7 are alkaline. In general, 
for steel and copper piping, low pH (or high acidity) of process streams could create 
extremely corrosive environments. The rate of corrosion would vary from one metal 
to the other. The hydrogen ion can get reduced to molecular hydrogen through par-
ticipation in the cathodic reaction of the corrosion process. Also, pH influences the 
solubility of different chemicals in solution. The dissolution of different corrosion 
products (e.g., oxides, sulfides, or carbonates) and  the rate of corrosion would 
depend on the pH of the solution. 

Conductivity refers to the current-carrying capacity of water, which is due to the 
presence of ions from dissolved salts. The charged ions can move through the solu-
tion under the influence of an externally applied electric field. Since corrosion is an 
electrochemical process, an increase in conductivity corresponds with an increase in 
solution corrosiveness. Seawater, which contains many dissolved ions, has high 
conductivity and renders a highly corrosive environment to the pipes and vessels in 
a desalination plant. However, zero conductivity does not guarantee corrosion inhi-
bition, as the use of pure water has demonstrated corrosion in other systems. 
Solution conductivity can also influence the electrochemical readings for corrosion 
assessment. Similarly, TDS concentration refers to the sum of minerals and salts 
dissolved in water. Increased TDS can indicate a corrosive environment in the pro-
cess stream of a desalination plant. 

DO refer to the amount of oxygen dissolved in a liquid (expressed as parts per 
million or milligrams per liter). DO concentration depends on temperature,  pressure, 
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and molarity of the solution. The attraction of oxygen for most structural metal is the 
cause of many corrosion phenomena. Oxygen is responsible for both corrosive attack 
and passivation. Monitoring the DO level in the process stream thus provides valu-
able information on the corrosive environment existing in the metal- liquid interface. 

Redox potential is the potential of a reversible oxidation-reduction electrode 
measured with respect to a reference electrode in a given electrolyte. Oxidation 
potential measures the power of a substance to add oxygen or to remove hydrogen 
as well as to lose electrons. Reduction potential indicates the power to add hydro-
gen, lose oxygen, or gain electrons. When the redox potential increases in value and 
turns positive, its ability to oxidize is enhanced. When it decreases and turns nega-
tive, its reducing ability is increased. As corrosion involves both oxidation and 
reduction, the redox potential becomes an indicator of the possible electrochemical 
activity, which may either lead to corrosion or resistance to corrosion. 

Alkalinity indicates the ability of a liquid to buffer acid. Along with pH and hard-
ness, the alkalinity helps to identify whether a body of water may corrode or cause 
scaling. Increased alkalinity reduces calcium carbonate solubility, which results in 
carbonate scaling and reduced corrosion propensity. Presence of microorganisms 
can influence microbiologically induced corrosion (MIC) in the presence of such 
scaling. Therefore, the alkalinity of water should be monitored to help indicate the 
possible impact of water corrosiveness to a process plant. 

Concentrations of metal ions in solution can provide some idea on the corrosive-
ness of the water. Metals like iron, copper, nickel, zinc, and manganese can be ana-
lyzed quickly and inexpensively in solution. An increase in metal ion concentration 
can indicate an increase in corrosion. However, low metal ion concentration does not 
confirm low corrosion rates, as localized corrosion and metal deposition can hamper 
such readings. Metal ion analysis provides more confident assessments in closed sys-
tems and if the corrosion products are soluble or relate to particular concentrations of 
soluble species. It is critical to obtain a representative sample for metal ion analysis 
from a process stream under varying fluid velocity, temperature, and pressure. 

Residual oxidants (like ozone and halogens) are maintained in the process stream 
to control microbiological fouling. Residual halogen or halogenated compounds 
can directly oxidize the protective coating and enhance corrosion. Dissolved halo-
gens or halogenated compounds in the process stream can be measured using redox 
potential or one of a variety of colorimetric techniques.  

8.3.2.3  Residual Inhibitor Analysis 

Corrosion inhibitor residual measurements provide an idea of the consumption of 
inhibitors in different systems of a process plant. A residual inhibitor concentration 
above the required inhibitor concentration ensures adequate corrosion protection in 
the system. Loss in residual inhibitor concentration can occur due to an aggressive 
environment or interactions with the process components (e.g., adsorption, neutraliza-
tion, precipitation, adsorption on solids or corrosion products, etc.). Once such loss is 
detected, it can be compensated by an additional dosage of inhibitor in the system.   
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8.3.3  Microbiologically Induced Corrosion (MIC) Monitoring 

The development of biofilm on membranes and other components of desalination 
plants can lead to significant MIC issues. A growing biofilm increasingly clogs the 
pores of the membrane, making it more difficult to purify saline water. As the pores 
continue to clog, there is either an increasing pressure, thus cost, requirement to 
ensure continuous flux, or a decreasing flux with constant pressure. The interaction 
of microbial metabolism and corrosion processes can also produce localized corro-
sion at a very high rate. The presence of a biofilm on a metallic surface can greatly 
alter the local corrosion processes such as electrochemical changes, pressure drop, 
and heat-transfer resistance [8]. MIC monitoring is necessary to ensure adequate 
pre-treatment and anti-bacterial chemical dosing, and to conduct an effective bio- 
corrosion mitigation program [20]. The following sections describe the common 
MIC monitoring techniques in desalination plants. 

8.3.3.1  Planktonic Organisms Monitoring 

Planktons are marine organisms that are incapable of making their way against a 
current [21], and many of these organisms may find themselves in reverse osmosis 
(RO) plants. Planktonic organisms include unattached algae, diatoms, fungi, and 
other microorganisms present in the system’s bulk fluids [22]. In most cases, plank-
tonic bacteria monitoring is preferred in MIC as sampling influent water is easier 
than sampling the channel walls or membranes within a purification facility. Water 
quality, redox potential measurements, the timing of added biocides/other chemical 
input, and the identification of microorganisms are the key information with plank-
tonic monitoring. 

While it is easier to sample the saline influent, the levels of planktonic bacteria 
are not necessarily indicative of if MIC has taken place or the severity of the corro-
sion. The detection of viable planktonic bacteria serves as an indicator that living 
microorganisms are present and are capable of participating in a microbial attack. It 
is generally agreed that additional monitoring methods are important to confirm 
corrosion due to microbial processes has occurred [22].  

8.3.3.2  Sessile Organisms Monitoring 

The sessility of a microorganism is attributed to the inability of self-mobilization, 
and sessile organisms are commonly categorized by the tendency to attach to sur-
faces and alter topography [21]. The accumulation of sessile and planktonic micro-
organisms on membrane surfaces is commonly referred to as biofilm. Scraping of 
accessible surfaces can facilitate sampling for the analysis of sessile microorgan-
isms. Proper sample handling must be emphasized to ensure that no contamination 
occurs during the transport or sampling process. Biofilms are particularly suscepti-
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ble to dehydration, air exposure, temperature change, and mechanical damage [8]. 
To ensure no growth or death of cells by the change of environment, laboratory 
processing should occur as quickly as possible.  

8.3.3.3  Biological Assessment 

Biological assays can be performed on liquid samples, suspensions of solids, or 
solid deposits (such as biofilm) to enumerate viable microorganisms, quantify 
 metabolic and specific enzyme activity, or quantify amounts of key metabolites 
[23]. These can be used to quantify the biomass within the system and clarify what 
microorganisms are present.

 a. Direct inspection 

This method is best suited for relatively clean influent waters, or after the pre- 
treatment step of saline water. The purpose of the direct inspection is to identify and 
enumerate microorganisms and to provide insight into the location, growth rate, and 
activity of specific microorganisms within a biofilm. Quantities can be easily found 
using a counting chamber and phase-contrast microscopy on a thin water layer of 
known volume. This technique is performed in a laboratory and can be enhanced 
using fluorescent dyes to illuminate cells [2]. Another inspection method is to apply 
a stain to a water sample and to filter the cells through a 0.25 μm membrane to visu-
alize and count the cells using the epifluorescent technique. The usage of dyes can 
discover the active metabolism within water samples. The formation of new fluores-
cent products when using new stains, such as fluorescein diacetate or p-iodonitrotet-
razolium violet, is used as cell viability and active metabolism measurement [24].

 b. Growth assays 

The most common microbial assessment is through commercially available 
growth media to estimate the most probable number (MPN) of viable cells present 
in a sample [25]. The incubation period can be completed in a few days, but typi-
cally the test takes about 14–28 days [2]. Despite the common use of these assays, 
only a small fraction of organisms actually grow in the commonly available artifi-
cial media.  

8.3.3.4  Deposition Monitors 

A clear indicator of biological fouling in the membrane is the pressure drop across 
the membrane. By maintaining constant influent pressure with the continuous accu-
mulation of foulants across the membrane, the permeate flux will drop proportion-
ally to the amount of clogging of the membrane pores. The main disadvantage of 
monitoring the pressure drop is that it measures the effects of all scaling and mem-
brane depositions as opposed to the biofouling specifically. Organic and inorganic 
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deposits affect the heat transfer efficiency, but biofilms are especially effective at 
disrupting heat transfer. For example, A 165-pm thick biofilm shows a thermal con-
ductivity 100 times less than carbon steel and 100 times the relative roughness of 
the calcite scale [24].  

8.3.3.5  Detailed Coupon Examinations 

A more advanced coupon technology can be used for sampling during the opera-
tions of a high-pressure RO plant. This coupon is placed to ensure flow is not inhib-
ited, and the biofilm developing on this coupon is indicative of the behavior 
throughout the system. These coupons can be injected and released into the system 
as needed. Once the coupon is retrieved with the sessile organism deposition, a great 
deal of information can be learned by a careful and in-depth examination of the cor-
rosion coupon surfaces through direct observations and biological assessments [22].  

8.3.3.6  Electrochemical Monitoring 

Electrochemical methods can be employed for constant monitoring of biofilm for-
mation. Biofilm activity is an electrochemical process and can be tracked by the 
generated currents of their activity. In a typical set-up, two sets of electrodes are 
placed in the plant environment, with one of the sets being polarized. The electro-
chemical monitoring is completed by comparing the measured current when apply-
ing an external potential, and the current generated without external potential caused 
just by the biofilm activity. When the current deviates from the baseline amount, it 
is indicative of biofilm formation. The amount of variation is proportional to the 
amount of biofilm formation [22].    

8.4  Conclusions and Outlook 

Corrosion occurring in desalination plants challenges the long-term efficient opera-
tion of plants. A lot of work has been focused on minimizing corrosion through the 
application of corrosion-resistant alloys, chemical additives, protective coatings, 
and cathodic protection. However, the aggressive nature of seawater always causes 
corrosion-related issues. Hence corrosion monitoring techniques always play an 
important role in the safe operation of desalination plants. 

The corrosion monitoring techniques provide timely warning of expensive cor-
rosion damage and critical information (e.g., rate of deterioration) during the occur-
rence of damaging events. This information is essential to make real-time decisions 
on urgent preventive actions on site. Among the different types of corrosion moni-
toring techniques, gravimetric weight loss coupons, electrical resistance probes, 
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visual inspection, linear polarization resistance, zero-resistance ammeter, corrosion 
potential, water quality analyses, and residual inhibitor concentration, are applied 
commonly in desalination plants. The advanced electrochemical approaches such as 
impedance spectroscopy, and electrochemical noise analysis, and methods such as 
harmonic distortion analysis, field signature method, which are widely researched 
as corrosion monitoring techniques need to be considered for its routine application 
in desalination systems. 

The use of remote corrosion monitoring systems, especially with electrochemi-
cal and electronic methods, enables real-time assessment of corrosion in different 
parts of a desalination plant from a central monitoring location. Application of 
advanced computational programs like artificial neural networks and other predic-
tive tools can enable forecast of impending corrosion failure in a system. Use of 
continuous corrosion monitoring data with suitable predictive programming can 
provide the desalination plant operators valuable insights to evaluate and design 
corrosion prevention programs.     
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Chapter 9   
Chemical Additives for Corrosion Control 
in Desalination Plants             

Saviour A. Umoren and Moses M. Solomon       

9.1  Introduction 

Water is life! The human body has as much as 60% of water and averagely, we drink 
four litres of water per day in one form or another [1]. Meanwhile, not all waters are 
suitable for drinking; hence, ‘potable’ is often used to describe drinking water. The 
World Health Organization (WHO) defined potable water as water without signifi-
cant risk to health over a lifetime of consumption [2]. Unfortunately, about 40% of 
the global population live in water-scarce regions, with more than three-quarter of a 
billion people without access to potable water. According to the recent report by the 
WHO [3], by 2025, half of the world’s population will be living in water- 
stressed areas. 

The desalination of seawater and highly brackish water is one of the options for 
water supply enhancement [4]. It is a long-standing technology for the removal of 
salts and contaminants from water [5]. Globally, there are about 15,906 operational 
desalination plants producing around 95 million m3/day of fresh water for human 
consumption [6]. A desalination plant is a diversified assembly of equipment such 
as the storage tanks, pumps, heat exchangers, and pipes of varying sizes for opera-
tional processes. The equipment are made from metals such as carbon steel, stain-
less steel, copper and nickel based alloys, titanium and aluminium based alloys etc. 

Desalination plants mostly operate at high temperatures [6]. The multistage flash 
and the multiple-effect distillation are the two common thermal distillation tech-
niques. The reverse osmosis (RO) systems, on the other hand, uses high pressure 
pumps to force saltwater through a membrane that blocks solid particles but allows 
the penetration of water molecules [6]. The RO plants could operate at pressure as 
high as 8000 kPa [7]. The high temperature and pressure employed in desalination 
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plants make the operating environments highly corrosive. Further details on desali-
nation processes are found in Chaps. 1, 2, and 3. 

One of the essential features of the operation of a thermal desalination plant is 
the necessity to undertake occasional acid cleaning of the brine side of heat-transfer 
tubes [8]. This is to avoid a reduction in performance due to scale precipitation [8]. 
This exercise encourages the corrosion of metallic components. Corrosion damage 
increases maintenance expenses and generates problems in desalination plant oper-
ation and in extreme cases even lead to equipment shut down. For instance, the 
corrosion of couplings of a State Government’s $1.2 billion desalination plant at 
Tugun, Australia induced a forced shutdown for 5 weeks just 2 months after the taps 
were turned on [9]. El-Twaty and Karshman [10] reported that, the evaporator body 
of a Tripoli west desalination plant suffered severe corrosion after 6 years of opera-
tion that led to 60% reduction in the design capacity. According to the NACE- 
IMPACT report in 2016 [11], the estimated global cost of corrosion is US$2.5 trillion, 
which is equivalent to 3.4% of the global Gross Domestic Product (GDP). 

Corrosion mitigation strategies include the use of corrosion resistant alloys 
(CRAs), protective coatings, cathodic protection, deaeration of the feed water and 
the use of corrosion inhibitors. Amongst these techniques, the use of corrosion 
inhibitors is the most effective and practical method of corrosion control in desali-
nation plants, especially during the acid cleaning exercise. Anodic inhibitors 
(oxidising and non-oxidising such as chromates, nitrites, molybdates, and phos-
phates), cathodic inhibitors (such as polyphosphates and phosphonates), and organic 
corrosion inhibitors (film forming amines and azoles) are commonly employed to 
inhibit corrosion in desalination plants [12]. This chapter focuses on chemical addi-
tives such as corrosion inhibitors, biocides, and oxygen scavengers that are used to 
control corrosion in the desalination industry.  

9.2  Inhibitors for Corrosion Control in Desalination Plants 

Periodically, acid cleaning is carried out on thermal desalination plants to descale 
heat exchanger tubes. This exercise utilizes acid solutions, mainly hydrochloric 
acid, sulfuric acid, or sulfamic acid in the concentration range of 2–5% [13]. The 
operation temperature could be up to 50 °C and the process normally last for 72 h 
[13]. Because of the corrosive nature of the acids, there is always the concern of 
potential corrosion risk of metallic components. 

Mostly, desalination plant component materials are carbon steel (flash chamber), 
stainless steel (flash chamber), copper-nickel alloys, titanium grade 2 (heat transfer 
tubes), and Ni-resist (brine recycle pump). Normally, an effective corrosion inhibi-
tor is added to the acid solutions as a preventive measure against corrosion. The 
general corrosion rate of the metallic components during acid cleaning exercise 
should not exceed the maximum allowance as listed in Table 9.1. It is, however, a 
tedious task to find an inhibitor capable of protecting the multi-metallic components 
of desalination plants. 
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There are a handful of commercially available chemicals for use as inhibitors for 
acid cleaning processes (Table 9.2). These chemicals are formulations (also called 
cocktails or packages) consisting of active inhibitor substance(s), wetting agent(s), 
detergent(s), foaming agent(s), solvent, and co-solvent. The selection of a particular 
inhibitor for acid cleaning exercise is dependent on the range of alloys it can effec-
tively protect, its cost effectiveness, availability, compatibility with other chemicals, 
as well as ecological friendliness. For instance, IBIT 570S and IBIT were reported 
to be excellent inhibitors for titanium and copper-nickel alloys [16] while ARMOHIB 

Table 9.1 Corrosion rate maximum allowance during acid cleaning [14, 15]

Alloy

Maximum corrosion rate allowance (mpy)
HCl H2SO4

Atmospheric Deaerated Atmospheric Deaerated

Carbon steel 20–50 fair 1–5 excellent 20–50 fair 1–5 excellent
316 L SS < 1 outstanding < 1 outstanding 1–5 excellent 1–5 excellent
Ni-resist 20–50 fair < 1 excellent 20–50 fair < 1 outstanding
90Cu-10Ni alloy 1–5 excellent < 1 outstanding 1–5 excellent < 1 outstanding
70Cu-30Ni alloy 1–5 excellent < 1 outstanding 1 excellent < 1 outstanding
Titanium < 1 excellent < 1 outstanding < 1 excellent < 1 outstanding

Table 9.2 Some commercial inhibitors for acid cleaning

S/N
Inhibitor 
code Chemistry

Recommended 
acid Ref.

1 Armohib 
CI-28

Proprietary surfactant blend Hydrochloric [18]
Hydrochloric + 
hydrofluoric

2 Armohib 
CI-31

Proprietary surfactant blend Sulfuric [18]
Sulfamic
Citric
Phosphoric

3 IBIT® Hydrochloric [19]
Sulfuric

4 TH-503 Organophosphine and polycarboxylic acid-based Sulfuric [20]
Sulfamic
Hydrochloric

5 Nevamine 
CN 356

Amine-based Hydrochloric [21]
Sulfuric

6 Nevamine 
WNF

Sulfuric [21]

7 Rodine 213 Amine-based Hydrochloric [22]
8 Nevamin 

CP-20
Blend of ß (ethyl phenyl keto cyclohexyl) amino 
hydrochloride, formaldehyde, cinnamaldehyde, 
and methanol

Hydrochloric [23]
Sulfuric
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28 was found to be outstanding for 316 L SS but corrosive towards copper-nickel 
alloys. Malik et al. [17] noted that, Nevamin CP-20 performance was inferior to that 
of IBIT but more cost-effective than IBIT and recommended Nevamin CP-20 for 
use in the cleaning of the Desal tubes of the Al-Jubail desalination plant. 

9.2.1  Inhibitors for Corrosion Control of Carbon  
and Stainless Steels 

The effective corrosion inhibitors for carbon and stainless steels are mostly nitrogen- 
based compounds [24, 25] and as listed by Schmitt [25] are mainly amines and its 
derivatives. This class of compounds has the ability to undergo chemical adsorption 
by denoting lone electron pair into the vacant orbital of iron [25]. They are compo-
nents of most commercially available corrosion inhibitors. 

Frequently used N-containing compounds in inhibitor cocktails are derivatives 
of acetylene. From the group of hydroxy acetylenes, propargyl alcohol, 1-hexyn- 3-ol 
and l-iodo-3-methyl-1-butyn-3-ol are the most efficient derivatives [24, 25]. In the 
class of propargyl ethers and propargyl thioethers, 1-phenoxy- 2-butyn-4-ol and 
dipropargyl-sulphide exhibits outstanding inhibitive property as single compounds 
[24, 25]. The acetylenic compounds easily form Fe-complex protective films and 
temperature rise favors this type of bonding. Therefore, in commercial inhibitors 
designed for use in hydrochloric acid at elevated or high temperatures, acetylenic 
compounds are very likely to be present. 

Sulphur-containing compounds like mercaptans, thioethers, sulphonium com-
pounds, sulphoxides, thiocyanates, thioureas, thiazoles [25], etc. are also effective 
corrosion inhibitors for carbon steel and are component of several commercial 
inhibitors. However, the use of some of these substances, notably thiocyanates, thio-
ureas and mercaptans [25, 26] can be hazardous in acid cleaning process because, 
some of them upon degradation produce H2S gas, which is toxic and a promoter of 
hydrogen embrittlement [25]. Schmitt [25] recommended the inclusion of additives 
like the formaldehyde in inhibitor package containing the S-containing compounds 
to prevent hydrogen uptake by metals in the presence of H2S gas. 

Two classes of compounds appear to be the focus of corrosion scientists in recent 
times regarding the corrosion mitigation of carbon and stainless steels. There are 
ionic liquids and plant extracts. They are marked as green chemicals for tomorrow. 
Ionic liquids; have negligible vapour pressure, large liquidus range, high ionic con-
ductivity and thermal stability, and large electrochemical window [27]. They exhibit 
two distinctive parts: the organic cationic part (mostly ammonium, pyridinium, 
imidazolium, pyrrolidinium, piperidinium, phosphonium, and sulfonium) and the 
inorganic anionic part (commonly bromide, chloride, cyanide, and borate). Most 
reports indicate that, they are capable of suppressing steels corrosion above 90% 
[28–30]. The plant extracts are naturally abundant and are cheap sources for inhibi-
tor formulation. Some plant extracts with notable protection efficiency (above 90%) 
of carbon steel corrosion in acidic media are given in Table 9.3.  

S. A. Umoren and M. M. Solomon



195

9.2.2  Inhibitors for Corrosion Control of Copper  
and its Alloys 

The corrosion of copper and its alloys during acid cleaning process can be effec-
tively mitigated using corrosion inhibitors. Research studies [60–68] have shown 
that, the most effective corrosion inhibitors for copper and its alloys are organic 
compounds containing both sulphur and nitrogen heteroatoms in their moiety. It 
was demonstrated by Tan et  al. [61] that, 5  mM 2,2′-dithiodipyridine and 
5,5-dithiobis(1-phenyl-1H-tetrazole) respectively provided 98.7% and 99.4% 
 protection to copper in acid medium. Rao and Kumar [62] reported an inhibition 

Table 9.3 Some plant extracts with potential to serve as active in corrosion inhibitor cocktails for 
the acid cleaning of carbon steel

Inhibitor
Highest 
IE (%)

Conc. with 
highest IE Ref. Inhibitor

Highest 
IE (%)

Conc. with 
highest IE Ref.

Punica 
granatum Linne

95.0 1000 mg/L [31] Ligularia fischeri 92.0 500 ppm [45]

Musa 
paradisica 
(Banana)

90.0 300 mg/L [32] Ficus hispida 90.0 250 ppm [46]

Aloe Vera gel 92.6 200 ppm [33] Gentiana olivieri 93.7 800 mg/L [47]
Longan 92.4 600 mg/L [34] Diospyros kaki 

(persimmon)
91.0 225 ppm [48]

Lychee 98.0 600 mg/L [35] Diospyros kaki L. 94.3 1000 mg/L [49]
Euphorbia 
falcata

93.2 3.0 g/L [36] Pelargonium 90.6 4 mL/L [50]

Aniba 
rosaeodora

95.3 200 mg/L [37] Chrysophyllum
Albidum

96.2 1000 mg/L [51]

Orange (Citrus 
sinensis)

95.0 10% [38] Tilia cordata 96.0 300 mg/L [52]

Capsella 
bursa-pastoris

97.0 60 mg/L [39] Egyptian 
Schinus_
terebinthifolius

93.3 900 ppm [53]

Pisum sativum 91.0 400 mg/L [40] Olive 92.9 4.0 g/L [54]
Eleusine 
aegyptiaca and 
Croton rottleri

91.3 and 
94.5

2400 ppm [41] Mentha 
rotundifolia

92.9 35% (v/v) [55]

Retama 
monosperma 
(L.) Boiss

94.4 400 mg/L [42] Roselle 91.0 500 ppm [56]

Pimenta dioica 97.4 4% (v/v) [43] Argemone 
Mexicana

94.0 400 mg/L [57]

Watermelon 90.2 1000 ppm [44] Petersianthus 
macrocarpus

93.5 1000 mg/L [58]

Ligularia 
fischeri

92.0 500 ppm [45] M. pulegium 90.0 1 g/L [59]

IE = Inhibition efficiency
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efficiency of 99.72% for 6.5 mM 5-(3-aminophenyl) tetrazole against Cu–Ni (90/10) 
alloy corrosion in synthetic seawater and synthetic seawater containing 10  ppm 
sulphide. 

The sulphur-containing and nitrogen-containing organic compounds inhibit cor-
rosion by coordinating with Cu0, Cu+, or Cu++ through lone pair electrons to form 
protective complexes on the metal surface. The complexes are polymeric in nature 
[62] as such, form adherent protective films that act as barriers against corrosive 
ions penetration. Some potent sulphur and nitrogen-containing organic inhibitors 
that are component or could be a component of copper corrosion inhibitor cocktails 
are listed in Table 9.4.  

9.2.3  Inhibitors for Corrosion Control of Titanium 

Titanium exhibits high corrosion resistance when exposed to air or any environment 
containing a trace of moisture or oxygen due to the formation of stable, protective, 
and strongly adherent passive films of TiO2 [69]. However, in media such as, hydro-
fluoric acid, caustic solutions, and uninhibited concentrated hydrochloric or sulph-
uric acid solutions at medium temperatures (~ 50 °C), severe corrosion of titanium 
occur [70] due to the dissolution of the protective oxide film. 

The most effective corrosion inhibitors for titanium are oxidizing inorganic com-
pounds [71]. They are capable of inducing passivation of the metal in the corrosive 
medium. As seen in Table 9.5, oxidizing inorganic compounds can keep the corro-
sion rate of titanium in acid solution at less than 0.01 mm/yr up to 24 h. However, 
environment concern over some of these compounds has necessitated a search for 
replacement. 

The nitroaromatic compounds (nitrobenzene, trinitrobenzoic acid, picric acid) 
and benzenearsonic acid are the most effective organic corrosion inhibitors for tita-
nium in acid environment [25, 71]. They act as passivators, shifting the corrosion 
potential in the positive direction [25, 71]. In a typical study carried out by Deyab 
[70], 4-nitro-o-phenylenediamine (NI), 3-nitro-phydroxyethylaminophenol (NII), 
and N, N-bis(2-hydroxyethyl)-2-nitrop-phenylenediamine (NIII) inhibited the cor-
rosion of titanium tubes when added to acid cleaning solution (1.0 M H2SO4). The 
aromatic nitro compounds exhibited a maximum inhibition efficiency of 73.0% 
(NI), 82.6% (NII) and 94.6% (NIII) at 600 ppm. Protection of titanium alloys in 
acid cleaning solutions is also possible using the condensation product of formalde-
hyde with aromatic amines [25, 71].  

9.2.4  Inhibitors for Corrosion Control of Ductile Ni-Resist 
Cast Iron 

Discharge columns, diffusers of brine recycle, and blow down pumps are usually 
made of Ni-resist, a highly alloyed cast iron with Ni content in the range of 18–22% 
[72]. Two grades of Ni-resist: ASTM A439 D2 (often designated as D-material) and 
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BS 3468 S2W (designated as G-material) are widely used for the fabrication of 
brine recycle pump. Generally, Ni-resist exhibits better corrosion resistance in 
dilute non-oxidizing acids than low carbon steel. Nevertheless, corrosion can be 
severe upon continuous exposure to acid solution and at elevated temperature. There 
have been cases of corrosion failure of pressure parts of brine pumps in desalination 
plants [73, 74]. In a typical report [73], a brand of pump made with G-material 
failed after 5 years. A brand of pump fabricated with D-materials was reported to 
live for 18 years before failure [73]. More so, a corrosion rate as high as 46 mpy was 
reported for Ni-resist during acid cleaning of recycle pump [13]. The use of effec-
tive corrosion inhibitors is therefore desirable during acid cleaning process to elon-
gate the service life of brine recycle pumps. Surprisingly, information on the 
corrosion inhibition of Ni-resist is scanty in the corrosion literature. Nevertheless, a 
commercial inhibitor, Nevamin CP-20 had been recommended for use during acid 
cleaning of recycle pumps [13]. The best recommended condition is 0.5% of the 
inhibitor along with de-aeration of the acid solution (dissolved oxygen <20 ppb). In 
this case, corrosion rate of Ni-resist in the range of 4.5–6.8 mpy is achievable.   

9.3  Inhibitors for Microbial Influenced Corrosion Control 

Fouling is a common challenge in desalination plants, particularly the RO desalina-
tion plants. It is a term used to describe the accumulation, deposition, and/or adsorp-
tion of foulants onto the surface of a material. In RO, fouling causes membrane’s 
performance to degrade [75]. It often results in a decrease in the flux and quality of 
the permeate, which consequently leads to an increase in the operating pressure 
with time [75, 76]. 

Table 9.5 Oxidizing inorganic compounds as potent corrosion inhibitor for titanium in acid 
cleaning solution. Reproduced with permission from Ref. [71]. Copyright 1981 @ Elsevier

Inhibitor Conc. (mol/L)
Corrosion rate (g m−2 h−1)
1% H2SO4 3% HCl

Blank – 4.710 2.800
Fe2(SO4)3 0.01 0.000 –
Ce(SO4)3 0.01 0.000 0.025
NaNO3 0.01 0.004 0.008
KMnO4 0.01 0.000 0.004
Na2Cr2O7 0.01 0.004 0.000
NaMoO4 0.01 0.000 0.000
NaWO4 0.01 0.000 0.000
NaIO3 0.01 0.000 0.004
NaBrO4 0.01 0.004 0.016
H2O2 0.10 0.000 0.050
NaNO3 0.01 0.012 0.067
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There are four main types of fouling: (i) crystalline (deposition of inorganic 
material precipitating on a surface); (ii) organic (deposition of organic substances 
(e.g. oil, proteins, humic substances, etc.); (iii) particulate and colloidal (deposition 
of clay, silt, particulate humic substances, debris, silica); and microbiological (bio-
fouling, adhesion and accumulation of microorganisms, forming biofilms). The 
crystalline, organic, and the particulate and colloidal fouling can be reduced by feed 
pretreatment (e.g. microfiltration or biocide application) [75] but biofouling cannot. 
Biofouling, apart from causing flux decline is also responsible for microbially 
induced corrosion (MIC) of materials [75]. 

MIC includes a variety of processes by which microbes contribute to corrosion 
directly or indirectly. Various microorganisms including bacteria, fungi, and algae 
induce corrosion (Table 9.6). In the category of bacteria, sulfate-reducing bacteria 
(SRB) have the most pronounced impact on corrosion because they are widely dis-
tributed in anoxic environments [76–78]. SRB were found to be responsible for the 
breakdown of passive film layers on Monel 400 alloy bolts of seawater intake pump, 
which led to intergranular corrosion [77]. Pseudomonas aeruginosa, a nitrate 
 reducing bacteria was also found to induce the corrosion of 304 stainless steel [79]. 
The acid producing bacteria (APB), e.g. Acidithiobacillus caldus cause corrosion by 
producing weak organic acids that lowers the pH underneath their biofilms [82]. 
Iron oxidizing bacteria (IOB) contribute to MIC by encouraging precipitate forma-
tion and deposition on metallic component surfaces [80, 81]. The precipitates alter 
the acidity of the environment. Deposits can create anaerobic regions that promote 
the growth of SRB. The combined effects of IOB and SRB can cause severe corro-
sion [81]. 

MIC can be controlled by reducing the population of microorganisms in the 
water. This can be done by using biocides. There are various biocides, which can be 
divided into oxidizing and non-oxidizing. The oxidizing biocides include chlorine, 

Table 9.6 Some known microorganisms that cause corrosion [76, 82]

Bacteria • Iron oxidising bacteria (IOB) and metal depositing bacteria
• Nitrate reducing bacteria, e.g. Pseudomonas aeruginosa

• Sulphate reducing bacteria (SRB) e.g. Desulfovibrio

• Sulphur oxidising and acid producing bacteria, e.g. Acidithiobacillus

• Iron oxidizing and metal depositing bacteria, e.g. Gallionella, Crenothrix, 
Leptothrix

• Metal reducing bacteria, e.g. Pseudomonas, Shewanella

Fungi • Aspergillus fumigatus

• Cladosporium resinae

• Paecilomyces varioti

• Aspergillus niger

• Penicillium cyclospium

Algae • Blue green algae
Microbial 
consortia

• Mutualism among different groups of microorganisms
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chlorine dioxide, chloroisocyanurates (e.g. sodium dichloroisocyanuric acid), hypo-
chlorite, ozone, and monochloramine. The oxidizing biocides enjoyed greater 
patronage compared to the non-oxidizing counterparts due to numerous advantages 
listed in Table 9.7. However, there are environmental concerns over the use of oxi-
dizing biocides because of their high toxicity [82]. 

The non-oxidizing biocides are film formers and include quaternary ammonium 
compounds, formaldehyde, and glutaraldehyde [83–85]. In an investigation [83] 
involving the use of didecyldimethylammonium chloride (DDAC) as a biocide for 
carbon steel exposed to saline water containing SRB, it was found that, the present 

Table 9.7 Mechanism of action, advantages and disadvantages of oxidizing biocides [76, 82]

Biocide Mechanism of action Advantages Disadvantages

Hypochlorite, 
chlorine

•  Hydrolyze into 
hypochlorous and 
hydrochlorous acid

•  High inactivation 
efficiency. 
Hypochlorite is, 
however less effective 
than chlorine.

• Corrosive to steels
•  Removes bisulphite 

oxygen scavengers 
from water•  Hydrochlorous acid 

oxidizes the cytoplasm 
of organisms • Organic matter removal

• Relatively low cost
Chloro 
isocyanurates

•  Hydrolyse into 
hypochlorous acid and 
cyanuric acid

•  The cyanuric acid 
reduces chlorine loss 
due to photochemical 
reactions with 
UV-light, hence more 
effective

•  Same as chloride and 
hypochlorite

•  Easily handled 
powdered compound

Chlorine 
dioxide

•  It does not form 
hydrochlorous acids in 
water.

•  No damage on 
membrane

•  Explosive gas, need to 
be generated on site by 
reacting sodium 
chlorite (NaClO2) and 
chlorine or 
hydrochloric acid.

•  It exists as dissolved 
chlorine dioxide, a 
compound that is a 
more reactive biocide at 
high pH ranges.

• Less damaging effects 
to the environment and 
human health than 
chlorine

Ozone •  Same as chlorine. 
Microorganisms die 
from loss of life-
sustaining cytoplasm

•  Effective inactivation, 
particularly at higher 
pH

• Bromate formation
• Very small half life
•  Damage by residual 

ozone•  High oxidation 
potential for organic 
matter

Mono 
chloramine

•  Same as other oxidizing 
biocides

•  Lower oxidation 
potential than free 
chlorine

•  Degrades reverse 
osmosis membranes

•  Needs to be used at 
high pH because it 
turns into di- and 
trichloramine at pH 
lower than 8.5.

•  Less toxic than 
chlorine
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of 1.3 mM DDAC prevented completely the growth of SRB (i.e 100% biocidal effi-
ciency). The corrosion rate of the metal substrate was reduced from 
5.40 × 10−4 g cm−2 h−1 in the absence of DDAC to 0.34 × 10−4 g cm−2 h−1 in the 
presence of 1.3 mM DDAC corresponding to 93.7% inhibition efficiency. It was 
also reported that, with 0.018  mM hexamethylene-1,6-bis(N,N dimethyl-N- 
dodecyloammonium bromide), biocorrosion caused by SRB was effectively con-
trolled [84]. Nevertheless, long-term application of this class of biocides may lead 
to acclimation of microbes to be resistant [86]. This constitutes the major drawback 
to the use of non-oxidizing biocides in water treatment processes.  

9.4  Oxygen Scavengers 

Oxygen-promoted corrosion is one of the common corrosion cases in seawater 
desalination plants [87]. The genesis is the presence of dissolved oxygen in seawa-
ter. Due to the predominance of chloride in seawater, the presence of oxygen even 
at low concentration can result in metal failures. To avoid corrosion in desalination 
system, a near zero oxygen level has to be maintained. This can be achieved through 
mechanical de-aeration of seawater followed by chemical treatment with an oxygen 
scavenger. Common oxygen scavengers used in desalination plants are sulphite 
based compounds e.g. sodium sulphite, sodium hydrogen sulphite, sodium metabi-
sulphite, and ammonium sulphite. Their efficiency is dependent on time, tempera-
ture, concentration and system pH.  In general, as the pH, time, and temperature 
increase, the oxygen depletion reaction becomes more complete [88]. 

Sulphites (SO3
2? ) are chemicals that deplete oxygen by reacting to form sul-

phates ( 2 3
2

2SO O? ?+  2 4
2SO ? ). According to Nada et al. [89], it is strongly recom-

mended that sulphite be injected in the make-up after deaerator to reduce dissolved 
oxygen content in the brine recycle to near zero level. This is to ensure good protec-
tion against corrosion in the flashing brine side as well as in the vapour side. 
Dissolved oxygen levels lower than 20 ppb can be achieved by using sulphite [90]. 
However, addition of sulphite increases the solid contents of the water [90]. 

Several works on other oxygen scavengers such as hydrazine, carbohydrazide, 
hydroquinone, and hydroxylamines are available in the literature that in general are 
applicable to water boilers; but not typical of desalination.  

9.5  Conclusions and Outlook 

The use of chemical additives is an effective and practical method of controlling 
various forms of corrosion in desalination systems. Film forming organic com-
pounds are the most common corrosion inhibitors used during acid cleaning pro-
cess. They are effective but some of them are challenged by their high toxicity and 
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high cost. Attention has been drawn to the enormous gain that could be derived in 
utilizing plant and ionic liquids-based materials as corrosion inhibitors. These mate-
rials are green, cheap, and readily available. Future researches should also focus on 
the development of inhibitors for Ni-resist. At present, information in this regard is 
insufficient. 

Inhibitors for microbial influenced corrosion have been classified as oxidizing 
and film forming (non-oxidizing). The advantages and the disadvantages of the two 
classes have been highlighted. Also emphasized in the chapter is the use of sulphite- 
based compounds as oxygen scavengers. They remove dissolved oxygen in water by 
a reduction reaction, and by so doing inhibit corrosion caused by oxygen.     
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Chapter 10
Corrosion Control during Acid Cleaning 
of Heat Exchangers

Abdelkader A. Meroufel

10.1  Introduction

Heat exchangers represent important equipment in the thermal desalination process. 
Their application spectrum include different purposes such as distilled water produc-
tion, heat recovery, cooling, etc. In all these applications, seawater is the dominantly 
used fluid due to its excellent heat transfer properties, availability and low cost. 
However, due to the presence of organic and inorganic fouling constituents, heat 
exchangers start to loose performance after a certain operation time. This induces a 
decline in the overall process performance and especially on water production. The 
restoration of the initial performance is necessary for sustainable water production.

Different chemical and physical methods were suggested to clean heat exchangers 
with various performance and limitations. The choice of the method depends on the heat 
exchanger configuration, size, construction materials, safety precautions, etc. Despite 
the environmental concerns of its disposal, chemical cleaning remains the best method 
to clean heat exchangers. By using either a chelant or an acid, a high level of fouling 
could be eliminated in short time achieving the restoration of operation performance.

Chemical cleaning discussion in this chapter will be limited to the acid cleaning 
due to its widespread application compared to the use of chelants that are consid-
ered as more costly. The handling of this subject is usually a multidisciplinary task 
including chemist, process and material specialist and HSE1 engineer. However, a 
brief discussion of the chemistry aspect will be considered and the main aim of this 
chapter is to analyze the material integrity aspect.
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This chapter begins with a general description of the main heat exchangers 
present in thermal desalination plants. Then, the fouling chemistry is described 
according to the operating conditions of the main heat exchangers. Following this, 
acid cleaning procedures are discussed based on desalination plant manufacturer’s 
recommendations. Corrosion prevention practices are detailed with associated lim-
ited studies. Finally, the practical conclusions and future needed research or engi-
neering needed efforts are outlined.

Due to the interchangeably use of scaling and fouling within scientific commu-
nity and to be inline with the book authors, fouling in this chapter correspond to the 
inorganic part usually called scale.

10.2  Thermal Desalination Heat Exchanger Configurations

The heat exchangers in thermal desalination plants can be classified based on 
different criteria such as the purpose of use, fluid side, operating conditions, etc. 
Hou et al. [1] mentioned additional classification parameters such as construction, 
transfer processes, degree of compactness, flow arrangements, phases of process 
fluids and heat transfer mechanisms.

Among the different types of heat exchangers, shell and tube heat exchangers 
with one pass tube-side configuration are the most considered in thermal desalina-
tion and designed as per specific industrial standards.

Under thermal MSF desalination, three main heat exchangers are considered: 
heat rejection, heat recovery and heat input (brine heater). However, for the thermal 
MED desalination only two heat exchangers will be considered i.e. MED effect and 
final condenser. There are other heat exchangers but with reduced operation impor-
tance which justify our limitation to the above-mentioned list. Table 10.1  summarizes 
the operating conditions affecting fouling, typical construction materials used for 
the fouled side of the heat exchangers and the fluids employed.

From Table 10.1, it appears that the variation of materials chemistry and operat-
ing conditions induces variations in the fouling rate and chemistry. The most fixed 

Table 10.1 The main heat exchangers in thermal desalination plants

Heat exchanger 
name

Operating conditions (max. 
temperature, °C/ velocity, 
m/s)

Typical construction materials 
in contact with corrosive fluid

Tube side/shell 
side fluid

MSF desalination
Heat rejection 
condenser

40/2 Ti/modified7030/AlBr/NAB Seawater/
steam

Heat recovery 
condenser

100/2 Ti/CuNi(9010 or 7030)/AlBr Brine/steam

Brine heater 110/2 Ti/CuNi(9010 or 7030)/AlBr Brine/steam
MED desalination
MED effect 65/2 Ti/CuNi 9010 Steam/

seawater
Final 
condenser

35/2 CuNi (9010 or 7030)/AlBr Seawater/
steam
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operating parameter is the seawater/brine velocity which is optimized at 2 m/s for 
optimum heat transfer and minimal erosion/impingement risk on tubes. In addition, 
the circulation of the cleaning solution is usually ensured by existing pumps such as 
the brine recycle pump for MSF and brine blow-down for MED evaporator. 
Consequently, pump materials should be considered such as austenitic cast iron 
(Ni-resist) and duplex or austenitic stainless steel grades.

Different efforts are made to minimize the fouling on heat transfer either during 
the design phase and/or during operation. For instance, a huge quantity of chemicals 
is adopted to minimize fouling growth during operation. According to Hou et al. [1], 
40% of the chemicals used by industry are for scaling control in cooling towers, 
boilers and other heat exchangers. Even though, the offline chemical cleaning 
remains the most powerful and well-established method to restore the heat exchanger 
performance.

The ease of heat exchangers  cleaning is one of their critical design criteria. 
Within thermal desalination, the integration of a chemical cleaning system to the 
MSF or MED evaporator was considered by most of the manufacturers.

10.3  Fouling Chemistry and the Descalants

Many authors from different disciplines including chemist, microbiologists, elec-
trochemists and materials scientists extensively studied heat exchanger fouling. The 
variation of the fouling chemical composition and related deposition mechanisms 
are attracting a lot of research efforts taking benefit from sophisticated tools [2–5]. 
The details of mechanisms involved in both inorganic and biofouling are described 
in Chaps. 14 and 15, respectively. Compared to the heat exchanger fouling, RO 
membranes fouling in fact attracted more research interest from the desalination 
community.

In terms of inorganic fouling,  the soft alkaline scale is the most dominant form 
that has been characterized in both MSF and MED thermal desalination [6, 7]. This 
corresponds to CaCO3 and Mg(OH)2 components which coexist with proportions 
that are dependent on pH and temperature. For instance, it has been observed that 
Mg(OH)2 dominates the scale above 87  °C and below this temperature, it is the 
CaCO3 which dominates [8]. In fact, it is important to mention that the value of this 
transition temperature, which induces a modification of the scale chemistry, depends 
on seawater composition and velocity. In high-temperature MSF with TBT of 
112 °C, the hard scale in the form of anhydrite CaSO4 was also characterized at 
stage 4 [9]. However, CaSO4 presence in MSF was limited to supersaturated seawa-
ter with high concentration factor in the range of 1.8–2 [10]. The scale chemistry in 
MED desalination plant where conditions are mild was found identical to that of 
MSF [11].
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Malik et al. [12] studied the solubility of different scale samples from the brine 
heater and MSF heat recovery tubes. Three different acids were considered i.e. 
hydrochloric, sulfuric and sulfamic where tests were conducted at ambient tempera-
ture and under laboratory stirring. Depending on the scale chemistry, the acid des-
caling properties vary where hydrochloric acid was the most effective for CaCO3 
and sulfuric acid for Mg(OH)2 scale. To fit the compromise between descaling per-
formance and corrosion risk of the base metal, the authors suggested hydrochloric 
acid with a corrosion inhibitor. Phosphoric acid was also suggested for seawater 
cooling heat exchangers used in the shipping industry [13, 14]. However, the con-
cern was more focused on the restoration of the metal substrate protection layer.

In addition to the above-mentioned acids, Tahir et al. [15] studied the descaling 
performance of nitric and citric acids at a concentration between 1 and 5%. 
According to their results, use of hydrochloric acid allows a saving of 50% in terms 
of circulation time compared to nitric acid. In rare cases, CaSO4 anhydrite was 
found in MSF heat exchangers where a different descaling agent was employed. 
Kwong et al. [16] studied the descaling performance of three methods: sodium gly-
collate, ethylenediaminetetraacetic acid (EDTA) and sodium carbonate added 
hydrochloric acid. The most successful and adopted method was the alternation 
between sodium carbonate at 80  °C and inhibited hydrochloric acid. Such an 
approach seems impractical when considering the necessity to heat which induces 
an additional cost.

10.4  Acid Cleaning Procedures

Depending on the conditions of the desalination plant performance, different acid 
cleaning options are considered. For instance, the whole MSF evaporator can be 
cleaned excluding some parts such as brine heater or heat rejection. Due to the low 
fouling level, the cleaning of the heat rejection in MSF or the final condenser in 
MED is non-frequent.

Criteria for acid cleaning depend on various operation parameters related to the 
production and efficiency. For instance, the necessity to clean an MSF brine heater 
is considered if the shell internal temperature exceeds a particular setting value in 
spite that the plant performance ratio is higher than a designed value.

Typical acid cleaning procedure for both MSF and MED is illustrated in Fig. 10.1 
where most of the practices adopt the use of acidified seawater instead of distilled 
water. The consideration of temperature to accelerate descaling is proposed espe-
cially when using sulfuric or sulfamic acids. In practice, a temperature of 50–60 °C 
is adopted for enhanced descaling with these acids.

In terms of acid cleaning duration and continuity decision, manufacturers pro-
vide different parameters including the return pH and copper ion concentration. 
Copper ions are considered as an indicator of heat exchanger tube corrosion. For 
instance, when the pH of the circulating cleaning solution reaches 1.5–2, the clean-
ing should be stopped within 1–2 h at this pH. Such over-conservative criteria aim 

A. A. Meroufel



213

to protect the base metal from any unexpected attack. In other cases, a qualitative 
criterion is provided such as an abnormal increase of copper ions in the cleaning 
solution. However, the practical experience showed that the simultaneous monitor-
ing of a set of parameters can be more efficient and rational including parameters 
related to the scale (calcium and magnesium), acidity (pH) and the base metal (iron 
and copper elements).

10.5  Corrosion Prevention during Acid Cleaning

10.5.1  Acid Choice

Corrosion prevention of the base metal during descaling starts by the acid choice. 
Although the descaling properties of the used acid are important to operators, the 
compromise with metal resistance to the acid remains a primordial condition. For 
these reasons, most thermal desalination manufacturers recommend the use of 
either diluted sulfuric or sulfamic acid. However, with experience, many operators 
moved to the use of hydrochloric acid due to the excellent descaling properties and 
short time for desalination unit restoration. From a corrosion point of view, acid 
cleaning using diluted or weak acids with a concentration that does not exceed 5% 
should not be aggressive. However, in the present section, available data on the 

Prepara�on work
(Chemicals drums, leak tests, safety)

Filling up the solvent water
(Seawater, fresh water)

Cleaning water recircula�on

Corrosion inhibitor injec�on

1st Acid injec�on

2nd Acid injec�on

Neutraliza�on

Flushing

Waste disposal

Fig. 10.1 MSF and MED acid cleaning typical procedure
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behavior of the different concerned alloys in both sulfuric and hydrochloric acids 
will be presented.

Corrosion of different desalination metallic alloys in the concerned diluted min-
eral acids is not fully discussed in the open literature [17–21]. Most of the refer-
ences focused on concentrated acids with temperature effect. However, all studies 
agree that corrosion in mineral acids where the pH is below 5 is dependent on three 
parameters: hydrogen ion activity, the oxidizing capacity of the solution and 
counter- ions present [22]. For instance, iron corrosion rate in sulfuric acid with a pH 
range from 0 to 4 was found limited by diffusion of protons and saturation concen-
tration of iron sulfate (FeSO4) [23]. By increasing the concentration of sulfuric acid, 
the phenomenon becomes sensitive to the flowing conditions.

However, in hydrochloric acid a different mechanism was suggested where the 
corrosion rate of iron is rapid at pH values below 3 with strong participation of the 
chloride counter-ions [24]. It is important to recall that usually sulfuric acid is con-
sidered as an oxidizing acid while hydrochloric acid is a reducing acid that induces 
different corrosion mechanisms. However, some authors claim that sulfuric acid can 
alternate between oxidizing and reducing characters depending on its concentration 
and the temperature of the medium [25]. In low concentration range, sulfuric acid 
would behave as a reducing acid.

In the case of hydrochloric acid, steel corrosion leads to the formation of iron 
chloride compound which is very soluble in the acid, offering very low protection 
as mentioned by Richardson [26]. For both ferritic and austenitic steels, both alloy 
composition and the acid concentration must be considered simultaneously to 
predict the behavior in mineral acids. The behavior can be under activation con-
trol for ferritic and sensitive to the flow for austenitic grades depending on acid 
concentration [27, 28]. With hydrochloric acid, the impact is detrimental espe-
cially to austenitic steels where the risk of localized attack is higher [29]. This 
situation is similar for austenitic stainless steels where hydrochloric acid affects 
the passivity through a significant decrease of the critical breakdown potential 
[30]. Krawczyk et al. [31] studied the impact of temperature and microstructure 
on the corrosion type (uniform, localized or mixed). Corrosion type diagram was 
developed depending on the acid concentration and temperature. From another 
perspective, cold rolling up to 20% did not show significant impact on corrosion 
rate and type. Isocorrosion chart shown in Fig. 10.2 indicates the corrosion risk on 
typical low grades of stainless steel in diluted hydrochloric acid at ambient tem-
perature. According to this diagram, it is necessary to select higher grades with 
higher nickel and molybdenum content in contact with hydrochloric acid solution. 
However, in sulfuric acid duplex stainless steel can be used up to 40% of the acid 
concentration depending on the temperature as shown in Fig. 10.3.

Hydrochloric acid is also detrimental to titanium alloy where the metal corroded 
in a sudden manner [32]. The corrosion rate of commercial titanium named grade 2 
and other titanium alloys in hydrochloric acid was found to be affected by the pres-
ence of ferric ions. Figure 10.4 shows the Isocorrosion chart where we can see that 
grade 2 can be used in hydrochloric acid up to an acid concentration of 5% at 
ambient temperature. In sulfuric acid, commercial titanium can be safely used up to 
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a concentration of 5% and a temperature of 50 °C based on the Isocorrosion chart in 
naturally aerated sulfuric acid [33].

From another perspective, Andijani et  al. [34] studied the risk of hydrogen 
absorption on titanium tubes. Indeed, the galvanic coupling between titanium 
tubes, iron sacrificial anodes and cupronickel alloy cladding on water box in MSF 
evaporator would induce a role of the cathode for titanium due to its high potential. 
The authors confirmed the absence of significant hydrogen absorption in commer-

Fig. 10.2 Isocorrosion chart (0.1  mm/yr) for different stainless steels in hydrochloric acid. 
Reproduced with permission from Ref. [26]; Copyright © 2010 Elsevier

Fig. 10.3 Isocorrosion chart (0.1 mm/yr) for carbon steel and stainless steels in sulfuric acid. 
Reproduced with permission from Ref. [25]; Copyright © 2010 Elsevier
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cial titanium in sulfuric acid at 50 °C. This result is in agreement with the investiga-
tion conducted by Satoh [35] and could be explained by the alpha microstructure of 
commercial titanium known for its low diffusivity for hydrogen as reported by Been 
et al. [36].

Copper alloys are successfully used with non-oxidizing acids, such as sulfuric 
acid and hydrochloric acid with the condition of low acid concentration, deaeration 
and low ferric ion concentration. However, in air-saturated acidic solution, corro-
sion can reach up to 1.2 mm/yr. and would increase in hydrochloric acid [37].

It is important to notice that all the above-mentioned data are for a stagnant 
diluted acidic solution where the solvent is distilled or freshwater. However, in flow-
ing acidified seawater there is a scarcity of published studies to assess the real cor-
rosion risks. This emphasize the need to use of corrosion inhibitors as discussed in 
the following section.

Fig. 10.4 Isocorrosion 
chart (0.13 mm/yr) for 
different titanium and its 
alloys in hydrochloric acid 
with and without the 
presence of ferric ions. 
Reproduced with 
permission from Ref. [26]; 
Copyright © 2010 Elsevier
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10.5.2  Corrosion Inhibitors

Among the different types of corrosion inhibitors, acid corrosion inhibitors will be 
the focus in this section. The selection criteria for acid cleaning of MSF unit is not 
limited to the corrosion inhibition performance but also include the safety of use, 
economic limitations, chemical stability (interaction with other chemicals during 
cleaning), and environmental impact.

Corrosion inhibitor selection starts with the understanding of the corrosion 
mechanisms as well as how the inhibitor will behave on the different materials in the 
acid cleaning operation. Finding one corrosion inhibitor for various metallurgy rep-
resents one of the remaining technical challenges for the corrosion community. In 
the literature, acid corrosion inhibitors usually cover two metallic alloys as 
maximum.

On the other hand, the optimum concentration of the corrosion inhibitor depends 
on the environment parameters such as the pH and presence of corrosive constitu-
ents (halides) [38]. Many authors reported that below a particular critical concentra-
tion value of the inhibitor, inhibition turns into corrosion stimulation [39]. In 
addition, it is accepted that for certain critical pH value where we shift into slightly 
acidic condition, oxygen reduction has to be considered with hydrogen reduction 
that accelerates the kinetics of corrosion [39]. However, below that critical pH 
value, hydrogen reduction is the dominant cathodic process as in the situation of 
acid cleaning.

The presence of halides adsorbent (iodide, bromide and chlorides) was found to 
enhance the physical adsorption of the organic inhibitor and surface coverage on the 
steel metal surface offering better corrosion inhibition [40]. This synergy was vari-
able between halides with a debated order between iodide, bromide and chloride. In 
the same manner, Asefi et  al. [41] obtained a slight increase and stabilization of 
corrosion inhibitor efficiency with chloride concentration up to 0.1 mol/L. On the 
other side, chlorides are known for their simultaneous dissolution and localized cor-
rosion stimulation in acidic medium for cupronickel and stainless steel alloys 
respectively [42, 43]. Alvarez et al. [44] reported typical polarization curves of iron, 
nickel and their alloys in 1  M sulfuric acid for various chlorides concentrations 
where the passive region found disappeared with an increase of chloride concentra-
tion. The impact of chlorides present in the seawater in acid cleaning merit more 
investigation and can vary according to the metal substrate.

In the following section, the main corrosion inhibitors will be discussed for each 
alloy then a summary of the inhibitors that can be used for more than one metal/
alloy will be mentioned. For detailed information on corrosion inhibitors in acidic 
solution, the reader are advised to refer other references [45, 46]. 

Acid corrosion inhibitors on steel and its alloys are the most studied with an 
important focus on organic compounds with multiple heteroatoms containing polar 
functional groups to enhance the efficiency as reported by Revie et al. [47]. Within 
the context of acidic corrosion, organic corrosion inhibitors showed better passiv-
ation of the steel substrate compared to the inorganic inhibitors. Amine, aniline and 
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amino acids and their derivatives based inhibitors are used with success in acidic 
corrosion due to their non-bonding π–electrons that allow the formation of coordi-
nating bonds with metal surface [48–50]. The presence of oxide layer on the steel 
was found to enhance the bonding by the creation of hydrogen bond [51]. On the 
other hand, several Schiff base inhibitors were also studied demonstrating excellent 
inhibition efficiencies [52, 53]. Their excellent inhibition raise from their known 
combination of lone pair of electrons from both heteroatoms and π-electrons. For 
cast iron, Rajeswari et al. [54] studied the performance of three Schiff bases in the 
corrosion inhibition in 1 N hydrochloric acid solution. The efficiency was depen-
dent on the inhibitor concentration, exposure time and inhibitor substituent 
molecules.

Similarly, organic corrosion inhibitors dominate the protection of copper alloys 
in descaling conditions. Azoles, amines and amino acid-types are major copper cor-
rosion inhibitors [55–57]. The mechanism of corrosion inhibition is the same as for 
carbon steels and cast iron.

For passive alloys such as stainless steels and titanium, the story is different 
where the main risk to be mitigated is the localized corrosion in the form of pitting. 
Corrosion inhibitors suggested for stainless steel included both synthetic and natu-
ral compounds. For instance, Caliskan et al. [58] suggested the use of pyrimidine 
derivatives for austenitic stainless steel in 0.5 M sulfuric acid. Using different tech-
niques, the authors could demonstrate the mixed protection mode of the inhibitor as 
well as the spontaneous adsorption mechanism. Sanni et  al. [59] used an eco- 
friendly waste (eggshell powder) as a corrosion inhibitor for 316 L stainless steel in 
0.5 M sulfuric acid. Very high corrosion inhibition was obtained with a mixed inhi-
bition mechanism due to the amino acids and proteins present in this inhibitor.

Most of the published works during the last decade on acid corrosion inhibitors 
focused on steel and hydrochloric acid. This is explained by the application target 
such as the pickling process during the manufacturing processes. The presence of 
chlorides and stirring were rarely considered where most authors studied in distilled 
water acidified by hydrochloric acid at concentrations ranging between 
0.5–2 mol/L. Therefore, the obtained results are irrelevant for thermal desalination 
acid cleaning conditions. The growing interest to the green corrosion inhibitor use 
was also noticed but it is facing a serious challenge of scale-up and adoption by 
chemicals manufacturers.

Malik et al. [60] were among the rare authors studying the corrosion behavior of 
thermal MSF desalination alloys in flowing acidified (by sulfuric and hydrochloric 
acids) gulf seawater. The authors focused on the corrosion resistance of tubing 
materials such as cupronickel and titanium alloys. They observed an initial high 
corrosion rate followed by a decline to negligible corrosion rate in the presence of a 
commercial amine-based corrosion inhibitor. This was attributed to the gradual for-
mation of the passive layer. Following this study, Malik et al. [60] investigated the 
impact of the presence of oxygen where they could demonstrate the efficiency of 
commercial inhibitors in both aerated and deaerated dynamic acid solutions. 
Figure 10.5 shows the results obtained for immersion conditions for 6 h and at room 
temperature.
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Deaerating the acid cleaning solution increases the cost of cleaning and that can 
be avoided by other alternatives. On the other hand, we can notice the low inhibitor 
protectiveness for active alloys such as carbon steel and Ni-resist (austenitic cast 
iron) in dynamic aerated conditions. These alloys are usually adopted for MSF flash 
chamber bottom, sacrificial anode and brine recycle pump components. Since acid 
cleaning duration exceeds 6 h, it is advised to explore the corrosion inhibitor effi-
ciency for a longer duration.

Another practical experience comes from the field data presented by Abu Dayyeh 
et al. [61] on MSF acid cleaning using hydrochloric acid at Ghubra plant (Oman). 
The authors focused on the copper alloy corrosion and could estimate a very low 
thickness loss on different MSF evaporator tubes. Usually, MSF acid cleaning in the 
presence of corrosion inhibitors induces a copper concentration in the range of 
60–150 ppm. When considering the vast cupronickel alloy area, the corresponding 
calculated corrosion rate will be negligible as estimated by Abu Dayyeh et al. [61].

Meroufel et al. [62] studied the performance of a commercial amine-based cor-
rosion inhibitor to protect different MSF alloys in stagnant acidified Gulf seawater 
at 40 °C for different durations. Figure 10.6 shows the decline of the general corro-
sion rate with immersion time in the presence of the commercial corrosion inhibitor. 
When comparing with the results of Fig. 10.5, it appears that the flow reduced the 
corrosion rate significantly.

It is important to mention that the determination of acid corrosion inhibitor effi-
ciency was discussed in NACE TM 0193 standard [63]. It seems that due to the 
variety of chemical cleaning applications, there is no universal test method and the 
corrosion severity obtained on clean metal coupons is not the same experienced dur-
ing real acid cleaning operation. On the other hand, the duplication of field acid 
cleaning conditions is quite difficult in laboratory tests. Especially when  considering 

Fig. 10.5 Corrosion rate of MSF alloys in dynamic acidified (2% hydrochloric acid) seawater at 
room temperature in the presence of a commercial corrosion inhibitor
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the ratio of sample surface area to the solution volume, exposure duration, seawater 
salinity, velocity and interaction between scale and corrosion inhibitors.

Thus, the assessment of corrosion inhibitor performance during real acid clean-
ing process is the most efficient way to fix the corrosion risks. Figure 10.7 shows a 
typical evolution of copper ions during an acid cleaning of real MSF unit using 2% 
hydrochloric acid acidified seawater with a commercial approved corrosion 
inhibitor.

We can observe, the slope change of the copper ion concentration due to the 
action of corrosion inhibitor which slows down the corrosion rate. This later can be 
obtained from the slope of copper evolution curve after considering the exposed 
surface area. Then, the slope is converted into corrosion current density as  performed 

Fig. 10.6 Commercial corrosion inhibitor efficiency to protect MSF alloys in stagnant acidified 
(2% hydrochloric acid) seawater at 40 °C

Fig. 10.7 Copper evolution during acid cleaning of MSF unit
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by Amin et al. [64]. This method was found to be well correlated with weight loss 
method if the copper ions concentration is accurately determined.

10.6  Conclusions and Outlook

In this chapter, acid cleaning of heat exchangers in thermal desalination plant has 
been discussed from a corrosion point of view with a brief indication of descaling 
performance. The domination of hydrochloric acid due to its super descaling prop-
erties raise the concern of corrosion risk on different alloys. This risk is mitigated 
with a suitable corrosion inhibitor. Limited published studies were observed relative 
to the acid cleaning conditions and materials of thermal desalination alloys. The 
absence of industrial standards and the over conservatism of both desalination and 
materials manufacturers raise the technical and scientific need for more corrosion 
research on the mechanisms and inhibition possibilities.

Whereas the corrosion inhibitor concentration adopted in practice is below 2%, 
the selection of suitable corrosion inhibitors for simultaneous protection for multi-
ple alloys remains the main research question. Indeed, the commercially available 
corrosion inhibitors are usually performing for one or two alloys. Another pending 
research question is the ability of commercial corrosion inhibitor to mitigate pitting 
corrosion of low stainless steel grades such as 316 L.

On the other hand, many efforts are conducted to avoid acid cleaning of heat 
exchangers including the adoption of physical (pneumatic) methods using a hydro- 
mechanical system. However, this kind of techniques is limited to one heat exchanger 
and cannot be applied to large MSF condensers or MED effects because of the time- 
consuming aspect.
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Chapter 11
Advanced Corrosion Prevention 
Approaches: Smart Coating 
and Photoelectrochemical Cathodic 
Protection

Viswanathan S. Saji

11.1  Introduction

Corrosion is a natural process causing materials damage and components failures. 
The worldwide corrosion cost is projected to be approximately US$ 2.5  trillion, 
which is equivalent to 3.4% of the global gross domestic product (GDP) [1–3]. 
Appropriate modifications in the material (e.g. corrosion-resistant alloys), environ-
ment (e.g. corrosion inhibitors) or material’s surface (e.g. coatings) is requisite for 
effective corrosion protection. Corrosion can also be prevented by cathodic (by sac-
rificial anode or impressed current methods) and anodic methods [4, 5]. In several 
industrial applications, a combination of surface coatings and cathodic protection 
(CP) can deliver the most effective corrosion mitigation. Coatings alone may not be 
fully adequate to provide corrosion protection for the underlying metal in aggres-
sive environments such as seawater as they are accompanied by microscopic pores, 
and the coating defects increase with the increase in service time. Conversely, CP 
alone is generally not cost-effective.

Seawater desalination has emerged as a viable alternative water supply in the 
modern world, predominantly in arid countries. Research and development over the 
last five decade in this area bring about many advancements leading to more effi-
cient and cost-effective desalination systems [6, 7]. However, corrosion remains a 
major threat in seawater desalination systems. The average salinity of seawater is  
~ 3.5%, and the oxygen concentration reaches a maximum at this salt level. Com-
bined with the high oxygen and the salt content and the presence of various other 
aggressive species, microbes, fouling agents and pollutants make seawater extremely 
corrosive to structural materials.
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The primary objective of this chapter is to provide a concise description of two 
selected cutting-edge corrosion control approaches, one each from the surface coat-
ing and the CP, which can be employed in desalination industries for more effective 
corrosion protection. The first section of the chapter deals with smart coatings, an 
attractive coating approach that can deliver controlled active protection with self- 
healing abilities. The smart coating approaches are explained with reference to 
supramolecular interactions. The second section explains impending solar energy 
assisted CP method; namely photoelectrochemical cathodic protection (PECP).

11.2  Smart Coatings

A corrosion protective surface coatings in general works by passive protection or 
active protection. The passive protection depends entirely on the coating’s barrier 
properties, whereas the active protection depends on the incorporated corrosion 
inhibitors in the coating matrix [8–10]. The smart coating concept makes use of 
both the active and the passive protection intelligently via the controlled on-demand 
release of inhibitors.

In general, a smart coating approach relies on a specialized resin, pigment, or 
other material that can respond to an environmental stimulus and react to it. Instead 
of direct doping of corrosion inhibitors in the coating matrix, a smart coating uti-
lizes approaches such as encapsulation of inhibitors in nano/microcontainers that 
are dispersed homogeneously in the host coating [11, 12]. The immobilization/
encapsulation method can overcome the problems with the direct doping approach, 
such as early inhibitor leakage and undesirable inhibitor-matrix interactions [13]. 
When the coating is damaged, the incorporated containers releases the pre-loaded 
inhibitors to repair the defects. A perfect nano/microcontainer is projected to be 
featured with the following attributes [14]:

 (i) Chemical and mechanical stability
 (ii) Compatibility with the coating matrix
 (iii) Adequate loading capability
 (iv) An impervious covering wall to avoid leakage of the active matter
 (v) Skill to sense corrosion initiation
 (vi) Release of the active matter on response.

The smart coating relies on supramolecular chemical approaches [15]. 
Supramolecular chemistry, otherwise called ‘chemistry of molecular assemblies’ or 
‘the chemistry of the intermolecular (non-covalent) bond’, are branded by the three- 
dimensionally arranged supramolecular species with intermolecular interactions 
(e.g., ion-ion, ion-dipole, dipole-dipole, hydrogen bonding, π–π, etc.). 
Supramolecular compounds can be conveniently categorized into (i) molecular self- 
assemblies, (ii) host-guest complexes, and (iii) molecules built to specific shapes 
(rotaxanes, dendrimers etc.). In the host-guest chemistry-based systems, a host (a 
large molecule, aggregate or a cyclic compound having a cavity) binds a guest 
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 molecule making a host-guest supramolecule. More details on supramolecular com-
pounds can be found elsewhere [15–20].

Structural alterations of supramolecular assemblies permit stimuli responsive-
ness. The nanocontainers disseminated in coatings can discharge the captured inhib-
itors in a regulated manner, which can be accustomed to occur along with the 
corrosion instigation or local environment changes (temperature, pH or pressure 
changes, radiation, mechanical action etc.) by using reversible covalent bonds or 
feebler non-covalent interactions. Smart coatings can be divided into several types 
based on the functionalization, and that can have several functions such as self- 
cleaning, self-healing, anti-biofouling and anti-corrosion [12, 21–29]. Several 
research efforts are presently ongoing in fabricating porous, hollow, or layer struc-
tured nanocontainers. Here, we describe recent research advancements in nano/
microcontainers where supramolecular approaches are utilized in crafting more 
proficient smart coatings.

11.2.1  Polymer-Based Nano/Microcapsules

Polymeric capsules have been explored extensively as a carrier of core components 
in smart coating applications. Here, the active constituent (core) is embedded within 
another material (shell) to protect the core from the direct surroundings. Either 
monomers/pre-polymers (by methods such as emulsion polymerization, interfacial 
polycondensation etc.) or polymers (by suspension cross-linking, solvent extraction 
etc.) can be employed for the production of nano/microcontainers. Polyurea (PUA)-
formaldehyde and polyurethane (PU)-based containers were among the first strate-
gies developed in this area [30].

Huang et al. prepared PU microcapsules encircling hexamethylene diisocyanate 
via interfacial polymerization of methylene diphenyl diisocyanate prepolymer and 
1,4-butanediol in oil-in-water emulsion [31]. Latnikova et al. showed that the type 
of polymer used had a noteworthy influence on the structure of the capsules formed. 
The PU and PUA loaded with the inhibitors were found to be evenly dispersed in the 
polymer matrix when compared with polyamide containers [32]. Gite et al. on their 
studies on quinoline incorporated PUA microcapsules showed that well defined, 
thermally stable spherical microcapsules with mean diameters of 72 and 86 μm 
were displayed excellent thermal and storage stabilities up to 200 °C [33]. All these 
studies presented considerably enhanced corrosion resistance for the self-healing 
coating after incorporating an optimized amount of microcapsules. For example, a 
low corrosion rate of 0.65 mm year−1 was obtained in 5 wt.% HCl for mild steel 
coated with PU with the incorporation of 4 wt.% of microcapsules loaded quinoline 
corrosion inhibitor [33]. Li et al. described pH-responsive polystyrene (PS) nano-
container where benzotriazole (BTA) inhibitors were encapsulated in the PS matrix 
during polymerization, and that was followed by adsorption of a highly branched 
polyethylenimine as a controlled release system of BTA [34]. Maia et al. showed 
that incorporation of PUA microcontainers loaded with 2-mercaptobenzothiazole 
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(MBT) in sol-gel coating (on 2024 Al alloy) was beneficial to improve the coating’s 
barrier properties as well as coating adhesion [35]. Latnikova et al. described an 
intersting concept by the synergistic combination of the passivation and hydropho-
bicity (Fig. 11.1) where alkoxysilanes with long hydrophobic tails were captured in 
PU microcapsules. On coating damage, the released alkoxysilanes form covalent 
interaction with the hydroxyl groups on the metal surface developing an inactive 
electrochemical film. The highly hydrophobic properties ascribed to the long hydro-
carbon tails enhanced the barrier properties by precluding water/aggressive ions 
infiltration [36]. Further details on polymeric nanocontainers can be found else-
where [30]. Several studies investigated polymer nano/microgels-based novel carri-
ers [37, 38].

11.2.2  Host-Guest Chemistry-Based

Stimulus feed-back anti-corrosion coatings, made-up by the dissemination of 
‘guest’ materials (inhibitor loaded intelligent nanocontainers) into ‘host’ matrix 
have attracted considerable research attention [12, 26, 27, 39, 40]. The expected 
properties of the guest materials are:

Fig. 11.1 Schematic of a self-healing smart coating. (a) Coating encompassing microcapsules 
loaded with alkoxysilanes on a metal substrate. (b) The release of encapsulated alkoxysilanes on 
coating damage. (c) The reaction of alkoxysilanes with H2O from the ambient environment. (d) 
The damaged surface becomes passive and hydrophobic. Reproduced with permission from Ref. 
36; Copyright 2011 © Royal Society of Chemistry

V. S. Saji



229

 (i) High loading capability
 (ii) Good compatibility
 (iii) Stimulus-responsiveness
 (iv) Controlled release property
 (v) Zero premature release
 (vi) Prompt high sensitivity

Here, we provides a few examples of host-guest chemistry-based systems of meso-
porous silica and cyclodextrins (CDs).

Mesoporous silica nanocontainers (MSNs) have attracted considerable research 
attention due to their large specific surface area, easy surface functionalization, bio-
compatibility, high stability, and controllable pore diameter [41–43]. Borisov et al. 
showed that too low concentrations (0.04 wt.%) of embedded nanocontainers led to 
good coating barrier properties, however, reduced active corrosion inhibition due to 
insufficient inhibitor availability. In contrast, higher concentrations of the nanocon-
tainers (0.8–1.7 wt.%) degraded the coating integrity, leading to diffusion paths for 
aggressive species and reduced barrier effect. A coating with 0.7  wt.% inhibitor 
loaded MSNs exhibited the best corrosion protection [44, 45]. Zheludkevich et al. 
described a layer by layer (LBL) assembly where pH-sensitive silica nanoparticles 
were covered with polyelectrolyte layers, and layers of BTA and that was succes-
sively assimilated into a hybrid sol-gel coating (~ 95 mg of inhibitor /1 g of SiO2). 
The enhancement of corrosion resistance was credited to the better adhesion, 
improved barrier effect, and placid inhibitor release. When corrosion commenced, 
the local pH changes and that opens the polyelectrolyte shell of the nanocontainers 
releasing BTA. After corrosion suppressed, the local pH gets recovered, closing the 
polyelectrolyte shell and terminating further inhibitor release [21]. Chen and Fu 
fabricated hollow mesoporous silica nanocontainers (diameter  0.5–08  μm, shell 
thickness  ~ 100  nm) using poly(vinylpyrrolidone) and cetyltrimethylammonium 
bromide templates, and subsequently, pH-sensitive supramolecular nanovalves 
comprising of ucurbit [6] uril (CB [6]) rings and bisammonium stalks were anchored 
to the nanocontainers’s outer surface. At neutral pH, the CB [6] incorporated the 
bisammonium stalks firmly, closing the nanopore orifices effectively, and once the 
pH augmented, the stalks became deprotonated and CB [6] de-threaded from the 
stalks, opening the nanovalves with inhibitor release [46, 47]. Ding et al. explored 
an innovative organic silane-based corrosion potential-stimulus feedback active 
coating (CP-SFAC) for Mg alloys, based on redox-responsive self-healing concept 
[48, 49] where the surface potential reduction after localized corrosion initiation 
was exploited as a trigger. The design utilized supramolecular self-assembly tech-
nique where corrosion potential-stimulus responsive nanocontainers (CP-SNCs) 
that were composed of Fe3O4@mSiO2 as magnetic nanovehicles and bipyridinium 
⊂ water-soluble pillar [5] arenes (BIPY ⊂ WP [5]) assemblies as gatekeepers/disul-
fide linkers. The Fe3O4@mSiO2 produced by the reverse microemulsion method 
displayed a core-shell structure with ~ 50 nm thick amorphous SiO2 shell. Figure 11.2 
schematically shows the synthesis procedure of 8-hydroxyquinoline (8-HQ) encap-
sulated CP-SNCs from Fe3O4@mSiO2. The fabricated CP-SNCs were successively 
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assimilated into the hybrid sol-gel coating to construct CP-SFAC and coated on the 
AZ31B alloy [49]. The supramolecular assemblies with high binding affinity effi-
ciently blocked the captured corrosion inhibitor (8-HQ), within the mesopores of 
Fe3O4@mSiO2. At corrosion potentials (−1.5 V vs SHE, Mg alloy), the inhibitor 
gets released instantly because of the cleavage of disulfide linkers and the removal 
of the supramolecular assemblies (Fig. 11.2) [49].

An efficient inhibition strategy for early leakage through organosilyl modifica-
tion at the outlet of mesopores were reported by Zheng et al. The nanocontainers 
assimilated coating showed good barrier effect, long-term self-healing and stimuli 
responsiveness to local pH change [50]. Zhao et al. fabricated hollow silica nano-
capsules with Mg(OH)2 precipitation in shells (HSNs) through an inverse emulsion 
polymerization where BTA has been immobilized in HSNs. Ultraviolet-visible 
(UV–vis) spectroscopic release studies at different pH values displayed that the 
amount of released BTA from the salt-precipitated HSNs in acidic solution was 

Fig. 11.2 Schematic diagrams of (A) Synthetic method of CP-SNCs [(1) Fabrication of Fe3O4@
mSiO2, (2) Functionalization process, and (3) Loading & Capping]; and (B) Corrosion potential- 
induced release. Reproduced with permission from Ref. 49; Copyright 2017 © American Chemical 
Society
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considerably greater than that of HSNs without salt-precipitation [51]. Liang et al. 
reported an acid and alkali dual-stimuli responsive SiO2-imidazoline nanocompos-
ites (SiO2–IMI) with high inhibitor loading capacity. The SiO2-IMI were homoge-
neously disseminated into the hydrophobic SiO2 sol, and a superhydrophobic 
surface was realized on Al alloy by dip-coating [52]. Wang et al. reported redox- 
triggered- smart-nanocontainers, assembled by mounting β CD functionalized with 
ferrocene onto the exterior surface of MSNs [53].

CDs are one of the foremost supramolecular hosts that can deliver diverse self- 
assembled structures and functionalities [17, 54, 55]. They are attractive in terms of 
availability, biocompatibility and cost factor. CDs are cyclic oligomers of glucose 
consisting of 6–8 D-glucopyranoside units connected edge to edge, with faces 
pointing inwards, headed for a central hydrophobic cavity wherein the interior cav-
ity can accommodate guest molecules (Fig. 11.3). Amiri and Rahimi used α, β and 
γ forms of CD-based inclusion complex containing organic inhibitors to create 
on- demand release coatings. Salt spray test revealed that larger nanocontainer’s 
size, higher nanocontainer content, and thicker coating afforded better corrosion 
protection. Corrosion initiation of the coated Al substrate happened after 6 days of 
salt spray on the bare sample, but the samples with nanocontainer-based coatings 
did not rust even after 1000 h [56, 57].

Fig. 11.3 (a) Molecular structure of CDs. (b) Schematic showing the formation of inclusion com-
plex with guest molecule. Reproduced with permission from Ref. 56 & 57; Copyright 2015 & 
2014 © Springer
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He et  al. fabricated a nanoreservoir based on multi-walled carbon nanotubes 
(MWCNTs) and β CDs through a modest chemical way (Fig. 11.4). As evident from 
the SEM image, there was a noteworthy enlargement of MWCNTs after being 
amended by β CD, and that indicated that β CD was mounted on the surface of 
MWCNTs. TEM images (Fig. 11.4b) showed that it was an assembly of individual 
MWCNTs with heterogeneous layers. The β CD/MWCNTs were then loaded with 
a benzimidazole inhibitor and blended into epoxy. The scarification test in NaCl 
solution for 12 h (Fig. 11.4c) supported the better anti-corrosion and self-healing 
capability of the modified coating and that was ascribed to the controlled inhibitor 
release [58].

11.2.3  Inorganic Clay-Based

The inorganic clays have attracted much research attention as a low-cost nanocon-
tainer. Halloysite clay nanotubes are the most widely investigated one. Halloysites 
appear in different morphologies, such as platy, spheroidal, and tubular, where the 
most prevalent morphology is tubular. The chemical formula of halloysite clay can 
be represented as Al2(OH)4Si2O5·nH2O.  The hydrated halloysite (n  =  2), called 
 ‘halloysite- 10 (Å)’, has a layer of water molecules between the adjacent clay layers 
(Fig. 11.5) [64].

The hollow structure of halloysite nanotubules can adequately encapsulate the 
active agent. The strong surface charges can permit multilayer-nanoscale- assemblies 
through LBL adsorptions, and that can be enclosed with polyelectrolytes to form 

Fig. 11.4 (A) Synthesis of nanocontainers and fabrication sequence of the coating. (B) SEM and 
TEM images of MWCNTs/β CD. (C) Scarification test results (10 wt.% NaCl solution, 12 h) for 
steel specimens coated with (left) epoxy resin mixed with 3 wt.% β CD/MWCNTs loaded with 
inhibitor and (right) without corrosion inhibitor. Reproduced with permission from Ref. 58; 
Copyright 2016 © Elsevier
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nano-shells, overcrowding the tube ends and realizing controlled release of encapsu-
lated inhibitors against an external stimulus [59]. Figure 11.6 shows scanning elec-
tron microscopy (SEM) images of halloysite nanotubes before and after loading a 
corrosion inhibitor (MBT). The initial halloysites comprise of well- defined nano-
tubes with sizes at the range of 1–15 μm. The maximum MBT quantity loaded was 
5 wt.%. To achieve controlled release properties the nanotubes surfaces were modi-
fied by two polyelectrolyte bilayers [poly(styrene sulfonate) (PSS)/poly(allylamine 
hydrochloride) (PAH)] (Fig.  11.6) resulting in an inhibitor/halloysite/PAH/PSS/
PAH/PSS layered structure. The opening of the shell can be realized by changing the 
system pH to acidic or alkali levels due to the onset of corrosion [22].

More details on inorganic clay nanocontainers can be found elsewhere [22, 60–64]. 
Several reports on anionic clays are available [65–67].

11.2.4  Polyelectrolyte-Based

Polyelectrolyte multilayers are widely investigated for smart coating applications. 
Polyelectrolytes (polymer + electrolyte) comprising of the fraction of monomeric 
units with ionized functional groups (cationic/anionic polyelectrolytes) can be 
assembled on the surface of nanoparticles via LBL approach. The incorporated 
inhibitors will be released in a controlled way when the confirmation of the poly-
electrolyte molecules alters due to changes in pH or mechanical impact of the 
 surrounding media [30, 68–71]. Polyelectrolytes can provide smart anti-corrosion 
protection due to different ways [70]:

• Buffering activity of the polyelectrolyte multilayers
• Self-curing due to mobility of the polyelectrolyte multilayers
• Polyelectrolyte multilayers as a carrier for corrosion inhibitors

Fig. 11.5 Structure of halloysite clay particle. Reproduced with permission from Ref. 64; 
Copyright 2017 © Elsevier
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A schematic showing the mechanism of action of smart self-healing polyelectrolyte 
coating with incorporated inhibitors is presented in Fig. 11.7. More details can be 
found elsewhere [68–71]

The design and preparation of novel supramolecular nanocontainers with multi- 
functionalities is anticipated to bring excellent prospects for developing new gen-
eration corrosion prevention coatings. In spite of the substantial extent of research 
efforts in this direction, there are only a few commercially offered products [27]. 
Many reported works available in the recent literature have the potential for 
industrial- scale applicability.

Fig. 11.6 SEM images of (A) as-formed halloysite nanotubes and (B) halloysites nanotubes 
doped with inhibitor (MBT) and coated with PAH/PSS/PAH/PSS polyelectrolyte layers (scale bar 
in B is 1.5 μm). Schematic illustration of the fabrication of MBT-loaded halloysite/polyelectrolyte 
nanocontainers is provided below. Reproduced with permission from Ref. 22; Copyright 2008 © 
American Chemical Society
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11.3  Photoelectrochemical Cathodic Protection

Cathodic protection (sacrificial anode and impressed current methods) is an exten-
sively employed corrosion prevention method. CP impedes corrosion by altering the 
active (anodic) sites on the metallic structure to passive (cathodic) sites by provid-
ing electrical current. The technique has a wide range of industrial applications; to 
mention a few, water/fuel pipelines, storing tanks, boat/ship hulls, offshore plat-
forms, onshore well casings, and reinforcing steels. However, the cost factor occa-
sionally limits the application.

While the sacrificial anode cathodic protection (SACP) works by the sacrificial 
current from an anode (e.g. Al, Mg); the impressed current (ICCP) method makes 
use of direct current from a rectifier to cathodically protect the steel. Both methods 
have advantages and disadvantages of their own. ICCP is not economic in terms of 
continuous usage of current whereas SACP is not attractive in terms of expensive 
anode materials. SACP is not considered environmentally friendly and the elec-
trodes get consumed during the operation [72].

A recent environmentally friendly approach in this arena is photoelectrochemi-
cal cathodic protection (PECP) that utilizes renewable energy (solar energy) to 
generate electricity using a semiconductor photoelectrode (photoanode). On illu-
mination, electrons in a semiconductor can be excited to conduction band yield-
ing holes in valence band. The electrons produced can be used for protecting a 
metallic structure by altering the metal potential cathodically (to more negative 
values) than the potential at which corrosion occurs (Fig. 11.8). The photoanode 
does not get used up during the operation and is environmentally friendly. The 
method is economical as it does not consume electrical energy or waste anode 
material. The technique can be worthy for areas where power supplies are limited 
(Fig. 11.9).

TiO2 is the extensively researched semiconducting transition metal oxide for 
photoanode fabrication. The material has attracted widespread research attention 

Corrosion attack Response of PEs Self-Healing
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PE
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PE
–

Inh
PE

–

PE
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H2O

OH–

OH–

H2O

Fig. 11.7 Schematic mechanism of self-healing action of a smart polyelectrolyte anti-corrosion 
coating. Corrosion attack causes pH change of the system stimulating response of the polyelectro-
lyte coating: pH buffering, rearrangement of polymer chains and release of corrosion inhibitors 
(PE+ − positively charged polyelectrolyte; PE− – negatively charged polyelectrolyte; Inh – corro-
sion inhibitor). Reproduced with permission from Ref. 70; Copyright 2010 © American Chemical 
Society
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because of its interesting photocatalytic properties, environmental friendliness, 
chemical stability and economic feasibility. The idea of PECP for metals by TiO2 
coatings under UV illumination was firstly reported in the year 1995 [75]. Since 
then, several studies have been reported on corrosion prevention of metals using 
TiO2-based surface coatings [76, 77]. Park et al. further advanced the PECP tech-
nique motivated by the concept of employing a photoanode as an alternative to the 
sacrificial anode for prevention of steel corrosion. On UV illumination, a TiO2 pho-
toanode in contact with a hole scavenging medium can supply photocurrent to an 
electrically joined steel cathode, shifting the cathode potential to protective passive 

Fig. 11.8 The model of PECP of metal by semiconductor photoanode. Reproduced with permis-
sion from Ref. 73; Copyright 2017 © Creative Commons Licence
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Fig. 11.9 Schematic diagram of the proposed photocathodic metal protection system using a 
TiO2 photoanode and solar light. Reproduced with permission from Ref. 74; Copyright 2002 
© American Chemical Society
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values [74, 78]. Since then, PECP by TiO2 photoanodes has received significant 
research attention [79–103]. In addition to the use of commercial TiO2, different 
cost-effective approaches were employed for the preparation of TiO2 such as sol-gel 
[79], hydrothermal [80], and liquid phase deposition [81]. Anodization of metallic 
Ti was also widely employed [82]. Among these methods, the liquid phase deposi-
tion (LPD) method is perhaps the most economical and can produce crystalline 
metal oxide semiconductor films at lower temperatures [81, 83, 84].

It is the wide bandgap (3.0 and 3.2 eV respectively for rutile and anatase phases) 
that limits photocatalytic properties of TiO2 to UV region (wavelength < 390 nm). 
Different approaches were investigated to augment the photoactivity of TiO2 from 
UV to the visible part, for example, metal/non-metal doping, dye sensitization, and 
semiconductor coupling. Among them, non-metal doping (with N, C, S etc.) [85, 
86] has attracted significant recent research attention. It has been shown that N and 
F-doping eased the formation of surface oxygen vacancies, with a higher number of 
Ti3+ ions [85]. Sol-gel solvothermal synthesized N-F-doped TiO2 presented excel-
lent photocatalytic properties than a commercial-grade P25 TiO2 [87]. Similarly, 
hydrothermally synthesized N-F-doped anatase TiO2 from (NH4)2TiF6 and NH3 
aqueous solutions showed strong absorption at 400–550 nm wavelength range [88]. 
Lei et al. have employed N-F-doped TiO2 surface coating for the PECP of steel, that 
showed excellent visible light response at 600–750  nm wavelength range [81]. 
Although doping can reduce the band-gap, it has disadvantages such as indirect 
doping level with low absorption efficiency, and introduction of new recombination 
centers [73]. As an alternative to doping, semiconductor coupling was extensively 
researched.

Coupling TiO2 with other semiconductors with appropriate energy levels is an 
accepted way to ease the separation of photoelectron-hole pairs. Small bandgap 
semiconductors, such as CdS [89], CdSe [90], PbS [91], PbSe [92] etc. have been 
introduced into mesoporous TiO2 films to improve the visible light response. Zhang 
et al. reported a highly efficient CdSe/CdS co-sensitized TiO2 nanotube films for 
PECP of stainless steel (SS) [93]. Li et  al. reported an electrodeposited CdS- 
modified ordered anodized TiO2 nanotubes photoelectrodes. The composite elec-
trode efficiently harvested solar light in the UV and visible region and that was 
credited to the improved charge separation and electron transport efficiencies. The 
electrode potentials of 304 SS coupled with the composite photoanode shifted nega-
tively for about 246 mV and 215 mV under UV and white light irradiation, respec-
tively [94]. Several reports are available on carbon composite TiO2 and 
polymer-modified TiO2 photoanodes. More details can be found elsewhere [73].

Among the several alternatives reported for TiO2, the graphitic carbon nitride 
(g-C3N4) is a recently reported promising material. However, the fast secondary 
recombination of photogenerated charge carriers and the amphoteric property of 
g-C3N4 are negatives. A nanocomposite with structured carbons, for example, gra-
phene can improve the electrical conductivity and the charge separation efficiency 
of g-C3N4. Jing et al. reported a secondary reduced graphene oxide modified g-C3N4 
(R-rGO-C3N4) that was prepared by a thermal polycondensation method and a sub-
sequent reduction process (Fig. 11.10 A). An electrophoretic deposition was utilized 
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to fabricate the photoanode. The variations of the potentials and the current densi-
ties of the galvanic coupling under intermittent white light and visible light illumi-
nation are shown in Fig. 11.10 B & C. In dark, the potentials of all the three materials 
were close to the corrosion potential of 304 SS in 3.5 wt.% NaCl. The obvious shift 
of potential on light illumination corresponds to the cathodic polarization of steel. 
The photoinduced potential drops caused by rGO-C3N4 (190 mV) and R-rGO-C3N4 
(200 mV) were larger than that of g-C3N4 (120 mV), demonstrating the better PECP 
performance of R-rGO-C3N4. The stability in potentials corresponds to stability of 
the prepared photoanodes. Positive current densities (Fig. 11.10 B) are detected for 
all the three galvanic couplings under light illumination, signifying successful elec-
tron transfer from the photoanode to the cathode. The photoinduced current densities 
of the g-C3N4, rGO-C3N4 and R-rGO-C3N4 photoanodes under white light illumina-
tion were approximately 7.4, 13.5 and 17.8 μA.cm−2, respectively. Under visible 
light illumination, these values correspondingly decreased to 1.8, 3.5 and 5.1 μA.cm−2. 
The charge transfer resistance (Rct) was evaluated by performing electrochemical 

Fig. 11.10 (A) The schematic illustration of the preparation process of the R-rGO-C3N4 compos-
ite. The variations of the potentials (B) and current densities (C) of the 304 SS electrode coupled 
with the g-C3N4, rGO-C3N4 and R-rGO-C3N4 thin film photoanodes under intermittent light illumi-
nation. (D) Nyquist plots of the g-C3N4, rGO-C3N4 and R-rGO-C3N4 thin film photoanodes mea-
sured in the dark. The inset is the equivalent circuit used to fit the EIS results. Reproduced with 
permission from Ref. 95. Copyright 2017 © The Electrochemical Society
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impedance spectroscopy (EIS) studies in the dark at the open circuit potential (OCP) 
in 0.1 mol L−1 Na2SO4 (Fig. 11.10 D). The Rct (obtained by curve fitting) of R-rGO-
C3N4 (1.32 × 106 Ω.cm2) was smaller than rGO-C3N4 (5.86 × 106 Ω.cm2) and g-C3N4 
(1.30 × 107 Ω.cm2). The results displayed that rGO modification enhanced the elec-
trical conductivity of g-C3N4, and promoted the transfer and separation of photogen-
erated charge carriers [95].

Another main issue in terms of commercialization of the technique is the absence 
of photoelectrochemical response of the photoanode in dark. In this direction, many 
research attempts are going on in fabricating novel photoanodes with extended 
energy (photoelectron) storage capacities in addition to PECP. The idea is to store 
surplus energy in the photoelectrode during day time so that it can be used at night. 
Several semiconductor transition metal oxides such as MoO3 [96] and WO3 [76, 97] 
were investigated along with TiO2 in this direction. Bu and Ao classified the works 
reported in this domain as below:

• WO3-TiO2 composite photoanodes
• SnO2-TiO2 composite photoanodes
• CeO2-TiO2 composite photoanodes
• Porous structured TiO2 photoanodes

Oxides of Mo and W are famous for their higher pseudocapacitance. Saji and 
Lee has investigated in detail the potential and pH-dependent pseudocapacitance of 
Mo-surface oxides [98–100]. A nanosized TiO2/WO3 bilayer coating on the surface 
of 304 SS was reported by Zho et al. and found that this coating could maintain the 
CP effect for 6 h in the dark after switching off the light [101]. Park et al. measured 
the galvanic current between the TiO2/WO3 photoelectrode and the coupled steel 
electrode and verified that the photoinduced electrons generated by TiO2 transferred 
to WO3 and then overflowed to the coupled steel during the light illumination, and 
the stored electrons in WO3 flowed to the coupled steel directly or through TiO2 after 
the light was switched off [102]. Liang et al. synthesized WO3/TiO2 nanotube com-
posite film coated photoanodes where TiO2 nanotubes were synthesized on Ti by 
electrochemical anodization, followed by annealing at 450 °C and WO3 nanoparti-
cles were deposited on the film via potentiostatic electrodeposition [97]. Other than 
coupling with semiconductor, TiO2 films with special porous structures were also 
found to have certain electron storage properties [73].

Li et al. fabricated CdSe/RGO/TiO2 photoanodes by electrochemical deposition 
(Fig. 11.11A). Under visible-light illumination, the OCP of the photoanode coupled 
with 304 SS shifted cathodically indicative of efficient PECP. The photocurrent of 
the composite electrode (Curve d, Fig. 11.11 b) is ~ 8 times greater than that of pure 
TiO2 (Curve b). The enhanced performance was credited to its fast electron transfer, 
large surface area and ordered mesoporous structure. The composite photoanode 
provided satisfactory CP even in the dark (Fig.  11.11B). The potentiodynamic 
polarization curves (Fig.  11.11 C) clearly showed the better performance of the 
composite electrode. On illumination, the corrosion potential of both CdSe/TiO2 
and CdSe/RGO/TiO2 electrodes exhibited a significant cathodic shift compared 
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with that of pure 304 SS in the dark. The corrosion potential shift was much more 
negative for CdSe/RGO/TiO2 than CdSe/TiO2 electrode. The corrosion current den-
sity exhibited a noteworthy increase when steel was coupled with CdSe/RGO/TiO2 
under illumination and that was attributed to the photogenerated electrons [103].

 Table 11.1 shows a summary of PECP performance of TiO2-based photoanodes 
[73]. Several works not presented in Table 11.1 are available in the current literature 
that includes Bi2O3/TiO2 [104], g-C3N4/TiO2 [105], SrTiO3/TiO2 [106], In2O3/TiO2 
[107], ZnO/In2S3 [108], NiO/TiO2 [109], WO3/TiO2 [110], and RGO/WO3/TiO2 
[111]. In spite of the fact the PECP technology has a high potential for industrial- 
scale application, more research efforts need to be put forward to enhance the pro-
tection efficiency and photoelectron storage capability.

Table 11.1   A  summary of  PECP performance of  TiO2-based  photoanodes. Reproduced with 
permission from Ref. 73; Copyright 2017 © Creative Commons Licence

Photoanode Method Photo source
OCP 
(mV) Metal

Pure TiO2 Sol–gel UV light 600 Cu
Pure TiO2 Spray pyrolysis UV light 250 304 SS
Pure TiO2 LPD White light 655 304 SS
Pure TiO2 Anodization White light 354 304 SS
Pure TiO2 Hydro thermal White light 262 316L 

SS
Pure TiO2 Sol–gel White light 525 304 SS
Pure TiO2 Sol–gel UV light 439 316L 

SS
Pure TiO2 Sol–gel, hydrothermal White light 560 403 SS
Ni–TiO2 Sol–gel Visible light 300 304 SS
Cr–TiO2 Sol–gel Simulated 

sunlight
230 316L 

SS
Fe–TiO2 LPD White light 405 304 SS
N–TiO2 Anodization Visible light 400 316L 

SS
N–TiO2 Hydro thermal UV light 470 316L 

SS
N–F–TiO2 LPD Visible light 515 304 SS
CdS/TiO2 Anodization UV light 246 304 SS

Electrochemical deposition White light 215 304 SS
ZnS/CdS@TiO2 Anodization White light 900 403 SS

Electrochemical deposition
Ag/SnO2/TiO2 Photo-reduction deposition, 

sol–gel
Visible light 550 304 SS

MWCNT/TiO2 Sol–gel UV light 400 304 SS
GR/TiO2 Sol–gel UV light 400 304 SS
Sodiumpolyacrylate/
TiO2

LPD White light 710 304 SS
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11.4  Conclusions and Outlook

The chapter provides a brief account of two promising corrosion prevention strate-
gies that can be applied to desalination systems. In the first section, a short descrip-
tion of controlled on-demand release smart coatings with encapsulated inhibitors 
are provided. The section explains various nano/microcontainers that can be incor-
porated into the coating matrix for active protection. Among the four different types 
described, most of the recent works focused on mesoporous silica and cyclodextrin- 
based host-guest systems. Systematic practices need to be done in this area to opti-
mize a particular nanocontainer in a coating, where the containers do not decline but 
augment the mechanical strength, adhesion and barrier properties of the coating. 
Further research is requisite in realizing sustained-release nanocontainers.

In the second section, the environmentally friendly solar energy-assisted cathodic 
protection, the photoelectrochemical cathodic protection is briefed. This concept is 
different from the photovoltaic powered cathodic protection (solar cells used as the 
external power source). Here, a semiconductor photoanode is utilized to generate 
electricity from solar light instead of using solar cell as a power source. These meth-
ods are worthy for areas where power supplies are limited. Non-metal doping of 
TiO2 and semiconductor coupling of TiO2 with charge storing transition metal 
oxides are highlighted in this section. In spite of having a few promising research, 
more works need to be performed in this area for its potential large scale applica-
tion. Future research can be focused on combined systems of photoelectrochemical 
cathodic protection with traditional cathodic protection methods.
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King Fahd University of Petroleum & Minerals through Project No. SR171021 under the Deanship 
of Research.

References

 1. V.S. Saji, R. Cook, Corrosion Control and Prevention Using Nanomaterials, (Elsevier, 2012), 
ISBN 978-1-84569-949-9

 2. G.  Koch, J.  Varney, N.  Thompson, O.  Moghissi, M.  Gould, J.  Payer, International mea-
sures of prevention, application, and economics of corrosion technologies study, In NACE 
International Impact, ed. by G. Jacobson, March 2016, Houston

 3. L.T. Popoola, A.S. Grema, G.K. Latinwo, B. Gutti, A.S. Balogun, Corrosion problems during 
oil and gas production and its mitigation. Inter. J. Ind. Chem. 4, 1–15 (2013)

 4. M.G. Fontana, N.D. Greene, Corrosion Engineering, 3rd edn., (Mcgraw Hill, 1985), ISBN 
978-0070214637

 5. H.H.  Uhlig, R.W.  Review, (2009) Corrosion and Corrosion Control: An Introduction to 
Corrosion Science and Engineering, 4th edn., (Wiley, 2009), ISBN 978-0-471-73279-2

 6. J.  Kucera, Desalination  – Water from Water, (Scrivener Publishing LLC, Massachusetts, 
Wiley, 2014), ISBN: 9781118208526

 7. M. Elimelech, W.A. Phillip, The future of seawater desalination: Energy, technology, and the 
environment. Science 333, 712–717 (2011)

V. S. Saji



243

 8. A.E. Hughes, I.S. Cole, T.H. Muster, R.J. Varley, Designing green, self-healing coatings for 
metal protection. NPG Asia Mater. 2, 143–151 (2010)

 9. V.S. Saji, J. Thomas, Nano-materials for corrosion control. Corr. Sci. 92, 51–55 (2007)
 10. V.S.  Raja, A.  Venugopal, V.S.  Saji, K.  Sreekumar, S.  Nair, M.C.  Mittal, Electrochemical 

impedance behavior graphite dispersed electrically conducting acrylic coating on AZ 31 Mg 
alloy in 3.5 wt.% NaCl solution. Prog. Org. Coat. 67, 12–19 (2010)

 11. M. Jakab, J. Scully, On-demand release of corrosion-inhibiting ions from amorphous Al–co–
Ce alloys. Nat. Mater. 4, 667–670 (2005)

 12. A.S.H. Makhlouf, Handbook of Smart Coatings for Materials Protection, (Elsevier, 2014), 
ISBN 9780857096883

 13. S.V.  Lamaka, M.L.  Zheludkevich, K.A.  Yasakau, R.  Serra, S.  Poznyak, M.  Ferreira, 
Nanoporous titania interlayer as reservoir of corrosion inhibitors for coatings with self- 
healing ability. Prog. Org. Coat. 58, 127–135 (2007)

 14. Y. Feng, Intelligent Nanocoatings for Corrosion Protection of Steels, PhD Thesis, University 
of Calgary, (2017)

 15. V.S. Saji, Supramolecular concepts and approaches in corrosion and biofouling prevention. 
Corr. Rev. 37, 187–230 (2019)

 16. J.M.  Lehn, Supramolecular Chemistry: Concepts and Perspectives, (Wiley, 1995), ISBN 
978-3527293117

 17. J.  Szejtli, T.  Osa, Comprehensive Supramolecular Chemistry, Vol. 3, (Pergamon, 1999), 
ISBN 9780080912844

 18. J.W. Steed, J.L. Atwood, Supramolecular Chemistry, (Wiley, 2000), ISBN 978-0-470-51234-0
 19. J.M. Lehn, Towards complex matter: Supramolecular chemistry and self-organization. Proc. 

Natl. Acad. Sci. USA. 99, 4763–4768 (2002)
 20. J. Atwood, G.W. Gokel, L. Barbour, Comprehensive Supramolecular Chemistry II, 2nd edn., 

(Elsevier, 2017), ISBN 9780128031995
 21. M.L.  Zheludkevich, D.G.  Shchukin, K.A.  Yasakau, H.  Möhwald, M.G.S.  Ferreira, 

Anticorrosion coatings with self-healing effect based on nanocontainers impregnated with 
corrosion inhibitor. Chem. Mater. 19, 402–411 (2007)

 22. D.G.  Shchukin, S.V.  Lamaka, K.A.  Yasakau, M.L.  Zheludkevich, M.G.S.  Ferreira, 
H. Möhwald, Active anticorrosion coatings with halloysite nanocontainers. J. Phys. Chem. C 
112, 958–964 (2008)

 23. J. Baghdachi, Smart coatings, in ACS Symposium Series; (ACS, Washington, 2009), https://
doi.org/10.1021/bk-2009-1002.ch001

 24. M.L. Zheludkevich, J. Tedim, M.G.S. Ferreira, Smart coatings for active corrosion protection 
based on multi-functional micro and nanocontainers. Electrochim. Acta 82, 314–323 (2012)

 25. D.G. Shchukin, H. Möhwald, A coat of many functions. Science 341, 1458–1459 (2013)
 26. M.F. Montemor, Functional and smart coatings for corrosion protection: A review of recent 

advances. Surf. Coat. Technol. 258, 17–37 (2014)
 27. A. Stankiewicz, M.B. Barker, Development of self-healing coatings for corrosion protection 

on metallic structures. Smart Mater. Struct. 25, 084013 (2016)
 28. A.A. Nazeer, M. Madkour, Potential use of smart coatings for corrosion protection of metals 

and alloys: A review. J. Mol. Liq. 253, 11–22 (2018)
 29. F. Zhang, P. Ju, M. Pan, D. Zhang, Y. Huang, G. Li, X. Li, Self-healing mechanisms in smart 

protective coatings: A review. Corros. Sci. 144, 74–88 (2018)
 30. H. Wei, Y. Wang, J. Guo, N.Z. Shen, D. Jiang, X. Zhang, X. Yan, J. Zhu, Q. Wang, L. Shao, 

H. Lin, S. Wei, Z. Guo, Advanced micro/nanocapsules for self-healing smart anticorrosion 
coatings. J. Mater. Chem. A 3, 469–480 (2015)

 31. M. Huang, J. Yang, Facile microencapsulation of HDI for self-healing anticorrosion coatings. 
J. Mater. Chem. 21, 11123–11130 (2011)

 32. A. Latnikova, D.O. Grigoriev, H. Möhwald, D.G. Shchukin, Capsules made of cross-linked 
polymers and liquid core: Possible morphologies and their estimation on the basis of Hansen 
solubility parameters. J. Phys. Chem. 116, 8181–8187 (2012)

11 Advanced Corrosion Prevention Approaches: Smart Coating…

https://doi.org/10.1021/bk-2009-1002.ch001
https://doi.org/10.1021/bk-2009-1002.ch001


244

 33. V.V. Gite, P.D. Tatiya, R.J. Marathe, P.P. Mahulikar, D.G. Hundiwale, Microencapsulation of 
quinoline as a corrosion inhibitor in polyurea microcapsules for application in anticorrosive 
PU coatings. Prog. Org. Coat. 83, 11–18 (2015)

 34. G.L. Li, M. Schenderlein, Y. Men, H. Möhwald, D.G. Shchukin, Monodisperse polymeric 
core-shell nanocontainers for organic self-healing anticorrosion coatings. Adv. Mater. 
Interfaces 1, 1300019 (2014)

 35. F. Maia, K.A. Yasakau, J. Carneiro, S. Kallip, J. Tedim, T. Henriques, A. Cabral, J. Venâncio, 
M.L. Zheludkevich, M.G.S. Ferreira, Corrosion protection of AA2024 by sol-gel coatings 
modified with MBT-loaded polyurea microcapsules. Chem. Eng. J. 283, 1108–1117 (2016)

 36. A.  Latnikova, D.O.  Grigoriev, J.  Hartmann, H.  Möhwald, D.G.  Shchukin, Polyfunctional 
active coatings with damage-triggered water-repelling effect. Soft Matter 7, 369–372 (2011)

 37. M. Cai, Y. Liang, F. Zhou, W. Liu, Functional ionic gels formed by supramolecular assem-
bly of a novel low molecular weight anticorrosive/antioxidative gelator. J. Mater. Chem. 21, 
13399–13405 (2011)

 38. V.C. Cécile, B. Fouzia, S. Pierre, J. Loïc, Surface-assisted self-assembly strategies leading to 
supramolecular hydrogels. Angew. Chem. Int. Ed. 57, 1448–1456 (2018)

 39. D.G. Shchukin, H. Möhwald, Self-repairing coatings containing active nanoreservoirs. Small 
3, 926–943 (2007)

 40. A.  Popoola, O.E.  Olorunniwo, O.O.  Ige, Corrosion resistance through the application of 
anti-corrosion coatings, in Developments in Corrosion Protection, (Intech, 2014). https://doi.
org/10.5772/57420

 41. B. Chang, J. Guo, C. Liu, J. Qian, W. Yang, Surface functionalization of magnetic mesopo-
rous silica nanoparticles for controlled drug release. J. Mater. Chem. 20, 9941–9947 (2010)

 42. F. Maia, J. Tedim, A.D. Lisenkov, A.N. Salak, M.L. Zheludkevich, M.G.S. Ferreira, Silica 
nanocontainers for active corrosion protection. Nanoscale 4, 1287–1298 (2012)

 43. T.D. Nguyen, K.C.F. Leung, M. Liong, C.D. Pentecost, J.F. Stoddart, J.I. Zink, Construction 
of a pH-driven supramolecular nanovalve. Org. Lett. 8, 3363–3366 (2006)

 44. D. Borisova, H. Möhwald, D.G. Shchukin, Influence of embedded nanocontainers on the effi-
ciency of active anticorrosive coatings for aluminum alloys part I: Influence of nanocontainer 
concentration. ACS Appl. Mater. Interfaces 4, 2931–2939 (2012)

 45. D.  Borisova, H.  Möhwald, D.G.  Shchukin, Influence of embedded nanocontainers on the 
efficiency of active anticorrosive coatings for aluminum alloys part II: Influence of nanocon-
tainer position. ACS Appl. Mater. Interfaces 5, 80–87 (2013)

 46. T. Chen, J.J. Fu, pH-responsive nanovalves based on hollow mesoporous silica spheres for 
controlled release of corrosion inhibitor. Nanotechnology 23, 235605 (2012)

 47. T. Chen, J.J. Fu, An intelligent anticorrosion coating based on pH-responsive supramolecular 
nanocontainers. Nanotechnology 23, 505705 (2012)

 48. C.D.  Ding, Y.  Liu, M.W.  Wang, T.  Wang, J.J.  Fu, Self-healing, superhydrophobic coat-
ing based on mechanized silica nanoparticles for reliable protection of magnesium alloys. 
J. Mater. Chem. A 4, 8041–8052 (2016)

 49. C.D. Ding, J.H. Xu, L. Tong, G.C. Gong, W. Jiang, J. Fu, Design and fabrication of a novel 
stimulus-feedback anticorrosion coating featured by rapid self-healing functionality for the 
protection of magnesium alloy. ACS Appl. Mater. Interfaces 9, 21034–21047 (2017)

 50. Z. Zheng, M. Schenderlein, X. Huang, N.J. Brownbill, F. Blanc, D. Shchukin, Influence of 
functionalization of nanocontainers on self-healing anticorrosive coatings. ACS Appl. Mater. 
Interfaces 7, 22756–22766 (2015)

 51. D. Zhao, D. Liu, Z. Hu, A smart anticorrosion coating based on hollow silica nanocapsules 
with inorganic salt in shells. J. Coat. Technol. Res. 14, 85–94 (2017)

 52. Y. Liang, M.D. Wang, C. Wang, J. Feng, J.S. Li, L.J. Wang, J.J. Fu, Facile synthesis of smart 
nanocontainers as key components for construction of self-healing coating with superhydro-
phobic surfaces. Nanoscale Res. Lett. 11, 231 (2016)

 53. T.  Wang, L.H.  Tan, C.D.  Ding, M.D.  Wang, J.H.  Xu, J.J.  Fu, Redox-triggered controlled 
release systems-based bi-layered nanocomposite coating with synergistic self-healing prop-
erty. J. Mater. Chem. A 5, 1756–1768 (2017)

V. S. Saji

https://doi.org/10.5772/57420
https://doi.org/10.5772/57420


245

 54. J.  Szejtli, Introduction and general overview of cyclodextrin chemistry. Chem. Rev. 98, 
1743–1754 (1998)

 55. W. Saenger, Cyclodextrin inclusion compounds in research and industry. Angew. Chem. Int. 
Ed. Engl. 19, 344–362 (1980)

 56. S.  Amiri, A.  Rahimi, Synthesis and characterization of supramolecular corrosion inhibi-
tor nanocontainers for anticorrosion hybrid nanocomposite coatings. J. Polym. Res. 22, 66 
(2015)

 57. S. Amiri, A. Rahimi, Preparation of supramolecular corrosion-inhibiting nanocontainers for 
self-protective hybrid nanocomposite coatings. J. Polym. Res. 21, 566 (2014)

 58. Y. He, C. Zhang, F. Wu, Z. Xu, Fabrication study of a new anticorrosion coating based on 
supramolecular nanocontainers. Synth. Met. 212, 186–194 (2016)

 59. E. Abdullayev, R. Price, D. Shchukin, Y. Lvov, Halloysite tubes as nanocontainers for anti-
corrosion coating with benzotriazole. ACS Appl. Mater. Interfaces 1, 1437–1443 (2009)

 60. D.G. Shchukin, H. Möhwald, Surface-engineered nanocontainers for entrapment of corro-
sion inhibitors. Adv. Funct. Mater. 17, 1451–1458 (2007)

 61. D. Fix, D.V. Andreeva, Y.M. Lvov, D.G. Shchukin, H. Möhwald, Application of inhibitor- 
loaded halloysite nanotubes in active anti-corrosive coatings. Adv. Funct. Mater. 19, 1720–
1727 (2009)

 62. M.L. Zheludkevich, S.K. Poznyak, L.M. Rodrigues, D. Raps, T. Hack, L.F. Dick, T. Nunes, 
M.G.S. Ferreira, Active protection coatings with layered double hydroxide nanocontainers of 
corrosion inhibitor. Corros. Sci. 52, 602–611 (2010)

 63. J.M.  Falcón, T.  Sawczen, I.V.  Aoki, Dodecylamine-loaded halloysite nanocontainers for 
active anticorrosion coatings. Front. Mater. 2, 69 (2015)

 64. K.A. Zahidah, S. Kakooei, M.C. Ismail, P.B. Raja, Halloysite nanotubes as nanocontainer for 
smart coating application: A review. Prog. Org. Coat. 111, 175–185 (2017)

 65. D. Álvarez, A. Collazo, M. Hernández, X.R. Nóvoa, C. Pérez, Characterization of hybrid 
sol-gel coatings doped with hydrotalcite-like compounds to improve corrosion resistance of 
AA2024-T3 alloys. Prog. Org. Coat. 67, 152–160 (2010)

 66. N.C. Rosero-Navarro, L. Paussa, F. Andreatta, Y. Castro, A. Durán, M. Aparicio, L. Fedrizzi, 
Optimization of hybrid sol-gel coatings by combination of layers with complementary prop-
erties for corrosion protection of AA2024. Prog. Org. Coat. 69, 167–174 (2010)

 67. J.  Tedim, S.K.  Poznyak, A.  Kuznetsova, D.  Raps, T.  Hack, M.L.  Zheludkevich, 
M.G.S. Ferreira, Enhancement of active corrosion protection via combination of inhibitor- 
loaded nanocontainers. ACS Appl. Mater. Interfaces 2, 1528–1535 (2010)

 68. I.  Dewald, A.  Fery, Polymeric micelles and vesicles in polyelectrolyte multilayers: 
Introducing hierarchy and compartmentalization. Adv. Mater. Interfaces 4, 1600317 (2017)

 69. D.O.  Grigoriev, K.  Köhler, E.  Skorb, D.G.  Shchukin, H.  Möhwald, Polyelectrolyte com-
plexes as a smart depot for self-healing anticorrosion coatings. Soft Matter 5, 1426–1432 
(2009)

 70. D.V. Andreeva, E.V. Skorb, D.G. Shchukin, Layer-by-layer polyelectrolyte/inhibitor nano-
structures for metal corrosion protection. ACS Appl. Mater. Interfaces 2, 1954–1962 (2010)

 71. M. Biesalski, J. Ruehe, R. Kuegler, W. Knoll, Polyelectrolytes at solid surfaces: Multilayers 
and brushes, In Handbook of Polyelectrolytes and their Applications, ed. by S.K. Tripathy, 
J. Kumar, H.S. Nalwa, Vol. 1, (2002), 39–63

 72. W. von Baeckmann, W. Schwenk, W. Prinz, Handbook of Cathodic Corrosion Protection, 3rd 
edn., ISBN: 9780884150565, (Elsevier, 1997)

 73. Y. Bu, J.P. Ao, A review on photoelectrochemical cathodic protection semiconductor thin 
films for metals. Green Energy Environ. 2, 331–362 (2014)

 74. H. Park, K.Y. Kim, W. Choi, Photoelectrochemical approach for metal corrosion prevention 
using a semiconductor photoanode. J. Phys. Chem. B 106, 4775–4781 (2002)

 75. J. Yuan, S. Tsujikawa, Characterization of sol-gel-derived TiO2 coatings and their photoef-
fects on copper substrates. J. Electrochem. Soc. 142, 3444–3450 (1995)

 76. T. Tatsuma, S. Saitoh, Y. Ohko, A. Fujishima, TiO2-WO3 photoelectrochemical anticorrosion 
system with an energy storage ability. Chem. Mater. 13, 2838–2842 (2001)

11 Advanced Corrosion Prevention Approaches: Smart Coating…



246

 77. Y. Ohko, S. Saitoh, T. Tatsuma, Fujishima, A Photoelectrochemical anticorrosion and self- 
cleaning effects of a TiO2 coating for type 304 stainless steel. J. Electrochem. Soc 148, B24–
B28 (2001)

 78. H. Park, K.Y. Kim, W. Choi, A novel photoelectrochemical method of metal corrosion pre-
vention using a TiO2 solar panel. Chem. Commun., 281–282 (2001)

 79. R. Subasri, T. Shinohara, Investigations on SnO2-TiO2 composite photoelectrodes for corro-
sion protection. Electrochem. Commun. 5, 897–902 (2003)

 80. Y.F. Zhu, R.G. Du, W. Chen, H.Q. Qi, C.J. Lin, Photocathodic protection properties of three- 
dimensional titanate nanowire network films prepared by a combined sol–gel and hydrother-
mal method. Electrochem. Commun. 12, 1626–1629 (2010)

 81. C.X.  Lei, Z.D.  Feng, H.  Zho, Visible-light-driven photogenerated cathodic protection of 
stainless steel by liquid-phase-deposited TiO2 films. Electrochim. Acta 68, 134–140 (2012)

 82. J.  Li, C.J.  Lin, C.G.  Lin, A photoelectrochemical study of highly ordered TiO2 nanotube 
arrays as the photoanodes for cathodic protection of 304 stainless steel. J. Electrochem. Soc. 
158, C55–C62 (2011)

 83. C.X. Lei, H. Zhou, Z.D. Feng, Effect of liquid-phase-deposited parameters on the photogen-
erated cathodic protection properties of TiO2 films. J. Alloys Compd 542, 164–169 (2012)

 84. T.P. Niesen, M.R. De Guire, Review: Deposition of ceramic thin films at low temperatures 
from aqueous solutions. J. Electroceram. 6, 169–207 (2001)

 85. D. Li, N. Ohashi, S. Hishita, T. Kolodiazhnyi, H. Haneda, Origin of visible-light-driven pho-
tocatalysis: A comparative study on N/F-doped and N–F-codoped TiO2 powders by means of 
experimental characterizations and theoretical calculations. J. Solid State Chem. 178, 3293–
3302 (2005)

 86. H. Yun, J. Li, H.B. Chen, C.J. Lin, A study on the N-, S- and Cl-modified nano-TiO2 coatings 
for corrosion protection of stainless steel. Electrochim. Acta 52, 6679–6685 (2007)

 87. D.G. Huang, S.J. Liao, J.M. Liu, Z. Dang, L. Petrik, Preparation of visible-light responsive 
N-F-codoped TiO2 photocatalyst by a sol–gel-solvothermal method. J. Photochem. Photobiol. 
A Chem. 184, 282–288 (2006)

 88. T. Yamada, Y. Gao, M. Nagai, Hydrothermal synthesis and evaluation of visible light active 
photocatalysts of (N, F)-codoped anatase TiO2 from an F-containing titanium chemical. 
J. Ceram. Soc. Jpn. 116, 614–618 (2008)

 89. B. Jiang, X.L. Yang, X. Li, D.Q. Zhang, J. Zhu, G.S. Li, Core–shell structure CdS/TiO2 for 
enhanced visible-light-driven photocatalytic organic pollutants degradation. J. Sol-Gel Sci. 
Technol. 66, 504–511 (2013)

 90. L.L. Su, J. Lv, H.E. Wang, L.J. Liu, G.Q. Xu, D.M. Wang, Z.X. Zheng, Y.C. Wu, Improved 
visible light photocatalytic activity of CdSe modified TiO2 nanotube arrays with different 
intertube spaces. Catal. Lett. 144, 553–560 (2014)

 91. R. Plass, S. Pelet, J. Krueger, M. Gratzel, U. Bach, Quantum dot sensitization of organic−
inorganic hybrid solar cells. J. Phys. Chem. B 106(2002), 7578–7580 (2002)

 92. R.D.  Schaller, V.I.  Klimov, High efficiency carrier multiplication in PbSe nanocrystals: 
Implications for solar energy conversion. Phys. Rev. Lett. 92, 186601 (2004)

 93. J. Zhang, R.G. Du, Z.Q. Lin, Y.F. Zhu, Y. Guo, H.Q. Qi, L. Xu, C.J. Lin, Highly efficient 
CdSe/CdS co-sensitized TiO2 nanotube films for photocathodic protection of stainless steel. 
Electrochim. Acta 83, 59–64 (2012)

 94. J. Li, C.J. Lin, J.T. Li, Z.Q. Lin, A photoelectrochemical study of CdS modified TiO2 nano-
tube arrays as photoanodes for cathodic protection of stainless steel. Thin Solid Films 519, 
5494–5502 (2011)

 95. J. Jing, M. Sun, Z. Chen, J. Li, F. Xu, L. Xu, Enhanced photoelectrochemical cathodic protec-
tion performance of the secondary reduced graphene oxide modified graphitic carbon nitride. 
J. Electrochem. Soc. 164, C822–C830 (2017)

 96. Q. Liu, J. Hu, Y. Liang, Z.C. Guan, H. Zhang, H.P. Wang, R.G. Du, Preparation of MoO3/TiO2 
composite films and their application in photoelectrochemical anticorrosion. J. Electrochem. 
Soc. 163, C539–C544 (2016)

V. S. Saji



247

 97. Y.  Liang, Z.C.  Guan, H.P.  Wang, R.G.  Du, Enhanced photoelectrochemical anticorrosion 
performance of WO3/TiO2 nanotube composite films formed by anodization and electrodepo-
sition. Electrochem. Commun. 77, 120–123 (2017)

 98. V.S.  Saji, C.W.  Lee, Molybdenum, molybdenum oxides and their electrochemistry. 
ChemSusChem 5, 1146–1161 (2012)

 99. V.S. Saji, C.W. Lee, Reversible redox transition and pseudocapacitance of molybdenum/sur-
face molybdenum oxides. J. Electrochem. Soc. 160, H54–H61 (2013)

 100. V.S. Saji, C.W. Lee, Potential and pH-dependent pseudocapacitance of Mo/Mo oxides – An 
impedance study. Electrochim. Acta 137, 647–653 (2014)

 101. M. Zhou, Z. Zeng, L. Zhong, Photogenerated cathode protection properties of nano-sized 
TiO2/WO3 coating. Corros. Sci. 51, 1386–1391 (2009)

 102. H. Park, A. Bak, T. Jeon, S. Kim, W. Choi, Photo-chargeable and dischargeable TiO2 and 
WO3 heterojunction electrodes. Appl. Catal. B Environ. 115-116, 74–80 (2012)

 103. H. Li, X. Wang, L. Zhang, B. Hou, Preparation and photocathodic protection performance of 
CdSe/reduced graphene oxide/TiO2 composite. Corros. Sci. 94, 342–349 (2015)

 104. Z.-C. Guan, H.-P. Wang, X. Wang, J. Hu, R.-G. Du, Fabrication of heterostructured β-Bi2O3-
TiO2 nanotube array composite film for photoelectrochemical cathodic protection applica-
tions. Corros. Sci. 136, 60–69 (2018)

 105. D. Ding, Q. Hou, Y. Su, Q. Li, L. Liu, J. Jing, B. Lin, Y. Chen, g-C3N4/TiO2 hybrid film on 
the metal surface, a cheap and efficient sunlight active photoelectrochemical anticorrosion 
coating. J. Mater. Sci. Mater. Electron. 30, 12710–12717 (2019)

 106. Y.-F.  Zhu, L.  Xu, J.  Hu, J.  Zhang, R.-G.  Du, C.-J.  Lin, Fabrication of heterostructured 
SrTiO3/TiO2 nanotube array films and their use in photocathodic protection of stainless steel. 
Electrochim. Acta 121, 361–368 (2014)

 107. M. Sun, Z. Chen, Enhanced photoelectrochemical cathodic protection performance of the in 
O/TiO composite. J. Electrochem. Soc. 162, C96–C104 (2014)

 108. J. Jing, Z. Chen, Y. Bu, Visible light induced photoelectrochemical cathodic protection for 
304 SS by In2S3-sensitized ZnO nanorod array. Int. J.  Electrochem. Sci. 10, 8783–8796 
(2015)

 109. C. Han, Q. Shao, J. Lei, Y. Zhu, S. Ge, Preparation of NiO/TiO2 p-n heterojunction compos-
ites and its photocathodic protection properties for 304 stainless steel under simulated solar 
light. J. Alloys Compd. 703, 530–537 (2017)

 110. S.Q. Yu, Y.H. Ling, R.G. Wang, J. Zhang, F. Qin, Z.J. Zhang, Constructing superhydrophobic 
WO3@TiO2 nanoflake surface beyond amorphous alloy against electrochemical corrosion 
on iron steel. Appl. Surf. Sci. 436, 527–535 (2018)

 111. W. Liu, T. Du, Q. Ru, S. Zuo, Y. Cai, C. Yao, Preparation of graphene/WO3/TiO2 composite 
and its photocathodic protection performance for 304 stainless steel. Mater. Res. Bull. 102, 
399–405 (2018)

11 Advanced Corrosion Prevention Approaches: Smart Coating…



Part III
Fouling in Desalination



251© Springer Nature Switzerland AG 2020
V. S. Saji et al. (eds.), Corrosion and Fouling Control in Desalination Industry, 
https://doi.org/10.1007/978-3-030-34284-5_12

Chapter 12   
Inorganic Scaling in Desalination Systems             

Khaled Touati, Haamid Sani Usman, Tiantian Chen, Nawrin Anwar, 
Mahbuboor Rahman Choudhury, and Md. Saifur Rahaman      

12.1  Introduction 

Access to freshwater is becoming a major challenge in many places around the 
world. This trend is expected to continue with the increasing global population and 
industrial developments. To address the water scarcity problem, seawater desalina-
tion has been considered as one of the promising solutions that meet the rising 
demand for freshwater. According to the International Desalination Association 
(IDA) report, there are over 16,000 desalination plants in over 150 countries, with a 
total production capacity of 90 million m3/day [1, 2]. The pursuit of freshwater has 
motivated the research in several desalination technologies such as Reverse Osmosis 
(RO), Forward Osmosis (FO), and several thermal-based processes (Membrane 
Distillation (MD), Multi-stage flashing (MSF), Multi-effects Distillation (MED)). 
RO is considered as the most efficient and reliable seawater desalination process, 
and despite the promising potential in producing freshwater, is still affected by foul-
ing issues. 

The prominent types of fouling in desalination can be classified into organic 
fouling, inorganic scaling, and biofouling (Fig.  12.1) [1]. The inorganic scaling, 
also known as scaling, refers to the accumulation of calcium, magnesium, carbon-
ate, sulfate, and phosphorus on the surface of the membrane. It occurs by the pre-
cipitation and crystallization processes where ions in the supersaturated solution 
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crystallize on the membrane [3, 4, 5]. This chapter describes inorganic scaling in 
desalination plants with special emphasis on membrane fouling. Scaling mecha-
nisms, scaling prediction, and membrane scaling control strategies are also 
described.  

12.2  Scaling in Seawater Desalination Processes 

Scale deposition is a problem encountered when water containing ions of sparingly 
soluble salts are used. Scale precipitation occurs whenever process conditions lead 
to the creation of supersaturation as it relates to one or more of the sparingly soluble 
salts. Another problem associated with membrane scaling is the adherent deposits 
of scale on the internal walls of industrial or domestic equipment that causes severe 
technical problems with a tremendous economic impact. The nature of the scale 
formed depends on the desalination process (pressure-driven or thermal desalina-
tion) due to the difference in the operating conditions (see below) [6–9]. 

Fig. 12.1 Scanning electron microscopy (SEM) images of four fouling types on membrane sur-
faces. (A) Biofouling. (B) Organic fouling. (C) Inorganic scaling. (D) Colloidal fouling. 
Reproduced with permission from Ref. [8]; Copyright 2017@ Elsevier
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The scaling phenomenon affects the performance of the membrane by decreasing 
the permeate flux rate as scalant will attach to the membrane surface, thus, blocking 
the membrane pores. The membrane pores will be continuously and increasingly 
clogged until a stop of service is needed to clean/replace the membrane. Scaling 
further result in the decline of permeate flux, which necessitates additional cost 
through increasing the operational pressures to maintain a constant permeate flux 
through a decreasing amount of available membrane pores. Other effects of scaling 
include deterioration of membrane (membrane decay), additional costs of labor, and 
additional cost in chemical cleaning (which also may cause membrane decay) [6, 7]. 
The combined consequences of scaling will lead to an increased price of water. 
Principally, research topics are focusing on developing mitigation and preventive 
measures that focus on reducing the effect of scaling on membranes by developing 
enhanced materials that improve membrane performance [7]. 

12.2.1  Pressure Driven Processes 

Pressure driven processes for seawater desalination are well-defined as systems that 
use hydraulic pressure (i.e., RO) or osmotic pressure (i.e., FO) on either side of a 
semi-permeable membrane to desalinate seawater. RO is the most used desalination 
process worldwide due to several facts, most importantly, the energy efficiency of 
the process, the high productivity, and the constant investments into improving the 
process. FO is still not commercialized and published results studying the effective-
ness are only coming from laboratory-scale tests. As mentioned previously, scale 
formation drastically reduces the performance of membrane-based desalination 
processes by [10–12]:

 (1) Blocking the active membrane layer where the water-salts separation occurs, 
reducing the separation performance of the membrane, decreases the productiv-
ity, and damages the active membrane layer.

 (2) Depositing on the pipes which may cause damage to the system.
 (3) Occurring during the pre-treatment steps, limiting its efficiency.
 (4) Depositing on the rejected brine side due to the high salt concentration. 

The types of scaling in RO membranes include alkaline (e.g., calcium carbon-
ate), non-alkaline (e.g., calcium sulfate) or silica-based. Calcium carbonate (CaCO3) 
is the most common scale-forming mineral, which originates in the form of calcium 
and bicarbonate ions in industrial water, seawater, or groundwater sources. When 
the water temperature increases, the solubility of CaCO3 decreases resulting in pre-
cipitation onto heated surfaces. Heated surfaces are not always required for calcium 
salts to form scale as it can, occur whenever the solubility concentration is exceeded 
[13, 14]. CaCO3 is usually the leading primary precipitate in seawater RO and crys-
tallizes in three different crystal forms: calcite, aragonite, and vaterite. Calcite is 
classified as a hard scale, whereas aragonite and vaterite are classified as softer 
types of scale that are more easily removed. CaCO3 deposition occurs depending on 
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operating parameters such as salt concertation and temperature, becoming a prob-
lem for the RO and FO process alike. Lab-scale research has verified the deposition 
of CaCO3 and gypsum in FO desalination systems [15, 16]. 

Scaling by calcium sulfate is one of the common problems in seawater desalina-
tion. While the precipitation of calcium carbonate scale can often be minimized by 
adjusting the feed water to acidic conditions, calcium sulfate is insensitive to pH 
[17]. Iron precipitation may also occur in desalination processes [18]. This type of 
scale has a severe impact on the membrane (Fig. 12.2A) and the efficiency of the 
pre-treatment, as it can precipitate in pre-treatment as well (Fig. 12.2B). Ongoing 
research is being completed to find new techniques for iron removal such as lime-
stone filter treatment, ash [19], adsorption techniques [20], and oxidation using 
potassium and permanganate. Aeration, oxidation, and separation are the most pop-
ular anti-foulant processes. Another major foulant for RO membranes is silica. 
Several investigative studies of fouled membranes have found silica, together with 
biofilms, to be the most egregious foulant [21]. Moreover, scale inhibitors or antis-
calant that are successful in controlling other mineral types are usually ineffective 
against silica because of the latter’s tendency to form an amorphous solid instead of 
a crystalline one [22]. Compared to other scaling types, silica scaling is considered 
a complex process and not well understood. In RO feed waters, silica usually exists 
in the following different forms [22]:

 (1) The monomeric form, also known as silicic acid [Si (OH)4];
 (2) The polymeric form, also known as colloidal silica; or,
 (3) Granular/ particulate silica. 

Moreover, when operating with high recovery (especially with brackish water 
desalination), condensation reactions result in the silicic acid monomers forming 

Fig. 12.2 SEM images of (A): Iron precipitates on RO active layer (150X), (B): Iron precipitates 
in pre-filters (600 X). Reproduced with permission from Ref. [19]; Copyright 2019 @ Springer
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siloxane bonds to produce various silica species such as dimers, trimers, polymers, 
and particles. Due to more favorable thermodynamics, these species usually deposit 
and polymerize on the membrane surface, a phenomenon known as heterogeneous 
crystallization.  

12.2.2  Thermal Desalination Processes 

Contrary to pressure-driven processes, thermal desalination is based on water evap-
oration and condensation. Due to its high recovery, these processes may suffer from 
severe mineral precipitation. Like RO, scaling can occur in different parts of ther-
mal processes, namely during pre-treatment, distillation, and post-treatment. In dis-
tillation processes, the scales formed can be divided into two categories: (a) alkaline 
scales, which are mainly calcium carbonate and magnesium hydroxide and are con-
sidered as soft scales; and (b) sulfate scales, which are mainly calcium sulfate. 
Calcium sulfate scales are considered hard scaling and generally form at tempera-
tures above 121  °C when higher concentrations of calcium and sulfate ions are 
prevalent. As an example, in MSF processes, scaling occurs at the orifices of the 
flash chambers and inside the tubes of the heat exchangers and the brine heaters 
[24]. The scale species are mainly CaCO3 and Mg(OH)2 that are formed due to the 
decomposition of bicarbonate and the increased pH of the brine. High-temperature 
MSF processes (108–112 °C) often lead to magnesium scaling (i.e., Mg (OH)2 
dominant) in the first few stages, while CaCO3 is mainly found in early stages at 
low- temperature units (95 °C). 

The operational temperatures of MD, which are higher than those of other mem-
brane processes, alter the solubility and scaling behaviors of the sparingly soluble 
salts in the feed solutions. The solubility of NaCl and silica increases with the 
increase of temperature [25], whereas CaCO3, CaSO4, and Na2SO4 exhibit inverse 
solubility with temperature [25]. Consequently, a higher temperature enhances the 
scaling propensity of CaCO3 and CaSO4, as the solubility rises, but enables the sta-
bility of silica at higher concentrations. Temperature polarization, which reduces 
the feedwater temperature at the membrane surface, facilitates membrane scaling by 
silica, but this phenomenon mitigates the precipitation of CaCO3 and CaSO4. 
Additionally, temperature polarization in partially wetted pores facilitates the pre-
cipitation of silica at the solution-vapor interface [26, 27].   

12.3  Scaling Mechanism 

A proper understanding of scaling mechanisms is required to improve the perfor-
mance of desalination processes. Understanding the different interactions between 
membrane surfaces and scaling constituents can help guide the scaling mitigation 
program, provide more precise scaling projections, and effectively increase the effi-
ciencies of desalination processes. 

12 Inorganic Scaling in Desalination Systems



256

12.3.1  Nucleation 

Nucleation is a process in which the free or dissolved ions or molecules gather and 
organize to form new structures. The appearance of the new structures, or crystals, can 
only be achieved when a degree of supersaturation is reached. Three stages can be 
distinguished during the precipitation of CaCO3: nucleation, dehydration, and crystal 
growth [28–31]. The process begins with the ions that agglomerate forming a “clus-
ter.” The grouping of these aggregates forms a colloidal nucleus which grows and 
produces a stable crystal. Nucleation can be separated into primary nucleation and 
secondary nucleation, where primary nucleation is related to the appearance of the 
first (or the creation at any time) crystal and the secondary nucleation relies upon 
crystals pre-existing within the system. Primary nucleation can further be divided into 
homogeneous and heterogeneous nucleation, as shown in Fig. 12.3, are distinguished. 
Homogeneous nucleation is obtained when the nucleus develops only in the liquid 
phase and is not influenced by the presence of impurities in the reaction medium. The 
number of molecules in a stable crystal can vary from about 100 to several thousand. 
The actual formation of such a nucleus results from the simultaneous collision of the 
number of necessary molecules. This is a highly unlikely phenomenon. The process 
of forming such a crystal involves specific energy called the free energy of activation 
of nucleation. Nucleation is said to be heterogeneous when the nucleus develops by 
the support or in the presence of impurities. These impurities can act as an accelerator 
as well as an inhibitor [32]. It is generally accepted that heterogeneous nucleation can 
be initiated at a lower degree of super-saturation than homogeneous nucleation. The 
variation in free enthalpy associated with heterogeneous nucleation is lower than that 
associated with homogeneous nucleation [33, 34]. The secondary nucleation, in a 
weakly supersaturated solution, is induced and supported by seed crystals of the same 
nature as the precipitate. In this type of nucleation, the affinity between the crystals of 
the solute formed and the seed crystals (solid surface) is complete, which corresponds 
to the critical energy of zero nucleation [35].  

Nucleation

Primary
nucleation

Homogeneous
(Spontaneous)

Heterogeneous
(Induced by non-

identical particles)

Secondary nucleation
(Induced by identical

particles)

Fig. 12.3 Schematic of nucleation mechanisms
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12.3.2  Scale Formation 

A high concentration of inorganic salts in the water when in contact with the mem-
brane surfaces results in the formation of scale. The high concentration of salts may 
exceed 4–10 times the average solubility, which prompts the nucleation process. As 
discussed in previous sections, the main constituents causing scaling are inorganic 
salts, including CaSO4, CaCO3, SiO2, and BaSO4 [36]. 

The two primary mechanisms of inorganic scaling are bulk crystallization (cake 
layer formation) and surface crystallization (surface blockage) [37]. For bulk crys-
tallization, which is more predominant in high pressure and moderate cross-flow 
velocity systems, occurs due to the homogenous growth of particles in bulk phase 
[38]. For surface crystallization, surface blocking of the membrane occurs mainly 
due to the convective transportation of colloidal particulate in a solution [39] and is 
more common in high pressure and low cross velocity operating conditions [40]. 
The principal stages of scale deposition in RO membrane (Fig. 12.4) begins with 
dissolving of mineral in the feed water, and continues through the saturation in 
rejected brine and early nucleation before the final stages of micro-crystal growth 
and scale formation. 

Studies have been conducted to determine the impact of this scaling on membrane 
surface/performance, from the perspective of both heterogeneous and homogeneous 
crystallization, and the direct impact it plays on permeate flux decline [8, 41–43]. 
When the size of the colloid is close to membrane pore size, pore blockage occurs, 
whereas when the size of the colloids is larger than membrane pore size, cake 
formation happens [31]. The dynamic formation of the cake on the surface of the 

Fig. 12.4 Schematic illustration of the critical steps in scale formation onto the RO membrane 
surface over time. Reproduced with permission from Ref. [1]; Copyright 2018 @ Elsevier
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membrane occurs at different stages. The first step is the pore blockage, followed by 
cake formation, while the final step is the cake compression. As a result, the effect 
of pore blockage at every stage is the reduction of flux.  

12.3.3  Factors Affecting Scale Formation 

The scaling in membranes is related to the feed water composition, water chemistry 
(pH, cation concertation, ionic strength), membrane properties (membrane mor-
phology), mode of operations, feed water temperature, as well as the hydrodynamic 
characteristics of a membrane [31]. Each factor will contribute in the scaling forma-
tion in membranes, and acquiring information on all these factors will lead mitiga-
tion processes, scaling monitoring and to the general improvement in the 
performance of RO systems in seawater desalination [44]. 

12.3.3.1  Effect of Temperature 

The temperature of the feed is one of the underlying reasons for scale formation as 
it impacts the separation performance of the membrane [45, 46]. Higher tempera-
tures (> 23 °C) along the membrane create a growth environment for bacteria, which 
leads to biofilm and other formations of scaling [47]. The high temperature in the 
feed water further leads to salt diffusion which increases the viscosity, causing 
swelling of pores in the membrane network and leads to cake formations on the 
surface of the membrane [1, 14]. As mentioned previously, with the increase of 
temperature, the solubility increases with NaCl and silica, whereas CaCO3, CaSO4, 
and Na2SO4 exhibit inverse solubility with temperature [26] (Fig. 12.5). Increasing 
the solubility of any constituent will enhance the scaling propensity.  

12.3.3.2  Effect of pH 

The pH level of a solution is a significant factor that affects scaling in desalination 
plants. For that, all scaling indices developed to predict scale formation depends on 
the measured pH of the treated water. Several studies showed that the increase of the 
solution pH (>8.3 at 25  °C) enhances the precipitation of several inorganic salts 
such as calcium carbonate, gypsum, and iron hydroxides [48, 49]. Practically, the 
increase in the solution pH leads to the acceleration of calcium carbonate and gyp-
sum nucleation, which leads to crystal growth [50, 51]. This case is frequently 
encountered in the rejected brine of two-stage RO process, due to the high concen-
tration of ions and relatively high pH [10]. It was also shown that iron precipitation 
could occur in the desalination process by increasing the pH [19]. In this case, iron 
hydroxides precipitate even with a low concentration of iron ions. As for thermal 
desalination, calcium carbonate, magnesium hydroxide, and calcium sulfate are the 
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main scale-forming salts [52], and only the first two scale-former salts depend on 
pH. Since thermal processes are based on increasing the water temperature, carbon 
dioxide (CO2) exhausts the solution at high temperatures, which leads to an increase 
in pH. Therefore, magnesium hydroxide and calcium carbonate may precipitate. 
For that, the choice of the initial operating pH and pH adjustment during the opera-
tion are crucial steps to avoid scale formation in desalination plants [53].  

12.3.3.3  Effect of Ionic Strength 

Another factor for the formation of scaling is the effect of ionic strength. High ionic 
strength results in aggressive cake formation on membranes. The repulsive energy, 
which acts as a barrier between molecules, is nullified with the increase of ionic 
strength leading to the compression of the electrical double layer of counter ions. 
Through this, the vander Waals forces tend to dominate, contributing to colloidal 
instability (resulting in aggressive cake formation) [39, 54], to higher diffusion, and 
higher pore adsorption.    

12.4  Scaling Prediction 

Three scaling indices are usually used to assess the scaling tendency in seawater 
desalination processes. While the Langelier Saturation Index (LSI) (Langelier 
1936) is often applied for brine solutions of a TDS not exceeding 10 g/L [55, 56], 
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Fig. 12.5 Influence of the temperature on the CaCO3 solubility (P = 1 bar). Reproduced with 
permission from Ref. [23]; Copyright 2012 @ Elsevier
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the Stiff and Davis Saturation Index (S&DSI) (Stiff & Davis 1952) [57] and MLSI 
(Elfil & Roques 2004) [58] are used to assess the scaling tendency of highly saline 
solutions. Most of the stability indices used in the literature are based on the deter-
mination of saturation pH (pHs). pHs is formulated by combining the equation of 
the solubility product, Ks, with the equilibrium relation of the 2nd ionization of the 
carbonic acid, K2:
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Combining Eqs. (1) and (2) with the application of logarithm gives:
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where [Alc] is the concentration of the alkalinity which is related to the concentra-
tion of HCO3

−  at solution pH < 9 ([Alc] ≈ HCO3
−  ). The LSI index is then defined 

as follows:

 LSI = pH pHmes s−  (12.4)

where pHmes is the measured pH of the treated solution, and pHs is the pH of satura-
tion for calcite. pHs is defined as:
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pK andpKS2

′ ′  are defined as the apparent constants of the second dissociation of 
carbonic acid and the solubility product of calcite at a given ionic strength. LSI uses 

the concentrations instead of activities. When pH < 9.5, the term 1 2 10 2+ . pK pKS
′ ′ −  is 

neglected. Then, the LSI expression becomes:
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Similar to the LSI index formula, the S & DSI is presented as follows:

 S DSI pH pHmes s& = −  (12.7)

where:

 
pH Ca Alcs =   [ ]++− −log log2 K

 
(12.8)
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K is an empirical constant which is associated with the ionic strength. According 
to LSI calculations, three situations can be expected:

• LSI < 0: Water is under-saturated for CaCO3. The under-saturated water tends to 
remove existing calcium carbonate protective coatings in pipelines and 
equipment.

• LSI  =  0: Water is considered to be neutral; neither scale-formation nor scale 
removal.

• LSI > 0: Water is supersaturated with respect to CaCO3, and scale formation 
may occur. 

For S & DSI scaling index, a positive value of S & DSI indicates the tendency to 
form CaCO3 scale. CaCO3 hydrated forms (Amorphous Calcium Carbonate: ACC, 
and Monohydrate Calcium Carbonate: MCC) are crucial precursors for the CaCO3 
spontaneous nucleation [59]. The solubility products of the MCC and the ACC have 
shown to be the lower limits for spontaneous and instantaneous nucleation, respec-
tively, in the temperature interval ranging between 20 °C and 60 °C [60]. According 
to these findings, in temperature ranges between 25 °C and 60 °C, the MCC solubil-
ity product constitutes a lower limit that must be exceeded to obtain spontaneous 
nucleation [61]. The saturation pH is calculated using the calcium carbonate mono-
hydrated (CaCO3.H2O) solubility product instead of LSI and S & DSI cases. For a 
pH ranging between 6 and 9, the saturation pH is described as:

 
pH pK pK Ca Alcs MMC s MMC Ca HCO/ / log log log log=   [+

+
2

2
2

3
− − γ − γ − −− ]]

 
(12.9)

where pHS/MCC and pKS/MCC are respectively the MCC saturation pH and solu-
bility product. Similar to the previous indices, the MLSI is then defined as fol-
lows [58]:

 MLSI pH pHS= − /MCC  (12.10) 

The activity coefficients are calculated by simple models, such as “Modified 
Debye & Hückel” for solutions with an ionic strength of less than 0.2 M (or TDS 
<10 g / L). For more saline waters, such as seawater desalination by RO, more com-
plex models are valid as Simplified Pitzer (Ionic force <2 M). According to MLSI 
values, four situations are expected:

• MLSIinst  <  MLSI; Water is highly scaling, and the phenomenon is 
instantaneous.

• 0 < MLSI < MLSIinst; Water is scaling; the phenomenon depends on the wall 
nature and will be slow for MLSI values close to 0.

• MLSIagr < MLSI <0; There is no spontaneous precipitation; water is at a calco- 
carbonic equilibrium.

• MLSI < MLSIagr; Water is undersaturated with respect to calcite and can be 
considered as aggressive. 
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The MLSIinst is given by the same Eq. 12.9 when substituting pHS/MCC by the 
ACC saturation pH (pHS/ACC). Surpassing this value is an indication of a highly 
scaling behavior as the ACC was shown to be a precursor for CaCO3 nucleation at 
high supersaturation [58]. MLSIagr is also given by Eq. (9) when replacing the pHs/
MCC by the calcite saturation pH, pHS/calcite, which is exactly the saturation pH 
defined by Langelier.  

12.5  Membrane Scaling Control Strategies 

Membrane scaling prevention and control is a complicated process which adopts 
several different methods. The methodology adopted is dependent on the nature of 
the scaling, type of foulants, and the mode of operation. Some of the most widely 
adopted techniques of scale prevention and control are categorized into three groups, 
namely [8]:

 (a) Development of novel RO membranes or membrane surface modifications,
 (b) Membrane cleaning strategies and
 (c) Pre-treatment strategies and processes. 

12.5.1  Surface Modifications and Novel Membrane Materials 

Membrane smoothness and hydrophilicity have a considerable impact on scaling pro-
pensities [62]. Studies on surface modification demonstrated the relationship between 
the smoothness, hydrophilicity, and hydrophobicity of a membrane to scaling showing 
that the smoother and more hydrophilic a membrane surface is, the lower tendency it 
has to scale. Similarly, the rougher and more hydrophobic a membrane surface, the 
higher the chances of scaling [63, 64]. The surface modification increases the anti-
scaling performance of a membrane by changing its properties such as surface charge, 
morphology, chemical groups, as well as hydrophilicity [10, 65, 66]. 

Polyamide thin-film composites (TFC) [67, 68] has been used to develop novel 
RO membranes and to modify membrane surfaces. Other novel materials used are 
carbon nanotubes (CNTs), nanophorous graphene, and metal oxide nanoparticles 
[69–74]. Surface modifications are further introduced to improve anti-scaling 
performance.  

12.5.2  Physical and Chemical Cleaning 

It is one of the more conventional methods for the mitigation and control of scaling. 
It involves the use of chemical facilitated by physical activities such as backwash 
to remove scaling and other foulants. In order to further improve the cleaning 

K. Touati et al.



263

 efficiency, some of the physical cleaning techniques require the removal and 
 soaking of the membrane. In a recent development, a method referred to as Chemical 
Enhanced Backwashing (CEB) [75–77] combines both physical and chemical 
cleaning process for the enhancement of scaling removal in the RO system. In this 
method, a soaking period of 5–20 min is adopted to allow for chemical reaction to 
take place. As an alternative, the membrane can be soaked for several hours, during 
which air sparging can use [54]. 

Similarly, at an industrial scale, the cleaning process is commonly used to recover 
the membrane performance. The practice referred to as Cleaning-in-Place (CIP) 
comprises of different stages which comprise emptying the filtration rack of both 
feed and permeate side, the addition of chemical agents and finally, disinfection/
rinsing [54, 78, 79].  

12.5.3  Pre-treatment Method 

This method, considered as a preventive, scaling control technique, is popular and 
widely adopted in most RO systems to improve feed water quality [80, 81]. 
Enhancing the pre-treatment impact on membrane scaling has gained popularity in 
research fields with a vast interest in desalination systems. Using pre-treatment for 
the feed water improves the reliability of RO systems while prolonging the life span 
of the membrane [81]. Pre-treatment requirements are based upon the feed water 
composition. For example, water with a high level of hardness will require a pre- 
treatment process to soften the water [8, 80, 82]. Some of the widely RO pre- 
treatment processes that were adopted in the last 10  years for the prevention of 
scaling includes coagulation/flocculation, ultrafiltration, microfiltration, scale 
inhibitors, amongst others [83–85]. Furthermore, a disinfection stage in the pre- 
treatment process is becoming common. 

The common pretreatment technologies for RO (Fig. 12.6) includes disinfection, 
coagulation/flocculation, filtration, microfiltration, and ultrafiltration amongst oth-
ers [86]. The selection and the application of the pre-treatment technologies mostly 
depend on the type, quality as well as the characteristics of feedwater. The conven-
tional pretreatment processes are widespread and are typical in seawater desalina-
tion [87]. However, to achieve higher feed quality, the non-conventional pretreatment 
processes (membrane) are being adopted as the pretreatment process in most RO 
desalination plants [86].   

12.6  Conclusions and Outlook 

Scaling is a major obstacle that limits the effectiveness of thermally based desalina-
tion as it results in a reduction of heat transfer, and increases temperature polariza-
tion, which leads to a reduction in water flux. For a membrane thermally based 
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process such as MD, the effect of scaling on the membrane performance is signifi-
cant as it results in membrane wetting. Scaling is a major gridlock in pressure driven 
processes such as RO by pore blockage and increase of the energy consumption. 
This chapter highlighted the importance of controlling scaling as it affects the cost 
of operation and maintenance of the system. Membrane scaling is related to the feed 
water composition, water chemistry (pH, cation concertation, ionic strength), mem-
brane properties (membrane morphology), mode of operations, feed water tempera-
ture, as well as the hydrodynamic characteristics of the process. Membrane scaling 
prevention and control is also a complicated process which adopts several proce-
dures. As earlier discussed, the methodology adopted is dependent on the nature of 
the scalants, physical-chemical characteristics of the water, and the mode of opera-
tion. For this reason, finding a lasting solution to the challenge of scaling requires 
more research, especially in the optimization of membranes through the advance-
ment of anti-scaling materials as well as improved pretreatment techniques. These, 
when achieved, will result in a favorable outcome that will lead to a significant 
increase in the efficiency and the performance of desalination processes.     
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Chapter 13 
Biofouling in RO Desalination Membranes             

Nawrin Anwar, Liuqing Yang, Wen Ma, Haamid Sani Usman, 
and Md. Saifur Rahaman      

13.1  Introduction 

The global freshwater crisis is considered as one of the most critical challenges  currently 
faced by the international community. Wastewater reuse and seawater desalination have 
been considered as highly feasible ways to alleviate global water scarcity. In desalina-
tion processes, the cost of water production by seawater reverse osmosis (SWRO) is 
reported to be one-half to one-third of the cost of thermal distillation [1]. Reverse osmo-
sis (RO) has proven to be a competitive technology for various types of wastewater 
reclamation and brackish/seawater desalination. RO is preferred for its superior effi-
ciency in the removal of small-sized contaminants (salt, metal ions, pharmaceuticals, 
organic colloid, etc.), smaller footprints [2] as well as for lower capital and operating 
costs when compared to traditional treatment methods e.g., thermal distillation [3]. 

RO is a high-pressure membrane-based process which utilizes a dense mem-
brane to separate water from molecular-sized contaminants such as dissolved 
organic compounds, colloids, and monovalent ions (e.g., Na+, Cl−) [4]. In microfil-
tration (MF) and ultrafiltration (UF) processes, membrane pore structures are 
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designed to remove contaminants based upon their size (size exclusion mechanism) 
[5], and only the contaminants which are larger than membrane pore sizes are 
retained as shown in Fig. 13.1 (a). The pore size of RO membrane is about 0.1 nm 
where “solution-diffusion” is the main mechanism [6, 7] for water transport as 
shown in Fig. 13.1 (b). 

The semi-permeable membrane is the core component of the RO process. The 
first generation of commercially available RO membranes were developed in the 
1960s using cellulose acetate (CA) [8]. In the early 1980s, a polyamide (PA) casted 
membrane with a thin film composite structure (TFC) was introduced by the Film 
Tec corporation [9]. TFC membranes displayed higher water permeability, operated 
at higher temperatures, and operated at higher pressures than CA membranes, while 
also using wider range of pH values. TFC is still regarded as a “state-of-art” mate-
rial in RO process [8]. PA is a widely used material for the fabrication of commer-
cial TFC membranes. PA active layers can be formed through cross-linking between 
trimesoyl chloride (TMC) and m-phenylene diamine (MPD) [10]. 

Despite having a high-quality permeate product, one of the major limitations that 
hinders the widespread application of RO is membrane fouling. Feed water in RO 
systems generally contains four main types of contaminants: inorganic compounds 
(salts, metal hydroxide, metal carbonate, etc.), natural organic matter (NOM), gel- 
colloids, and microorganisms that can cause four different categories of membrane 
fouling: inorganic fouling/scaling, organic fouling, particulate fouling, and biofouling 
respectively. During long operational periods, these contaminants may reside on the 
membrane surface and form an additional fouling layer, which jeopardizes membrane 
performance (Fig.  13.2). Periodic physical/chemical cleaning is necessary [11] to 
maintain the desired flux of the RO membrane. The cleaning actions, especially by 
chemicals, shortens the membranes life. The membrane fouling has significant eco-
nomic impact on RO plant operation as it accounts for about 50% of the total costs 
[12] via cleaning, loss of operation due to cleaning, and increasing pressures to main-
tain constant flux through the clogged membrane. RO desalination is extensively used 
in Middle East, and around 70% of these desalination plants experience biofouling 
[12, 13] due to the water in the Gulf region having high organic content, considerable 
amount of microorganisms, and total dissolved solids (TDS) content. As biofouling 
account up to 35–45% of all fouling in the RO process [14], the comprehensive under-
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Fig. 13.1 Contaminants transport via (a) size exclusion (microfiltration, ultrafiltration, etc.) and 
(b) solution diffusion (Nanofiltration, Reverse Osmosis) mechanisms in a membrane process
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standing of biofouling of RO membranes is crucial for effective biofouling manage-
ment. This chapter will provide an insight into the mechanism of biofouling, formation 
of biofilms, role of EPS, and critical factors affecting the biofilms. Also, biofouling 
impact on permeate water flux and salt rejection is further discussed along with per-
formance degradation mechanism and energy consumption.  

13.2  Biofouling 

The unwanted deposition/growth of microorganisms on or within the membrane sur-
face results in biofouling of the membrane. Generally, any fouling resulting from 
microbial colonization and biofilm formation is considered biofouling. Very few organ-
isms present in the feed water can lead to significant biofouling of the membrane. Even 
membranes using pre-treated influent with substantial removal of microbe is suscepti-
ble to significant biofouling [14, 15]. Biofouling causes membrane flux decline, mem-
brane biodegradation, enhanced salt passage, increased differential and feed pressure, 
permeate quality degradation, the necessity of frequent cleaning which eventually 
would result in high treatment cost, and often process failure. Bacteria, fungi, and 
yeasts are the primary microorganisms causing biofouling. The bacteria can tolerate a 
wide range of pH (0.5–13) and temperature (-12–110 °C) while being able to colonize 
on all membrane surfaces in RO plants in varying conditions [16]. Table 13.1 repre-
sents frequently observed microorganism on membranes in RO plants. 

13.2.1  Mechanism of Biofilm Formation 

Accumulation of microbial cells on/within the membrane surface along with a 
matrix of extracellular polymeric substances (EPS) is known as biofilm. In general, 
microbes are abundant in all water systems and can colonize rapidly on favourable 

Natural Organic Matter (NOM)
Microorganism

New membrane

Long time
operation

Physical cleaning

Irreversible fouling

Fig. 13.2 Formation of irreversible fouling on polyamide membrane. (Reproduced the inset 
image with permission from Dr. Florian Beyer; Copyright @ Dr. Florian Beyer)
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surfaces. The microbes get attached on the membrane surface and grow due to the 
presence of nutrients in the feed/influent. Eventually, the microbes excrete EPS, in 
which they are embedded, and form further biofilm. 

Biofilm formations are usually a complex multistage process that can be revers-
ible or irreversible. The development of biofilms on membrane surfaces usually 
follows the following steps [18], as illustrated in Fig. 13.3:

 (1) Adsorption and attachment of cells on the membrane surface altering the mem-
brane properties and forming the conditioning film.

 (2) Aggregation and growth of new cells which are controlled by different chemical 
and physical factors with hydrophobic and non-polar surfaces enhancing the 
irreversible attachment along with excretion of EPS.

Table 13.1 List of frequently observed microorganism on RO membranes [16, 17]; Adapted with 
permission from [14]; Copyright 2016 © Springer, Creative Commons CC BY

Bacteria Fungi Yeasts

Pseudomonas Penicillium Occasionally present in substantial quantity

Bacillus Trichoderma
Mycobacterium Mucor
Corynebacterium Fusarium
Flavobacterium Aspergillus
Arthrobacte
Acinetobacter
Cytophaga
Moraxella
Micrococcus
Serratia
Lactobacillus
Aeromonas

Fig. 13.3 Different stages of biofilm development. Adapted with permission from [19]; Copyright 
2007 © Don Monroe, Creative Commons CC BY

N. Anwar et al.
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 (3) Formation of microbial colonies and biofilm development and maturation with 
the continuous production of EPS.

 (4) Three-dimensional growth and further maturation of the biofilm, and
 (5) Detachment or release of cells from the matrix of biofilm to form new colonies 

on new locations. 

During the initial induction phase, the attachment can occur on membranes in as 
early as 2 h. A logarithmic microbial growth phase occurs after the adhesion and 
primary colonization of microbes from the initial induction phase. The growth 
phase is subsequently followed by the nutrient controlled plateau phase where the 
membrane is covered by biofilm [12]. The plateau phase attains a balance between 
biofilm growth and cell detachment. Biofilm growth and cell detachment are gov-
erned by nutrient concentration, the resultant growth rate, the mechanical stability 
of the biofilm, and the effective shear force on the biofilm. 

Biological substances are unavoidable in any water treatment environment. 
Even if 99.9% of the bacteria are destroyed in the pre-treatment process [20], 
those entering the RO system still deposit on the membrane surface and start the 
formation of a biofilm. Due to the non-porous layer, almost all organic molecules 
(organic acids, proteins, polysaccharides, etc.) can be retained on the membrane 
surface during the filtration process. The adhered microbes may utilize these 
organic compounds as a source of nutrients to multiply further and form more 
microbial colonies.  

13.2.2  Role of Extracellular Polymeric Substances (EPS) 

EPS are the metabolites generated during the cell growth process, consisting mainly 
of polysaccharides, proteins, lipids, humic substances, and DNA [21]. It is reported 
that EPS accounts for 50–90% of the organic compounds in a biofilm [22]. The EPS 
encases cells into its polymeric structure and changes the physical-chemical proper-
ties (hydrophilicity, zeta potential, surface energy, roughness, etc.) of a membrane 
surface, which in turn may cause more settlement and deposition of organic 
 contaminants. Accumulated bacteria may be further released from the colony and 
relocate onto other parts of the membrane surface, starting a new bacterial colony 
and further spreading the biofilm. 

The gradual growth of bacterial colonies within the EPS polymer eventually forms 
an intact and stable bio-layer across the membrane surface. EPS not only enhances the 
adhesion of the biofilm but also shields the microorganism from the biocidal compo-
nents of the cleaning process [23]. Long-term growth of the biofilm can degrade mem-
brane materials and cause irreversible fouling on the RO membrane [13]. It has also 
been observed that the commonly used disinfectant sodium hypochlorite is only effec-
tive against free bacterial cells and exhibited only slight inactivation ability against 
biofilm capsuled cells [23]. Biofouling not only affects the membrane’s lifespan but 
also adds an energy burden which consequently impedes the widespread application 
of RO technique [18].  

13 Biofouling in RO Desalination Membranes



274

13.2.3  Crucial Factors 

The biofouling of reverse osmosis membranes results in the performance degrada-
tion of the RO plants. The structure and composition of the biofilm on the  membrane 
surface have considerable effect on the RO desalting system performance. The cru-
cial factors that need to be considered to better understand the biofilm formations 
are: the membrane surface type, the microbial driving force, interactions between 
surfaces and microorganisms, and the factors affecting microbial adhesion.

 (a) Surface type 

The microbial adhesion can occur on two different surfaces through two different 
mechanisms, either the pristine membrane surfaces (macroscopic adhesion) or a 
surface covered with a conditioned film like protein layer covering the membrane 
surface (microscopic adhesion) [24]. Macroscopic adhesion is due to the macro-
scopic properties of the pristine membranes, such as surface charge, hydrophilicity, 
etc., that governs the microbial adhesion on the pristine membrane surface [25, 26]. 
Microscopic interaction controls the interaction between the conditioning film and 
microorganisms [24]. This specific interaction is known as “ligand-receptor bond” 
where the receptor is the protein molecules present on the conditioning film of the 
membrane [27] and ligand is the substance that binds with the receptor. The interac-
tion of microorganisms with membrane properties, such as surface charge becom-
ing altered by the presence of conditioning films on the membrane surface [28], 
often can result in enhanced cell attachment to the surfaces [29].

 (b) Driving force 

Different types of driving forces (Fig. 13.4), control the microbial adhesion on 
the membrane surfaces:

Fig. 13.4 Driving forces that control the microbial adhesion on the membrane surface with (1) 
Hydrodynamic force (2) Physico-chemical interactions between the microbes and membrane sur-
face, (3) Ligand-receptor interactions, and (4) Adhesive interaction; Reproduced with permission 
from [30]; Copyright 2012 @ Elsevier
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• Hydrodynamic force
• Physicochemical interactions between the microbes and membrane surface
• Ligand-receptor interactions
• Adhesive interaction 

The hydrodynamic forces of convection and diffusion transports the microbes 
from the wastewater towards the membrane surface. Once the microorganisms reach 
the vicinity of the membrane, the physicochemical interactions play a crucial role in 
microbial adhesion on the membrane surface [25]. Initial adhesion and secondary 
adhesion are the two steps of microbial adhesion on the RO membrane surface. The 
initial adhesion occurs due to the physicochemical interactions between the mem-
brane surface and the microbes, whereas the secondary adhesion results from the 
interaction between the adhered (on the membrane surface) microbes and the sus-
pended (in solution) microbes [31]. The conditioning film layers have binding sites 
where the ligand-receptor interaction between the receptors of the cell membranes 
and the binding sites (e.g., polarized bonds, charged groups or OH groups) occurs 
[32]. Moreover, the adhesive nature of the EPS and the appendages of some microbes 
cause the adhesive interactions which can facilitate the cell attachment on the mem-
brane surface [32]. The interaction of microbial adhesion on the membrane surface 
occurs when there is an attraction between microorganisms and the membrane sur-
face (negative total free energy of the interaction exists) [31]. 

Different physical and chemical factors affect the transport and attachment of 
microorganisms, such as the mass transport condition, pH and ionic strength of the 
solution, surface charges, surface hydrophobicity/hydrophilicity, surface roughness, 
nutrient and EPS concentrations, the amount of the microorganisms, etc. 

Mass transport condition affects microorganism growth and build-up on the mem-
brane surface as well as the shear force generation. Enhanced shear force hinders 
microbe adhesion and restrains microbial growth on the membrane surface, thus 
reducing biofouling [30]. The electrostatic double layer interaction between the mem-
brane and microorganisms is influenced by solution pH, which has significant impact 
on the colloids’ charge [31]. In addition to solution pH, ionic strength of the solution 
is another key parameter affecting the electrostatic double layer interaction between 
the membrane and the microorganisms. As substantial amount of microbes contains 
negative charges which would repel the microbes from the negatively charged mem-
brane [30]. Hydrophobicity, hydrophilicity, and surface roughness has a profound 
impact on biofilm formation as they influence the interaction of microbes with the 
membrane surfaces. In general, hydrophilic membranes interact more with water 
whereas hydrophobic membranes interact more with microbial matter. Rough sur-
faces of the membranes contain a greater quantity of sites as well as more surface area 
available for microbial attachment and adhesion. Moreover, the rough surfaces lead 
towards a reduction of the van der Waals and electrostatic double layer interactions of 
the membrane [31]. As the nutrients facilitate the growth of microorganisms, the 
decreasing nutrient concentrations in the feed stream/influent will hinder biofouling 
development. Studies have found that enhanced carbon concentrations in the feed 
cause lower microbial mass as it decreases the time of the initial growth of the 
 microorganisms [31]. Increased amounts of microorganisms play a crucial role in 
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biofouling as the probability of adhesion and growth of microbes is higher along with 
enhanced EPS concentration [31]. The development of biofilm is also dependent on 
the redox potential and carbon, nitrogen, and phosphorous (C:N:P) ratio. In addition, 
the growth rate of microorganisms depends on the following factors [13, 33]:

 (1) feed water quality
 (2) temperature
 (3) pH
 (4) dissolved oxygen content
 (5) the presence of organic and inorganic nutrients
 (6) pollution
 (7) depth and location of the intake   

13.3  Biofouling Impact on RO Membranes Performance 

Biofouling will have many negative impacts on RO membrane system. Biofilm 
formed on an RO membrane surface can act as an extra thin layer on the membrane 
that increases the concentration polarization on the membrane and reduces the effi-
ciency of the conventional transport processes (Fig. 13.5) [12, 34]. 

The adverse consequences of the biofilm formed on membrane surface are as 
follows [12–14]:

 (a) Permeability declines on the RO membrane due to the formation of gel-like 
biofilm on RO membrane surface.

 (b) Reduces the salt rejection and quality of water production due to the accumula-
tion of dissolved ions on RO membrane surface.

 (c) Degrades the RO membrane materials and causes irreversible fouling on the RO 
membrane, and,

 (d) Increases energy consumption due to the higher-pressure requirement after the 
formation of biofilm. 

Fig. 13.5 Schematic representation of the fouled RO membrane; Reproduced with permission 
from [34]; Copyright 1997 @ Elsevier
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Although biofouling has many adverse consequences on the RO membranes 
 performance, the main concerns are the permeability decline, reduced salt rejection, 
and increased energy consumption. 

13.3.1  Permeability Decline 

Permeability decline is attributed to the formation of biofilm layer, which increases 
the hydraulic resistance and transmembrane osmotic pressure of the fouled mem-
brane [35]. The decline rate depends on the physicochemical properties of the bio-
film and microbiological properties of the feed water [36]. 

In most cases, permeability decline tends to exhibit two phases. Sharp permea-
bility declines at the initial RO membrane separation stage followed by a smooth 
decline. The initial sharp permeability decline is attributed to the early deposited 
bacterial cells, which leads to increased trans-membrane osmotic pressure [35]. The 
biofilm layer is formed gradually at this initial stage. After that, the formation of 
biofilm and EPS production will reach a balanced state, which means there is an 
equilibrium in the loss of and growth of biofilm and EPS at the feed solution- 
membrane interface. In general, increased pressure is applied to compensate for the 
permeability decline and maintain constant water production. 

In order to elucidate the mechanisms governing the decline in RO membrane 
performance caused by cell deposition and biofilm growth, a bench-scale investiga-
tion of RO biofouling with Pseudomonas aeruginosa PA01 was conducted by 
Herzberg [35]. The contribution of bacterial cells and EPS that impacts the perme-
ability decline of RO membrane was evaluated by comparing the permeability 
decline of dead cell deposition in different solution mediums to the growth of bio-
film on RO membrane (Fig. 13.6). 

The decrease in flux (production of clean water) is higher for dead cells in the 
wastewater medium (ionic strength of 14.6 mM and pH 7.4) when compared with 
dead cells in deionized water with 0.01 mM LaCl3 at pH 5.8. This rapid decline was 
attributed to the high ionic strength of the wastewater medium. The sharp permea-
bility declines of PA01 biofilm in the wastewater medium should be attributed to the 
growth of biofilm and production of EPS. The proposed mechanism of permeability 
decline caused by growth of biofilm and EPS was further confirmed by Scanning 
Electron Microscopy (SEM) images of the fouling layer formed from cells and EPS 
layer (Fig. 13.7b) produced from PA01 cells can be easily observed by comparing 
with dead cells (Fig. 13.7a).  

13.3.2  Salt Rejection Decline 

Desalination using the RO membrane process is a pressure-driven transport of water 
through a membrane medium, which will lead to accumulation of solutes retained 
by the membrane on the feed side. Biofilm formed during the separation processes 
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will inevitably increase the trans-membrane pressure (TMP) as well as the concen-
tration polarization (CP) [37]. TMP is the pressure that is needed for the transport 
of water through the membrane. CP refers to the concentration gradient of solutes at 
the membrane surface resulted from the accumulation of solutes retained by the 
membrane, which is one of the most important factors influencing the performance 
of RO membrane separation processes. Upon the formation of a secondary biofilm 
membrane on RO membrane surface, the back diffusion of salt ions from membrane 

Fig. 13.7 SEM images of PA01 biofouling layers: (a) Dead cells fixed in formaldehyde and 
deposited on the RO membrane in DI water supplemented with 0.01 mM LaCl3 after 38 h of depo-
sition. (b) Live cells with their PES (biofilm) growth for 19 h on the RO membrane in a synthetic 
wastewater medium; Reproduced Adapted with permission from Ref. [35]; Copyright 2007 @ 
Elsevier
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Fig. 13.6 Normalized permeability decline upon deposition of formaldehyde fixed PA01 dead 
cells, PA01 biofilm growth (initial concentration of 107 cells/mL) on the RO membrane in waste-
water medium (ionic strength of 14.6 mM and pH 7.4), and PA01 dead cells (initial concentration 
of 109 cells/mL) in wastewater medium (−1 and − 2 represent two replicates of fouling experi-
ments conducted with the same synthetic wastewater used in the previous runs); Adapted with 
permission Ref. [35]; Copyright 2007 @ Elsevier
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to feed solution is hindered. The concentration of solutes (Cw) at the membrane 
surface can be significantly elevated (Cw

∗) due to the development of biofilm, where 
CP∗ > CP as illustrated in Fig. 13.8 [38]. Therefore, with an increase in CP caused 
by the formation of fouling layer on the membrane surface, the salt passage through 
the RO membrane can be significantly increased. 

The biofilm consisting of an EPS matrix and bacterial cells increases the TMP, 
which leads to a decreased salt rejection ability. Their roles in decreased salt rejection 
were also investigated by Herzberg [35]. A drastic increase in salt passage was 
observed for two experiments with the deposition of dead cells on the membrane in 
wastewater medium 1 and 2. This increase indicates that not only the EPS matrix, 
but also the deposition of dead bacterial cells on the RO membrane surface can 
decrease salt rejection (Fig.  13.9) [35]. Salt rejection by biofilm is due to the 
increased CP, whereas dead bacterial cells cause salt rejection due to causing 
decreased back diffusion of salt ions [27]. 

Another possible mechanism for salt rejection decline is the biodeterioration from 
the growth of biofilms. Biofilms formed on RO membrane surface can attack mem-
branes by excreting acids and/or exoenzymes that attack the membrane materials. 
This process is called “biodeterioration” [39, 40]. Some reports show that cellulose 
acetate RO membranes can be biodegraded by microorganisms [41, 42]. Reports 
indicate that common membrane materials, such as polyamide and polyethersulfone, 
appear to not be attacked by microorganisms [34].  

Fig. 13.8 Comparison of 
concentration polarization 
(CP) in RO membrane 
separation process. (a) 
After membrane fouling; 
(b) Before membrane 
fouling
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13.3.3  Increased Energy Consumption 

Desalination using RO membrane system is a pressure-driven process. This method 
inevitably leads to the accumulation of bacterial cells, salt ions, and other materials 
on or within the RO membrane. Once fouling occurs, the membrane permeability 
decreases. To combat this, an increased applied pressure is required in order to off-
set the loss of water production from the development of biofilm [43]. 

Theoretically, 0.7 kWh/m3 is the minimum energy required for seawater desali-
nation [44]. In reality, the energy consumption of seawater desalination ranges from 
2 to 5 kWh/m3 with modern materials, modules, and technologies [45, 46]. With the 
formation of secondary biofilm membrane on RO membrane surface, about 150% 
of the initial operating pressure (200 psi) is required to compensate the flux loss 
[34, 44].   

13.4  Conclusions and Outlook 

RO technique plays an irreplaceable role in seawater desalination industries. 
However, biofouling caused by bacterial adhesion and propagation on the RO mem-
brane surface hinders the widespread application of RO. Biofouling in RO desalina-
tion plant is inevitable as seawater contains substantial amount of organics, nutrients, 
and microorganisms, especially bacteria, fungi, and yeasts. The contact between the 
membrane surface and contaminant containing seawater in the RO desalination 
plants causes the biofouling through adsorption, transport, attachment, growth, mul-
tiplication, and detachment of microorganisms that eventually lead towards biofilm 
formation. Continuous production of EPS facilitates the biofouling of the mem-
brane through enhanced adhesion of the biofilm along with shielding the microbes 
from the cleaning agents. Biofouling increases the concentration polarization as 
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well as the transmembrane pressure due to the formation of biofilm on the RO mem-
brane surface. Enhanced hydraulic resistance and reduced permeability of RO 
membranes due to deposition of dead cells, the growth of biofilm, and production of 
EPS can significantly affect the RO desalination plant performance. Increased con-
centration polarization results in decreased salt rejection while energy consumption 
increases due to increased applied pressure to offset the loss of water production. 
The RO plant performance, as well as the efficiency, degrades due to biofouling 
which eventually affects the plant expenditures by requiring frequent membrane 
cleaning and membrane replacement. Advancement in research has adapted different 
strategies for biofouling mitigation through minimizing microbial concentration, 
e.g., feed pretreatment, biocide application, etc. and preventing microbial adhesion 
and/or inactivation of bacteria adhered to membrane surface through development 
of antibiofouling membrane through surface modification. 

Although biofouling of the RO membrane is a huge challenge, RO membrane 
separation technology is still a promising way for desalination. With the  development 
of diverse fouling-resistance materials and new cleaning procedures, fouling- 
resistance performance of RO membranes has been improved significantly. A better 
understanding of the fundamental of the biofouling of RO membrane will contribute 
towards efficient biofouling management, and hence, will enhance the RO desalina-
tion application combating the global water crisis.     
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Chapter 14
Approaches Towards Scale Control 
in Desalination

Ashish Kapoor and Sivaraman Prabhakar

14.1  Introduction

Scaling is a process which consists in the formation of a solid layer on a solid sub-
strate. It may result due to several factors including solution chemistry, temperature, 
flow conditions and surface properties. Scaling is an important phenomenon 
encountered in the operation of desalination plants leading to reduction in water 
productivity and life of the desalination systems. It depends on the type of dissolved 
species, their concentration, surface characteristics of the solid medium, tempera-
ture and the hydrodynamics of the fluid [1].

Formation of scales is an inherent consequence of a desalination process. The 
extraction of pure water increases the concentration of the reject stream which, in 
turn, facilitates scale formation [2]. In thermal desalination processes, the scaling, 
particularly on the heat transfer surfaces leads to a decrease in the heat transfer effi-
ciency. The presence of inorganic species which are constituents of sparingly solu-
ble salts such as calcium, magnesium, iron, and silica along with counter-ionic 
species such as carbonates, and sulphates lead to scaling. With thermal conductivi-
ties of calcium sulfate (CaSO4), calcium carbonate (CaCO3) or silica being signifi-
cantly less compared to heat transfer tubing materials including ferrous and 
non-ferrous alloys, the heat transfer efficiencies are very much reduced [3]. In 
reverse osmosis membrane process, scaling leads to a reduction in permeate water 
flux as well as deterioration of product water quality.

Prevention of scale in totality is extremely difficult but scale control is necessary 
to minimize the scaling rate and ensure sustainable operation of the desalination 
plants [4]. Preventive methods adopted for scale control such as acid treatment, ion 
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exchange, and addition of anti-scalants are reasonably good and requires good mon-
itoring of feed water quality. Curative methods such as cleaning of the membrane 
surfaces or heat transfer tubes require significant downtime (involving production 
loss). In practice, a combination of both the methods is normally adopted to ensure 
sustainability at reasonable economics [5–8] .

This chapter describes various methods of scale control particularly with refer-
ence to reverse osmosis and thermal desalination processes including physical, 
chemical and physico-chemical methods. With a background on the mechanism of 
scale formation, the invasive methods discussed include acid pretreatment, ion 
exchange, feed flow reversal, membrane separation using nano-filtration (NF) and 
addition of anti-scalants. Other methods under investigation such as the use of ultra-
sonic energy and application of magnetic and electrical fields for scale control have 
also been discussed. Development of non-scaling membranes incorporating a vari-
ety of nanoparticles such as rutile and carbon nanotubes have been highlighted. A 
brief discussion on scaling phenomenon in non-conventional desalination pro-
cesses, such as forward osmosis (FO) and membrane distillation (MD) is included 
indicating the possible methods of prevention.

14.2  Approaches towards Scale Control

Theoretically, there are many approaches for scale control including the removal of 
the scale forming species or by binding them with a complex. Other methods involve 
operating the desalination plants within the limits of scaling or use of materials 
which do not allow adhesion of scales on its surface.

The factors which determine the scaling potential in desalination plants are feed 
water composition, the characteristics of solute species such as solubility, solution 
characteristics (ionic strength, temperature) and surface characteristics of the mem-
brane or heat transfer surface where scaling is likely to occur (wall temperature, 
boundary layer concentration, presence of crystal growth sites) and charge on the 
crystal seeds.

The major scales formed in thermal and membrane desalination processes differ 
because of the difference in their operational characteristics: reverse osmosis oper-
ates at ambient temperature while thermal desalination operates over a range of 
temperatures. Multi-stage flash (MSF) desalination plants operate below 90 °C but 
some operate at higher temperatures up to 120 °C. Multi-effect distillation (MED) 
plants operate at much lower temperatures around 65 °C. Other than minor compo-
nents like silicate scale, CaSO4 and CaCO3 are the two dominant solute species 
responsible for scale formation [9].

Preventive approaches include all the methods by which either the scale forming 
species are removed (by ion exchange or chemical precipitation) or prevented by 
modifying the scale formation steps (by addition of anti-scalants) [10]. Pretreatment 
with acid to remove carbon dioxide is one of the widely adopted methods in desali-
nation processes, in the early stages of development. Thermal desalination pro-
cesses tend to operate at lower temperatures to minimize hard scale. In this context, 
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the potential of nanofiltration (NF) as a scale prevention technique has been estab-
lished [11] and that may lead to further improvements.

Scaling is essentially a consequence of concentration build-up on the surface or 
more precisely the boundary layer concentration. The other steps such as super 
saturation-seeding-crystal growth etc. follow. In general, we can estimate bulk con-
centration at any point in the stream, but the boundary layer or wall concentration is 
at best a considered guess. In thermal desalination, the scaling depends on wall 
temperature of the heat transfer system and related flow dynamics. In the case of 
reverse osmosis, it is the specific flux and rejection characteristics of the membrane 
coupled with the hydrodynamics of the feed which govern the concentration build 
up. Prevention of the scale requires attacking any of the different steps leading to 
scale formation, even though the ideal approach would be to remove the species 
responsible for scaling. The next possible approach could be to prevent the concen-
tration build up at the surface. Preventive methods result in long service cycle of the 
desalination plant, but it has challenges in terms of chemistry and economics, as the 
undesirable species have to be removed or converted to non-scaling form.

The pragmatic approach would be to remove a component of the scale forming 
species either the anionic (sulphates and carbonates) or cationic (calcium) from the 
feed by physical or chemical methods. Chemical and ‘membrane-based’ treatments 
belong to this category. In chemical treatment, carbonates are decomposed, while in 
the membrane treatment using nanofiltration, cations such as calcium and magne-
sium are removed along with bivalent anions such as sulphates. The third approach 
is to engage the scale-forming species with some binding agent so that the elemental 
species are not available to form the scales or alternately the saturation values are 
enhanced by a few orders of magnitude. Thus, the preventive approaches can be 
broadly classified as

 (i) Chemical treatment

• Acid treatment
• Chemical precipitation
• Addition of polymeric anti-scalants

 (ii) Physical Methods

• Periodic pressurized air backwash
• Pellet softening
• Feed flow reversal

 (iii) Physico-chemical methods

• Use of membrane systems in pretreatment
• Removal of chemical species using ion exchange

The preventive methods primarily interfere with or modify any of the follow-
ing steps:

• The removal of mineral ions from the feed
• Prevent the sparingly soluble salts from reaching saturation, by preferentially 

binding the cation or anion
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• Inhibit crystal formation
• Modification of the crystal to inhibit the growth
• Prevention of adherence of the crystal to the surface

Figure 14.1 illustrates the schematic representation of pathways of scale forma-
tion and the route that follows, after addition of anti-scalant [12].

14.2.1  Chemical Treatment

14.2.1.1  Acid Treatment

Acid treatment of seawater can be done for both thermal and membrane processes 
in the pretreatment section. The addition of acid decomposes the carbonates releas-
ing CO2 to the environment, consequently minimizing the chances of carbonate 
scale formation [13]. pH adjustment is also one of the strategies for the prevention 
of silica-scales considering that both silica solubility and its polymerization kinetics 
are highly dependent on pH.

In the case of thermal desalination plants after addition of acid, the feed is sub-
jected to de-aeration using ejectors lest the CO2 present may not only reduce the 
efficiency of heat transfer but also promote carbonate scaling as well. Hence, acidi-
fication is to be followed by degasification to prevent carbonate scaling. Further, 
after acidification, the feed requires to be neutralized to minimize corrosion. 

Mineral ions in solution

Crystal formation Crystal
modification

Crystal
dispersion

Crystals with
adsorbed antiscalant

Threshold
inhibition

No
antiscalant

Antiscalant

Aggregation
and nucleation

Crystal
growth and
scale
formation

Prevention
of build up
of regular
lattice

Prevention of crystal
agglomeration due to
increased anionic charges

Blockage of active crystal
growth sites

Fig. 14.1 Pathway of scaling and approaches to prevent scaling. Modified after Ref. [12]
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This  treatment would only help in minimizing or nearly preventing carbonate 
 scaling in the desalination plant but is of no help in the case of magnesium hydrox-
ide and CaSO4 scaling.

In reverse osmosis process, acidification was carried out in the earlier days 
particularly in the beginning when cellulose-acetate based membranes were used 
with a two-fold purpose viz. decomposition of carbonates and maintaining a con-
ducive pH to sustain membrane performance. No doubt the formation of carbonate 
scale on the membrane is prevented but the generated CO2 would pass through the 
membranes making the permeate acidic, requiring pH correction before 
distribution.

14.2.1.2  Addition of Anti-scalants

In the last few years, the use of very good anti-scalants with acidic or non-acidic 
properties have encouraged designers to go ahead without acid dosing and operate 
the plants at lower temperatures, as it results in savings for thermal desalination 
plants with reference to degassing and neutralization. In the case of the reverse 
osmosis process, plant operation is carried on without acid addition but with anti- 
scalant dosing [14, 15].

The primary role of an anti-scalant is to hinder, if not to prevent the formation of 
scales. There are several mechanisms proposed to explain the way anti-scalants 
could act [12, 16]. Since calcium is identified as the main component of scaling, the 
anti-scalants aim to bind some how the calcium, thus preventing them from forming 
the scaling compound and reach saturation levels.

The prevention can be achieved either by not allowing to reach the saturation 
concentration or by inhibition of the formation of crystals bigger than the critical 
size necessary for nucleation or by the modification of the surface of the crystals. 
The surface modification results in distortion of crystals as they grow. The distortion 
slows down and often stops the growth of usually highly-ordered crystals. Many 
anti-scalants are available for field applications and selection of an apt anti-scalant 
depends on a variety of factors including their chemical nature, properties, and sys-
tem under consideration.

Categories of Anti-scalants Anti-scalants can be broadly categorized into two 
groups: conventional anti-scalants (the majority being phosphorus-based) and 
unconventional greener anti-scalants. They are essentially chemical additives capa-
ble of controlling either the formation or deposition of scale or both the steps. 
Further, their capabilities go beyond those of acid treatment. These additives are 
effective not only for CaSO4 scales but also for alkaline CaCO3/ Mg(OH)2 scales. 
The efficiency of scale inhibition relies on various parameters of the system of inter-
est including ion concentration, temperature, pressure, pH along with characteris-
tics of anti-scalants such as functional groups, molecular weight, polydispersity, 
molecular configuration, etc. Further, the type of anti-scalant and its dosage is also 
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crucial. While the dosing rate less than optimal leads to scale formation, an  overdose 
results in sludge formation and contributes to fouling [17]. Conventionally used 
anti-scalants come under the following three families:

 (i) Polyphosphates (hexametaphosphate (HMP), tripolyphosphate (TPP), etc.)
 (ii) Organophosphates (aminotris (methylenephosphonic acid), ATMP; 

1- hydroxyethane-1,1- bis(phosphonic acid), HEDP; 2-phosphonobutane 
1,2,4-tricarboxylic acid (PBTC), etc.)

 (iii) Organic polyelectrolytes (polyacrylates (PA); polycarboxysulfonates).

Several studies have focused on the development of novel anti-scalants and com-
paring their performance with commercial scale inhibitors [18]. The effectiveness 
of a few poly(acrylic acid)(PAA)-based scale inhibitors with hydrophobic end- 
groups and three different commercial scale inhibitors (Belgard EV 2030, Albrivap 
DSB(M) and Sokalan PM 10i were evaluated in real seawater samples [17]. PAA 
with mid-length hydrophobic end groups (hexyl isobutyrate-PAA, Mn = 1400, HIB- 
PAA; and cyclohexyl isobutyrate-PAA, Mn  =  1700, CIB-PAA), low molar mass 
PAA with a long end group (hexadecyl isobutyrate-PAA Mn = 1700, HDIB-PAA) 
and PAA with mid-length hydrophobic end groups (hexyl isobutyrate-PAA, 
Mn = 3600) were studied to assess their anti-scaling performance. The studies indi-
cated that low molar mass (molecular weight) PAA with end groups of moderate 
hydrophobicity are most effective in the role of scale inhibitor. The nature of end 
group is likely to play an essential role in directing selectivity of adsorption on crys-
tals being formed. The moderately hydrophobic groups promote adsorption of PAA 
on the surface thus inhibiting growth of crystals. The less hydrophobic groups lack 
selectivity of adsorption while more hydrophobic groups tend to self-assemble.

Polyamino polyether methylene phosphonate is found to simultaneously control 
CaCO3 and calcium sulfate scale formation and deposition at very high supersatura-
tions. It functions by both precipitation inhibition and dispersion of precipitated 
material. Tripol 8510 (Trisep, USA) is a commercial anti-scalant based on poly-
acrylic acid and diphosphonic acid components that is shown to form precipitates 
with calcium/aluminum and iron ions by altering the characteristics of foulants in a 
hybrid coagulation-nanofiltration membrane process for purification of brackish 
water [19]. The polyacrylic acids and polyphosphates play a role in sequestering 
ions and dispersing particles. However, the excessive dosage is observed to lead to 
the formation of agglomerates that can deposit on membrane surfaces contributing 
to fouling. Gryta [20] studied the inhibition of CaCO3 precipitation by polyphos-
phate scale inhibitors. The combined effect of high water temperature, anti-scalants 
concentration and duration of membrane-based process was examined. Studies have 
been reported on the synthesis of novel anti-scalants containing specific functional 
groups, such as diallylammoniopropanephosphonate-alt-(sulfur dioxide) copoly-
mer [21], and poly amino-phosphonate [22].

One of the concerns with phosphorus-based scale-inhibitors is their limited bio- 
degradability. The continued accumulation of phosphorus is likely to contribute to 
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eutrophication and consequent blooming of harmful algae. In view of the growing 
concerns on environmental issues, there is a considerable interest in developing 
‘greener anti-scalants’ that are biodegradable and have a minimal environmental 
impact [23, 24].

A relatively newer class of anti-scalants is based on chemicals such as polymale-
ates (PMA), polyaspartates (PAS), and polyepoxysuccinates (PESA), as well as 
their various derivatives including copolymers with PA.  A comparative study is 
reported for four phosphorus-free polymers (PAS, PESA, polyacrylic acid sodium 
salt (PAAS) and copolymer of maleic and acrylic acid (MA-AA) and of three phos-
phonates (ATMP, HEDP and PBTC) regarding inhibition of CaSO4 precipitation. 
Although a detailed mechanism of antiscaling behavior of the novel candidates is 
still to be understood, initial studies have indicated the inhibition in the formation of 
crystals (to allow the crystal growth) as a contributing factor to scale inhibition [25]. 
Polyaspartic acid (PASP), a polyamino acid and its derivatives do not contain phos-
phorus and offer viable alternatives for development of biodegradable, eco-friendly 
anti-scalants. The functional group chemistry plays a role in scale inhibition effect 
of PASP.  The ionization of PASP and the consequent formation of negatively 
charged molecular chains leading to water-soluble complexes with calcium ions 
appears to be the reason behind non-deposition scales on the membrane surface 
[26]. Phosphorus-free inhibitors, such as the sodium salt of PASP, MA/AA, PESA, 
and PAAS, have been shown to be effective for CaCO3 scaling in alkaline conditions 
[27]. Tlili et al. [28] investigated the effect of different concentrations of sodium 
poly(acrylate) on prevention of gypsum scale formation and found it to have an 
impact on the precipitation rate, the texture and the morphology of gypsum.

Ketrane et al. [29] studied comparative performance of commercial anti-scalants 
(three polyphosphates, one polyphosphonate and one polycarboxylic acid) for 
CaCO3 precipitation from hard water. Phosphonates were found to be superior in 
terms of scale inhibition when compared to polycarboxylates or polyphosphates. 
Zhao et al. [30] prepared environmental friendly and low-cost poly (citric acid) anti- 
scalant by condensation polymerization of citric acid and demonstrated its efficacy 
in CaSO4 scaling inhibition. Poly (citric acid) interacts with active sites on surface 
of growing CaSO4 scale crystals and distort crystal polymorphs thus checking their 
growth. Phosphate free polysuccinimide (PSI) derived anti-scalants were also used 
for CaSO4 scaling [31].

A combination of more than one anti-scalants has been used to synergise the 
individual characteristics of the different anti-scalants. Shen et al. [32] explored the 
strategy of optimization of the combination of three anti-scalants for CaCO3 scal-
ing. The mixture of HEDP, and PAA and synthesized hydrolyzed poly maleic anhy-
dride (HPMA) was optimized by using Simplex Lattice of Design-Expert software 
through CaCO3 precipitation method. HEDP is known to modify the structure of 
CaCO3 by incorporating into the crystals and thus inhibiting the scale formation. 
HPMA is shown to influence the growth of CaCO3 crystals resulting from carboxyl-
ate ions adsorption on the nuclei of CaCO3. PAA is widely studied regarding its role 
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in distortion and inhibition of crystal growth. The statistical optimization yielded 
the optimum mass ratio of HEDP, PAA and synthesized HPMA to be 10/10/80, that 
showed excellent CaCO3 deposition inhibiting performance.

Further, in the quest for eco-friendly anti-scalants, a significant amount of inter-
est has been seen in the development of scale inhibitors based on natural sources 
and their modified or derived forms [23, 33]. The compounds obtained from petro-
chemical origin, natural organic molecules, plant extracts, and modified natural 
molecules are being studied to examine their effectiveness in scale inhibition per-
formance. Carboxymethyl inulin branded under the name Carboxyline CMI is an 
eco-friendly anti-scalant that performs three essential functions, namely complex-
ing of metal ions, crystal growth inhibition, and dispersancy [34]. Herniaria glabra 
aqueous extract, used in the treatment of urolithiasis, is evaluated as a potential 
anti-scalant by studying inhibiting effects towards CaCO3 scaling using by chrono-
amperometry and fast controlled precipitation methods [35]. Abd-El-Khalek et al. 
demonstrated use of palm leaves extract (Phoenix dactylifer L) for CaCO3 scaling in 
cooling water [36]. Palm leaves extract were shown to decrease the rate of scale 
formation by chemical bond formation of cations from neutral bioextract with active 
components resulting in formation of soluble complex or by improving dispersion 
of suspended solid matter via sorption. Maher et al. [12] synthesized and demon-
strated an eco-friendly anti-scalant chitosan biguanidine hydrochloride, for inhibi-
tion of the precipitation of calcium sulfate and carbonate onto the membrane surface. 
Chitosan biguanidine hydrochloride showed a good performance as scale inhibitor 
for CaSO4 and CaCO3 at about 10 and 15 mg/L. More details on anti-scalants can be 
found in Chap. 15.

Use of anti-scalants reduces scaling risk by various mechanisms as discussed. 
However, often anti-scalants used are costly and become less effective at high con-
centrations. Further, they are themselves found to contribute to fouling. Hence, 
novel scaling prevention approaches are being explored.

14.2.1.3  Chemical Precipitation

Chemical precipitation is cost intensive unless the precipitate is a value product. 
However, some studies have reported the removal of sulphate ions using barium 
chloride by precipitating as barium sulphate. Cob et al. [37] studied the removal of 
silica by chemical precipitation. Among the several methods examined including 
precipitation of silica with Fe(OH)3, Al(OH)3 and silica gel, Al (OH)3 was found to 
be the most effective precipitant for silica removal. Considering the efforts and cost 
involved, chemical precipitation for the removal scale forming ionic species with 
reference to desalination plants is only of academic interest.
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14.2.2  Physical Methods of Scale Prevention

14.2.2.1  Periodic Pressurized Air Backwash

Periodic air backwash refers to the process by which compressed air is passed 
through the membrane for dislodging the scales. The backwash air pressure required 
depends on the membrane and its pore-size. Julian et al. [38] investigated pressur-
ized air backwash as a means of shear force enhancement on the membrane surface 
for the retardation of scaling in submerged vacuum membrane distillation and crys-
tallization (VMDC) process for inland brine water treatment. Several parameters 
such as pressure for air-backwash, its duration, frequency, and the addition of scour-
ing were examined to observe their influence on productivity. However, it is more 
difficult to practice with reference to reverse osmosis membranes and may lead to 
damage of the membrane.

14.2.2.2  Pellet Softening (PS)

Pellet softening aims at the removal of calcium salts as carbonates. It is carried 
out in a small reactor filled with fine grains of sand/calcite and conditioned to 
basic pH. The feed is allowed to contact from the bottom of the reactor to enable 
fluidization. CaCO3 crystals formed under these conditions adhere to the surface 
of the sand/calcite crystals and grow in size and mass. Beyond a particular mass, 
the crystals settle down,  and are removed and replaced with fresh particles of 
sand/calcite. The discarded materials can be utilized in cement industries. 
Al-Ghamdi [39] has studied the feasibility of calcite particles as a control method 
to avoid scaling of CaCO3 in seawater desalination. It was found to be effective 
in reducing the scaling potential and supersaturation level of seawater. The 
method is not suitable for CaSO4 removal at least under ambient temperature 
conditions because of its relatively higher solubility and requirement of large 
induction time.

14.2.2.3  Feed Flow Reversal (FFR)

Calcium sulphate is a major scaling component in seawater desalination processes. 
The induction time required for the precipitation of calcium sulphate is signifi-
cantly high providing time for the removal of salts before deposition. Accordingly, 
in this technique demonstrated by Pomerantz et al. [40], the feed flow direction is 
reversed before the induction time required for CaSO4, allowing for the replace-
ment of supersaturated brine solution at the exit with the unsaturated feed, effec-
tively ‘zeroing’ the nucleation time. The flow reversal was achieved by altering the 
location of entry and exit of the pressurized feed to the RO system. Gu et al. [41] 
examined the FFR with a spiral-wound RO plant in a cyclic mode and  demonstrated 
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scale-free operation for brackish water desalination under conditions of high min-
eral scaling (CaSO4) in an automated system (Fig. 14.2). Section A indicates the 
service cycle where water flux decreases consequent to the increase of concentra-
tion polarization. Section B illustrates the reversal wherein feed enters from the 
concentrate side and emerges out of the entry point thus flushing out the saturated 
solution.

14.2.3  Physico-Chemical Methods of Scale Prevention

14.2.3.1  Removal of Chemical Species Using Ion Exchange

Ion Exchange is another mechanism to prevent scale formation [42]. One can use 
either softeners to replace the calcium and magnesium ions with sodium or anionic 
resins to remove sulphates. Cation exchange resins are not employed in the hydro-
gen form as it would make the water acidic and acid would be required for regenera-
tion of the resins. Use of ion exchange or softeners in the pretreatment step is a 
possibility whereby the calcium and magnesium ions are replaced by sodium ions 
in the solution. Since one of the scale-forming species is nearly removed without pH 
change, the desalination plants may not have to struggle with the scaling threat.

Zhu et al. [43] employed a weak-base anion exchange resin (Relite MG 1/P) to 
preferentially remove sulfate from seawater thus inhibiting formation of CaSO4 
scales. The resin showed high removal of sulfate and could be regenerated for suc-
cessive cycles of usage. Strongly basic anion exchange resins have been used for the 
removal of silica [37, 44]. It is impractical on most brackish waters, because of their 
high level of hardness and requirement of relatively large quantities of good quality 

Fig. 14.2 Feed flow reversal approach for RO scale control (a) shows schematic of operation in 
(A) normal feed flow mode, and (B) feed flow reversal. (b) illustrates concept of feed flow reversal 
operation. FFR gets triggered via mineral scale detection using an external membrane monitor. 
Reproduced with permission from Ref. [41]; Copyright 2013 @ Elsevier
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NaCl for regeneration [45, 46]. The technical feasibility of using synthetic resins 
directly for seawater applications is challenging because of the presence of a large 
number of ionic species (contains on an average about 1200–1600  ppm of 
 magnesium and about 400 ppm of calcium besides about 2800-3400 ppm of sul-
phate with a total dissolved solids content of around 35,000 -45,000 ppm), which 
would result in large quantities of regenerant waste. Besides, the resins may undergo 
plasmolysis.

Interestingly, Pless et  al. [47] have studied the desalination of brackish water 
using hydrotalcite (HTC) as anion-exchange material and amorphous alumino- 
silicate as cation-exchange material. These inorganic materials may not suffer plas-
molysis at higher concentration of solute but they do not preferentially remove 
bivalent species. Sasan et al. [25], have studied the preferential removal of silica 
from industrial water using two different forms (calcined and un-calcined) from 
aqueous solutions (Fig. 14.3) [48].

14.2.3.2  Membrane Pretreatment

Micro-filtration (MF) and ultra-filtration (UF) membranes have been extensively 
used for the pre-treatment of the feed for desalination through RO. Even though 
they are effective in the reduction of fouling, they are not effective in minimizing 
scaling threat as they cannot remove the scaling species, which are initially in the 
dissolved state.

NF with its capability for removing multivalent species preferentially appears to 
have a promising potential. The investigations initially started at Saline Water 
Conversion Corporation (SWCC) for the deployment of NF as a pretreatment for 
RO. Hassan et al. [49] demonstrated that NF based pretreatment step for seawater 
feed stream helped in the removal of very fine turbidity, residual bacteria, scale 
forming hardness ions and lowered the total dissolved solid (TDS) content. Initial 
studies reported production of high-quality water at higher fluxes thereby indicating 
the absence or at least minimization of scaling challenges. Later, Sofi et al. [50] 
reported the use of NF for water softening as a feed pretreatment step prior to sea 
water reverse osmosis (SWRO) as well MSF.  Llenas et  al. [11] investigated six 

Fig. 14.3 Use of inorganic anion exchange for removal of dissolved silica. Reproduced with per-
mission from Ref. [48]; Copyright 2017@ Elsevier
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 different NF membranes and analyzed their efficacy in rejecting ionic species 
responsible for forming scales. The advantage of using NF before RO is two-fold: 
namely reduction in the operating pressure of RO system and the improvement in 
the  recovery as NF is not only effective in removing significant amounts of bivalents 
such as calcium, magnesium, sulphates etc., but also some amounts of NaCl etc. 
Unlike RO membranes, NF membranes have marginal surface charge, which hin-
ders scale formation. Since NF rejects monovalent species as well, permeate of NF 
will have less concentration of solute species than what could be expected only by 
the removal of multi-valent species. Consequently, the down-stream RO can operate 
at low pressures and high recoveries. With these twin advantages, NF as a pretreat-
ment appears to be quite attractive [51, 52] for reverse osmosis. Studies on the per-
formance of seawater desalination using a series-combination of NF and RO 
membranes have been found to be encouraging with reference to recovery, purity 
and life [53, 54]. The dual NF-SWRO desalination process in Umm Lujj plant, 
Saudi Arabia exhibited increased permeate flow significantly from 91.8 to 130 m3/h 
compared to a single SWRO desalination process [55]. Since then, many studies 
have reported the operational advantages of NF as a pretreatment to SWRO [56–58].

The main objective of the membrane-based scale prevention treatment in thermal 
desalination plants is the potential to operate at higher top brine temperature (TBT) 
to improve thermal efficiency and to reduce the overall water production cost. The 
feed requirement is governed more by hydro-dynamic conditions (in tune with heat 
transfer design requirement) and cooling water. Hence, very high recoveries in ther-
mal plants are difficult to achieve, unlike RO. Besides, additional energy may have 
to be expended for NF treatment. Thus, NF as a pretreatment for a thermal desalina-
tion plant has its limitations. Neither it contributes significantly towards operation 
in terms of energy consumption nor has influence on product quality. Unlike reverse 
osmosis, in thermal desalination plants, the product quality is not dependent on feed 
salinity. Significant advantage can accrue on account of long service time with less 
maintenance due to reduced scaling threat. However, the additional investment on 
capital and the operational cost due to increased power consumption for NF may not 
be attractive to warrant adoption even though it is technically very advantageous. A 
few studies on use of NF as a pretreatment for thermal desalination plants were 
reported claiming that high percentage of distillate could be recovered based on 
simulated laboratory experiments [59]. Unfortunately, NF in thermal processes 
serve the purpose of removing only multivalent species but cannot contribute much 
towards productivity except reducing scaling related losses.

The experience so far indicates that technically NF as a pretreatment step is 
operationally advantageous; however, it is necessary to look at the economics. In 
NF-RO combination, a second step pressurization is necessary and the extent of 
energy recovered may be less as both the membrane streams operate at relatively 
low pressures and fairly good recoveries. Since the boundary layer concentration is 
likely to be high and the gestation period required for CaSO4 is high, the life-cycle 
behavior of scaling on NF membrane surface needs to be assessed. Perhaps it would 
warrant use of anti-scalants. With the development of anti-fouling membranes and 
good anti-scalants, the economic challenges need to be convincingly addressed.
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14.3  Recent Approaches

Recent developments of scale control are essentially preventive approaches. New 
membranes have been developed with surfaces which do not allow adhesion of the 
solute species. Alternately, the incoming feed is subjected to physical treatments 
with the application of electrochemical or magnetic energy so that ionic species are 
not allowed to form the salt species a step prior to crystallization.

The field of nanotechnology offers unique solutions that can overcome the limi-
tations of conventional scaling control methods. Inclusion of nanomaterials in thin 
film composite (TFC) membranes has emerged as an alternative technique for 
improving anti-scaling characteristics of membranes. Nanomaterials such as zeo-
lite, silica, multiwalled carbon nanotubes (MWCNTs) and titanium dioxide (TiO2) 
nanoparticles have been effectively demonstrated for enhancement of anti-scaling 
properties of polyamide (PA) membranes [60–62]. The incorporated nanoparticles 
provide an unchecked pathway for transport of water species and alter the mem-
brane structural configuration resulting in enhanced water permeability and anti- 
scaling characteristics. In addition to TiO2, TFC membranes incorporated with 
zeolite nanoparticles have also been explored by several researchers owing to unique 
properties of zeolites such as molecular sieving and competitive adsorption and dif-
fusion. Use of zeolite membranes is an attractive option for desalination due to 
cation exchange behavior in which the dissolved cations can be easily removed 
from water by exchanging with cations on the exchangeable sites of the zeolite 
membranes [63]. Graphene oxide incorporated membranes and nanocomposite 
membranes have shown promise to exhibit better flux and rejection and a bit longer 
life [64, 65]. Their scale prevention properties over a longer time period are under 
assessment. Developing scale resistant membranes is one direction that could yield 
some relief to scaling phenomenon in reverse osmosis.

Duan et.al [66] have reported an electrochemical method for the prevention and 
removal of mineral scales such as CaSO4 and CaCO3 using an electrically conduct-
ing CNT-PA RO membrane. They further inferred that a continuous application of 
electrical potential (2.5 V) to the membrane surface resulted in pushing CaSO4 crys-
tal formation away from the membrane surface, allowing the dispersal of the formed 
crystals. The schematic of the principle is illustrated in Fig. 14.4. In the case of near 
neutral membrane, consequent to preferential separation of water, the solute species 
both calcium and sulphate ions accumulate on the surface enabling the precipita-
tion. On the other hand, when the membrane is electrically charged, a layer of coun-
ter ions (SO4

−−) accumulate near the surface while the Ca2+ are away from the 
surface. Any possibility of formation of CaSO4 can occur only away from the 
surface.

In thermal desalination processes, modification of the scaling surface is chal-
lenging without affecting the heat transfer characteristics. Formation of scales can 
be minimized or prevented only by the retraction of ionic species from the surface. 
Electrocoagulation and magnetic treatment-based methodologies [67, 68] have 
been proposed for scale prevention. Masoudi et al. [69] proposed magnetic slippery 
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surface in two forms of Newtonian fluid (MAGSS) and gel structure (Gel-MAGSS). 
These surfaces provide a liquid-liquid interface to elevate the energy barrier for 
scale nucleation and minimize the adhesion strength of the formed scale on the 
surface.

Magnetic and electro chemical methods have been tried but have many chal-
lenges to overcome, even though they are useful in water transport and distribution 
system. Its applicability in thermal desalination is promising. Incorporating a small 
surface charge of the membranes as in NF membranes can aid in minimization of 
scaling.

14.4  Scaling in Non-conventional Desalination Systems

Forward osmosis (FO) and membrane distillation (MD) are slowly getting into 
prominence as small-scale desalination processes characterized by lower flux and 
recoveries. The type of scaling is different compared to conventional desalination 
processes as the membrane used in MD is hydrophobic in nature, while FO is a pas-
sive process with much lower specific fluxes.

Fig. 14.4 Shifting of nucleation zone away from membrane surface on electrically charged mem-
branes. Reproduced with permission from [66]. Copyright 2014 @ Royal Society of Chemistry
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14.4.1  Forward Osmosis (FO)

The scaling in FO can be attributed to bidirectional diffusive flow of solutes between 
feed and draw solute. Silica is a major contributor to scaling in FO systems, result-
ing in severe water flux reduction. Both colloidal silica and reactive silica have been 
found to be involved in scaling phenomenon. Detailed studies have indicated that 
the scaling mechanisms vary with types of membranes used [70]. Mono-silicic acid 
agglomeration, followed by deposition from bulk solution onto membrane surface 
appears to be the mechanism with asymmetric cellulose triacetate (CTA) mem-
brane, while it is the interaction of mono-silicic acid with membrane surface fol-
lowed by silica polymerization on the surface in polyamide TFC membranes. 
Similar effects of membrane surface properties were observed in gypsum scaling as 
well [71, 72]. In another study, Gwak and Hong [73] used anti-scalants blended 
draw solution in FO and concluded that the reverse diffusion of draw solute contrib-
uted to scale inhibition (Fig. 14.5). Addition of anti-scalants to the draw solute binds 
the scaling species (Ca++) reducing the scale formation besides enhancement of the 
size, which in turn reduces the loss draw solute. It can be observed that rate of 
reduction of normalized water flux is much slower with PAspNa5 with reference 
incremental change in permeate volume.

14.4.2  Membrane Distillation (MD)

MD makes use of temperature gradient across a relatively hydrophobic membrane 
to drive transport of water vapour across the membrane pores and hence do not have 
scaling threats with reference to calcium salts. However, when operating with 

Fig. 14.5 Performance of anti-scalant blended in draw solution (a mixture of NaCl and poly 
aspartic acid sodium salt) (PAspNa) for scale inhibition. RSF denotes reverse solute flux. 
Reproduced with permission from [73]; Copyright 2017 @ Elsevier
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hypersaline brines and process concentrates, the MD process has shown vulnerabil-
ity to scaling phenomenon. Majority of reported data [74, 75] deals with scaling 
caused by salts and minerals especially, NaCl, carbonates, and sulfates. A few stud-
ies [76–78] also deal with silica scaling phenomenon in MD systems and its mitiga-
tion. pH adjustment to acidic or highly basic range has been suggested as a 
pretreatment in such instances with fairly high silica concentrations up to 600 mg/L 
[78]. Hou et al. [79] have reported mitigation of silica scale by the application of 
ultrasound irradiation on the membrane surface (Fig. 14.6). Silica, both dissolved 
and insoluble, tends to deposit on hydrophobic membrane surface thus reducing the 
passage of vapour through the membrane pores. Upon irradiation with ultrasonic 
rays, silica aggregates are loosened allowing the passage of water vapour.

14.5  Conclusions and Outlook

Scaling is an inevitable phenomenon in desalination because of the increasing con-
centration of the solutes near the surface consequent to the separation of nearly pure 
water. Prevention or at least significant reduction of scaling is possible by reducing 
the concentration of the scaling species near the boundary layer. Alternately the 
surface adjacent to the boundary layer can be modified such that the adhesion of the 
precipitates does not take place.

Fig. 14.6 Mitigation of silica scale through ultrasound irradiation into direct contact membrane 
distillation. Reproduced with permission from [79]; Copyright 2016 @ Elsevier
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The potential of various techniques such as ion exchange, feed flow reversal, 
nano-filtration and addition of anti-scalants were assessed. Ion exchange does not 
appear to be a feasible solution as it would involve frequent regeneration leading to 
high consumption of chemicals and generation of large volumes of wastewater. 
Reversal of feed flow applicable only to reverse osmosis desalination has apparent 
potential to reduce the scaling threat because of the long gestation time required for 
CaSO4 precipitation but the sustainability of the method is yet to be established with 
reference to long term performance and logistics involved in the frequent flow 
reversal.

Use of nano-filtration as a pretreatment step has high potential both for thermal 
and membrane processes. The additional energy which NF requires has economic 
implications particularly for thermal desalination processes. In reverse osmosis, 
higher water recovery could be achieved by combining with NF. Further, the plant 
can be operated at lower pressures, thereby saving some cost on the materials of 
construction of the plant. The most popular method, however, is the addition of anti- 
scalants to prevent the scale-formation.

More developments have taken place for scale inhibition in reverse osmosis with 
emphasis shifting to the surface modification. Accordingly, nanocomposite mem-
branes incorporating zeolites and multi-walled carbon nanotubes have been devel-
oped. Novel green biodegradable anti-scalants based on natural materials are under 
various stages of development to make the desalination processes more eco-friendly. 
Application of external forces including magnetic, electromagnetic and electro-
chemical forces are being assessed for scale mitigation, particularly with reference 
to developing membrane based desalination processes.

Not much of developments have been reported with reference to thermal desali-
nation excepting for modification of anti-scalants and optimization of operating 
parameters including top brine temperature. Low temperature thermal desalination 
appears, in this context as a potential alternative, particularly for remote areas as 
scaling and corrosion problems are minimal.

Under normal operating conditions where the hydrodynamics of fluid flow is 
well maintained scale formation is fairly hindered. However, when the plant is shut 
down the scaling becomes a serious phenomenon as the supersaturated solution will 
have enough time for adhesion on the surface and crystal growth. Flushing the sys-
tem immediately after shut down (after stopping the heat source) would definitely 
reduce the scaling in thermal processes. However, the economics of such an opera-
tion particularly in terms of the fresh water usage requires assessment.

In the case of reverse osmosis provision of suck back tanks would enable dis-
lodging the accumulated solids by osmosis and this method could be very useful for 
the brackish water RO plants which do not operate continuously.

Developments and changes are the prime-drivers of technology and the search 
for scale mitigation and sustained long term membrane performance may lead to a 
better membranes in reverse osmosis. Low temperature thermal processes may 
become popular due to less scaling probability and the availability of waste heat in 
the power plants.
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Chapter 15   
Chemical Methods for Scaling Control             

Argyro Spinthaki and Konstantinos D. Demadis       

15.1  Introduction 

“Scale” is defined as a solid mass separating critical equipment surfaces from a 
working fluid (commonly water) [1]. It can be inorganic or organic (or a mixture), 
depending on the respective formation process, or the process fluid [2]. Scale cre-
ates several operational problems in industrial systems, such as inefficient heat 
transfer, under-deposit corrosion, and increased back pressure [3]. Industrial opera-
tions, such as cooling systems, make extensive use of either surface water or seawa-
ter, due to its cost-effectiveness, high heat capacity and abundance in nature [4]. 
Such systems often suffer from scale growth and, thus, the need for scale inhibition 
and control is urgent. One of the most effective strategies for scale/deposit mitiga-
tion is the utilization of chemical additives that act as scale inhibitors [5].  

15.2  Inorganic Scales: Formation and Characterization

15.2.1   Calcium Carbonate 

Calcium is the third element in Group IIA of the Periodic Table. Its cation (Ca2+) is 
abundant in surface or ground waters [6]. On the other hand, carbonate (as HCO3

−) 
is one of the most common anions found in either potable or industrial waters, due 
to the dissolution of atmospheric CO2. Hence, their combination often leads to the 
formation of calcium carbonate (CaCO3), one of the most abundant minerals in 
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nature. CaCO3 occurs in three main polymorphs: calcite, aragonite and vaterite  
[7, 8]. CaCO3 poses a potential threat when precipitating in bulk water, or deposit-
ing on industrial piping or heat exchangers [9]. Calcium-containing mineral salts 
frequently encountered in geothermal waters are CaCO3 and calcium silicate. Since 
the nineteenth century, it was known that even a small amount of CO2 in the atmo-
sphere is sufficient to greatly increase the solubility of CaCO3 in water solutions, 
most likely due to the lowering of solution pH. In 1952, Miller calculated the solu-
bility of CaCO3 in temperatures ranging from 0 °C up to 105 °C and pressures of 
1–100 bars. It was concluded that higher temperatures result in lower solubility, 
thus making CaCO3 an inverse-solubility salt [10]. 

CaCO3 forms in aqueous systems in three principal forms: calcite, aragonite and 
vaterite. The formation reaction is the following.

 
Ca aq CO aq CaCO s2

3
2

3
� � � � � � � � ��

 
(15.1)

 

Figure 15.1 shows views of the crystal structures of calcite, aragonite and vater-
ite, and their respective X-ray diffraction (XRD) diagrams. The structure consists of 
trigonal planar carbonate groups coordinated to Ca2+ ions in distorted octahedra. 
The carbonates lie in layers parallel  to [001]. The carbonate groups within a single 
layer have the same orientation. In the neighbouring layers the carbonate groups are 
rotated by 60° about the [001] plane. 

Aragonite is denser than calcite, and is generally believed to be stable only at 
higher pressures. However, it readily crystallizes at ambient conditions and persists 
metastably for millions of years. The structure is nearly hexagonal with c as the 
unique axis. The pseudo-hexagonality of the structure is responsible for the pseudo  
twinning by rotation of 60° about c. 

In vaterite, the Ca2+ ions form a primitive-hexagonal array, and sit at the corners 
of trigonal prismatic interstices which lie in layers parallel to (002). The carbonate 
groups occupy half of the Ca6 interstices in one layer and the other half in the next 
layer, so as to surround each Ca2+ ion in an approximate octahedron, while the 
arrangement of carbon groups is approximately hexagonal close-packed.  

15.2.2  Calcium Sulfate 

Calcium sulfate (CaSO4) appears in several crystalline forms, such as calcium sul-
fate dihydrate (CaSO4·2H2O), widely known as gypsum, calcium sulfate anhydrous 
(CaSO4), and calcium sulfate hemihydrate (CaSO4·1/2H2O). In natural deposits, the 
main form is the dihydrate one; however, small quantities of anhydrite mineral are 
also present in most areas, to a lesser nevertheless extent [11]. Since the beginning 
of the twentieth century, studies tried to elucidate the scale formation mechanisms 
for CaSO4. The liquid-solid equilibrium between Ca2+ and SO4

2− ions and solid 
CaSO4·2H2O can be described by the following equation:

 
Ca aq SO aq H O CaSO H O s2

4
2

2 4 22 2� � � � � � � � � � ��

 
(15.2)
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In 1970, Hasson and Zahavi proposed the transient nucleation mechanism for 
CaSO4 formation [12]. Still, there is no in-depth analysis about the exact stages of 
the formation process of calcium sulfate scale in heat exchange systems. In 1997 
Linnikov studied the kinetics and mechanism of nucleation of the initial period of 
sulfate scale formation, and determined the energy required for nucleation  activation. 
He also studied the effect of temperature in a solution and correlated metal surface 
roughness and crystal growth [13]. Figure 15.2 shows views of the crystal structures 
of the three common forms of calcium sulfate, gypsum, hemihydrate and anhydrite, 
and their respective XRD diagrams. Powder XRD diagrams are useful tools for 
identifying the presence of the three forms of calcium sulfate in precipitates and 
deposits for the diagnosis of the scales in membrane systems. 

The crystal structure of gypsum consists of CaO8 and SO4 polyhedra stacked 
along the b-axis to form layers. Water molecules are located between the layers. The 
water molecule shares an oxygen atom with the Ca-polyhedron and hydrogen atoms 
form (at ambient pressure) weak hydrogen bonds with the oxygen atoms belonging 
to SO4 and CaO8 polyhedra. The structure of calcium sulfate hemihydrate is very 

Fig. 15.1 Crystal structures of calcite (upper, viewed along the a axis), aragonite (middle, viewed 
along the c axis) and vaterite (lower, viewed along the a axis), and their respective XRD diagrams. 
Color codes: Ca green, O red, C black
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different. The Ca atoms are coordinated by six O atoms, all originating from differ-
ent sulfate anions. The Ca-sulfate coordination creates triangles within which the 
water molecule is situated, thus creating a “channel” running parallel to the a axis. 
In contrast to gypsym, the water is not coordinated to a Ca center, but can be better 
described as lattice water. 

The anhydrite form of calcium sulfate contains no water (either bound, or in the 
lattice). The coordination of Ca by the oxygens of the sufate anion creates a dense, 
three-dimensional structure. The Ca atoms are coordinated by seven oxygens, origi-
nating from different sulfate anions.  

Fig. 15.2 Crystal structures of gypsum (upper, viewed along the c axis), calcium sulfate hemihy-
drate (middle, viewed along the c axis) and anhydrite (lower, viewed along the a axis), and their 
respective XRD diagrams. Color codes: Ca green, O red, S yellow, H white
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15.2.3  Amorphous Silica 

Amorphous or colloidal silica is a form of silicon dioxide (SiO2) that is encountered 
as a precipitate or deposit in industrial waters. It is perhaps one of the most “pecu-
liar” water-formed deposit because it is not a mineral salt, but a covalent solid com-
posed of Si-O bonds. As it will be demonstrated later, its chemical control/inhibition 
is unconventional. In contrast to the majority of “traditional” scales, it still is one of 
the persistent unresolved issues in deposit control, and it has been coined as the 
“Gordian knot” of water treatment [14]. Its formation is based on a peculiar poly-
condensation mechanism [15] and that usually takes place in the pH regime from 
7.0 to 8.5, provided that the soluble silica levels (i.e. mono-, and di-silicic acid, the 
former being the major species) are >180 ppm. It is worth-while to take a closer 
look at some important details of silica condensation chemistry. 

In dilute aqueous solutions, soluble silica is found as monosilicic acid, Si(OH)4. 
This monomer exists in two forms in about-neutral pH environment: protonated 
(major, Si(OH)4) and mono-deprotonated (minor, Si(OH)3O−). As pH increases, the 
concentration of the deprotonated form (Si(OH)3O−) also tends to increase [16]. By 
increasing the silicate concentration and adjusting the pH value to ~ 7, the two co- 
existing forms of soluble silica start to react with each other, leading to condensa-
tion of these two monomers, with simultaneous loss of a hydroxide anion and 
formation of disilicic acid. This SN2 – type reaction can be described by the follow-
ing equation [17]:

 
Si OH Si OH O HO Si O Si OH OH� � � � � � � � � � �

4 3 3 3

� �- -
 

(15.3)
 

Disilicic acid continues to incorporate an additional monomer, forming the tri-
mer. Continuation of this process leads to the formation of oligomers and finally, 
silica nanoparticles (see Fig.  15.3) [18, 19]. These can further agglomerate and 
 create large silica particles and (if a suitable surface is provided) silica deposits. 

The aforementioned dimerization step is the most crucial one as far as the kinet-
ics of the polycondensation is concerned and is the rate-determining step in the 
complex silica polycondensation process [20]. The next steps involve the formation 
of trimers, tetramers and then higher oligomeric species until 1–2 nm amorphous 
silica nanoparticles are formed [21]. It is worth mentioning that the pKa of the poly-
silicic acids at these stages of the polymerization is about 6.5 and therefore nega-
tively charged silicate species become predominant above pH 7–8 [22]. In these 
conditions, silicic acid on the surface of colloidal species exists in equilibrium with 
dissolved silicic acid molecules and, thus, further particle growth occurs via the 
Ostwald ripening process, leading to stable sols. In contrast, below pH 7, particles 
are only slightly charged, so no electrostatic repulsion prevents them from aggrega-
tion, leading to gel formation [23].  
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15.2.4  Metal Silicates

15.2.4.1  Magnesium Silicate 

Magnesium silicates constitute a family of geological entities that embrace several 
types of minerals consisting of both magnesium (in its Mg2+ state) and silicon (in its 
SiO4

4− state). They exist in a variety of different Mg:Si stoichiometries and  hydration 
states. In the field of geology, these structures are well-defined, but when it comes 
to inorganic precipitation/deposition in the water treatment industry, their true iden-
tity is elusive, and, occasionally, controversial. Here, magnesium silicate is any 
water-formed solid that contains both Mg and Si in no specified stoichiometry. The 
molecular formula of such compounds may be expressed as MgSiO3·xH2O [24, 25]. 
The powder XRD diagram represents an amorphous material, as expected. The 
Fourier-transform infrared (FT-IR) spectrum (see Fig. 15.4) resembles that of amor-
phous silica, as the vibrational band at 1016 cm−1, is characteristic of the Si–O–Si 
symmetrical stretching vibration [26, 27]. 

Such magnesium silicate deposits (with the aforementioned definition) have 
been observed in cooling towers [28], heat exchangers [29] and geothermal systems 
[30]. Formation, precipitation, and deposition of magnesium silicates have been at 
the epicenter of intense interest [31]. Such scaling, like any other, poses a severe 
threat to the smooth process of industrial systems, but it requires harsh conditions, 
and especially high temperature to turn into a geologically recognized material. 

Fig. 15.3 SN2 – like mechanism of silicic acid polycondensation and silica particles formation
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Whatever the case might be, there are some important facts regarding its forma-
tion in waters rich in both Mg and Si. Just like the (colloidal/amorphous) silica sys-
tem, the magnesium silicate system is highly pH–dependent. At pH below 7 there is 
practically no magnesium silicate precipitation because “silica” exists as silicic acid 
monomer [Si(OH)4], in a non–ionized, and thus, unreactive form. Above pH 9 (close 
to the pKa1 of silicic acid ~ 9.3 [32]), silica exists in the form of reactive silicate ions 
[mono-deprotonated Si(OH)3O−], which favor the attachment of the cationic Mg2+. 
Another crucial factor for magnesium silicate formation is temperature. It has been 
suggested that precipitation begins at a lower pH if the temperature is sufficiently 
high [33]. It is also important to mention that silica precipitates at a lower tempera-
ture compared to magnesium silicate. It has also been proposed that magnesium 
 silicate can be formed by co–precipitation of magnesium hydroxide and silicic acid, 
producing non–stoichiometric forms of the scale. Another proposal is that magne-
sium hydroxide occurs first and then reacts with colloidal silica. The fact is that in 
any case the scale is amorphous, it is not recognized as one of the geological miner-
als and it does require a well-thought strategy for its effective mitigation [34]. 

15.2.4.2  Aluminium Silicate 

Among the first approaches of the scientific community was the clarification of the 
effects of several aluminum-containing silicates in soils [35]. Typically, Al3+ appears 
either as 6- or 4- coordinated in its compounds. This second case is very usual 
among minerals, because Al3+ can substitute Si4+, using an extra cation to balance 
the charge difference [36]. These scales are governed by low solubility constants, in 
fact, there is such high affinity between the two species that silicic acid is able to 
compete with strong ligands, such as catechol, for aluminum cations [37]. The exact 
identity of aluminum silicate, as it is formed in water systems, remains elusive, 
regardless of the intense research during the past several decades [38]. When it 

Fig. 15.4 FT-IR spectrum of amorphous silica (blue) and magnesium silicate (red)
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comes to geothermal brines, scaling of such type can be a severe threat to the smooth 
process of industrial systems, due to deposition. Aluminum silicate typically pre-
cipitates at pH from 4 to 10, although the rate of precipitation increases at pH above 
9 and decreases at pH 5–8 [39]. In addition, Al (III) is said to be “notorious” in 
complexing with phosphonates [40]. Water chemistries such as the Salton Sea 
example are proof that even if Al3+ appears in low soluble concentrations, it can 
cause precipitation and it is concentrated in scales [41]. As is probably by now 
understood, the complex speciation of aluminium in aqueous solutions is the major 
reason that the scales that industries have to tackle are not always in agreement to 
the structure of the geological minerals [42, 43]. In the precipitates obtained from 
several geothermal plants, the Al:Si ratios vary, from 1:8, 1:10, 1:20 and even 1:40. 
The easiest conclusion probably to be drawn is that aluminium is incorporated in the 
amorphous silica matrix, and in some cases, perhaps catalyzes the whole procedure 
[44]. A reasonable conclusion is that aluminum hydroxide adsorbs high concentra-
tions of silicic acid, perhaps catalyzing the whole procedure, an assumption also 
made when iron (III) is present in the brine [45]. The Fourier-transform infrared 
(FT-IR) spectrum (see Fig. 15.5) resembles that of amorphous silica, as the vibra-
tional band at ~ 1050 cm−1, is characteristic of the Si–O–Si symmetrical stretching 
vibration [30], but shifted to lower frequencies, just like in the magnesium silicate 
case.   

15.2.5  Metal Sulfides (Zinc Sulfide) 

In contrast to the metal silicates mentioned above, zinc sulfide is a well–character-
ized mineral salt and has a solubility constant (Ksp) of about 2 × 10−25 [46]. The 
formation of zinc sulfide in aqueous solutions is not simple, because of zinc [47] 
and sulfide speciation [48]. Some crucial observations are warranted. An increase in 

Fig. 15.5 FT-IR spectrum of amorphous silica (blue) and aluminum silicate (red)
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pH reduces the actual concentration of Zn2+, due to zinc hydroxide precipitation, a 
competitive reaction to the formation of zinc sulfide (see Fig. 15.6). In addition, S2− 
is the dominant species in pH values greater than 11, while at pH values of about 
neutral, HS− plays the key role (see Fig. 15.7). The extremely low solubility con-
stant of ZnS, allows the fast deprotonation of HS−, which shifts the equilibrium and 
reduces the pH. 

The precipitates occurring from the in situ formation of zinc sulfide at ambient 
conditions are mainly zinc blend or sphalerite, as indicated by the powder XRD 
diagrams (see Fig. 15.8) [49].  

15.2.6  Calcium Phosphate(s) 

Calcium orthophosphates are a vast category of sparingly soluble salts that have 
attracted the interest of many interdisciplinary fields of science, such as geology, 
chemistry, biology and medicine. The reader can refer to several excellent reviews 
on the topic [50–52]. The initial attempts to establish their chemical composition 
were performed by Berzelius in the middle of the nineteenth century [53]. 
Approximately 70  years afterward, the idea on the existence of different crystal 
phases of calcium orthophosphates was introduced [54]. Mixtures of calcium ortho-
phosphates had been called apatites until then. By definition, the calcium ortho-
phosphate minerals consist of calcium, phosphorus and oxygen. These three 
chemical elements are present in abundance on the surface of our planet: oxygen is 
the most widespread chemical element of the earth’s surface, calcium occupies the 
fifth place, and phosphorus is among the first twenty most abundant chemical 
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Fig. 15.6 Zinc speciation in a wide pH range. Reproduced with permission from Ref. 47; 
Copyright 2013 © Royal Society of Chemistry
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 elements [55]. The calcium phosphate mineral family consists of a great number of 
compounds of different stoichiometries and hydration states. The chemical compo-
sition of many calcium orthophosphates includes hydrogen, either as an acidic 
orthophosphate anion, or as incorporated water. Diverse combinations of oxides of 
calcium and phosphorus provide a large variety of calcium phosphates, which are 
distinguished by the type of the phosphate anion: ortho- (PO4

3−), meta- (PO3
−), 

pyro- (P2O7
4−), and poly- [(PO3)n

m–]. In the case of multi-charged anions (orthophos-
phates and pyrophosphates), calcium phosphates are also differentiated by the num-
ber of hydrogen ions attached to the anion. Examples include mono- (Ca(H2PO4)2), 
di- (CaHPO4), and tri- (Ca3(PO4)2)  calcium phosphates, and pyrophosphates 
(Ca2P2O7) [56–58]. These structures are well-defined and are of great interest to the 
scientific community, not only for their major role in biominerization [59, 60], but 

Fig. 15.7 Sulfide 
speciation in a wide pH 
range. Reproduced with 
permission from Ref. 48. 
Copyright 2014 © Holmer 
and Hasler-Sheetal under 
CC BY

Fig. 15.8 Powder X-ray diagram of two polymorphs of zinc sulfide. Reproduced with permission 
from Ref. 49. Copyright 2012 © Royal Society of Chemistry
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also for their notorious role as sparingly soluble scales in several industrial systems 
[61–64]. 

Figure 15.9 shows portions of the structures of hydroxyapatite, brushite and cal-
cium pyrophosphate, as well as the corresponding powder XRD diagrams. Powder 
XRD is a useful tools for identifying the presence of the three forms of calcium 
phosphate in precipitates and deposits for the diagnosis of the scales in membrane 
systems. 

Crystalline mineral calcium phosphates do not appear as precipitates or deposits 
in water systems. Usually amorphous calcium phosphates are noted, but these 
 cannot be characterized by diffraction techniques. Hence, this topic will not be 

Fig. 15.9 Crystal structures of hydroxyapatite (upper, viewed along the c axis), brushite (middle, 
viewed along the b axis) and calcium pyrophosphate (lower, viewed along the c axis), and their 
respective XRD diagrams. Color codes: Ca green, O red, P orange, H white
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 discussed further. The interested reader is refereed to several excellent reviews on 
the crystallography of mineral calcium phosphates [50–52].   

15.3  Main Categories of Scale Inhibitors 

In this section, selected major classes of scale inhibitors will be presented, based on 
their functional groups and molecular structure. An important category is phos-
phonic acids (phosphonates) [65]. Phosphonates are used for a variety of scales due 
to the high affinity of the (deprotonated) phosphonic acid group for alkaline-earth 
ions [66] and crystal surfaces [67]. Carboxylic acids are also used as scale inhibi-
tors, but to a much lesser extent [68]. Anionic polymers, on the other hand, are 
integral parts of most water treatment programs [69]. Most anionic polymers are 
polyacrylate-based polyelectrolytes [70]. They could be polyacrylic acid homopol-
yers, copolymers (containing a second functional group, such as sulfonate), or 
 terpolymers (containing a third functional group) [71]. 

15.3.1  Phosphonic Acids 

Phosphonic acids are widely utilized for different applications, including drug 
delivery systems [72], corrosion control [73], dispersion [74], sequestration [75] 
and scale inhibition [76]. Their structure is defined by the presence of the phos-
phonic acid moiety, -PO3H2, exhibiting a number of important attributes, discussed 
below. The -PO3H2 group is a di-acid and can be deprotonated twice, depending on 
solution pH. Deprotonation constants vary based on the specific structural features, 
with pKa1 being <2 and pKa1 ~ 7 [77]. The P-C bond is hydrolytically [78] and 
enzymatically stable [79], thus rendering the necessary stability for water treatment 
applications. Phosphonates demonstrate a high affinity for metal ions present in 
industrial water streams, as well as a tendency to attach to mineral surfaces. The 
phosphonate molecule can bear other functional groups (such as carboxylate, 
amino, sulfono), which can positively impact scale inhibition performance [80]. 

More specifically, our group has previously reported the influence of five 
phosphonate- based chemical additives on the precipitate formation in the presence of 
Mg2+ ions and soluble silica (silicic acid) [81]. The phosphonate additives tested were 
2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC) [82], hydroxyethylidene- 1,1-
diphosphonic acid (HEDP) [83], amino- tris(methylenephosphonic acid) (AMP) [84], 
hexamethylenediamine- tetrakis(methylenephosphonic acid) (HDTMP) [85], and bis 
diethylenetriamine-penta(methylenephosphonic acid), DETPMP [86], and their 
schematic structures are shown in Fig. 15.10. 

The addition of phosphonate additives to a supersaturated solution retards the 
formation of calcium-containing scales, most commonly calcium carbonate [87]. 
Phosphonate additives also inhibit calcium sulfate dihydrate (gypsum) scale 
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 formation [85]. The additives commonly employed for gypsum scale control can be 
either organic or inorganic substances that are capable to alter the surface properties 
of the crystals, affect nucleation and growth rate and modify the crystal shape and 
agglomeration behavior [88]. 

The effects of three phosphonic acids [ethylenediamine-tetra(methylenephos-
pho nic acid), EDTMP; hexamethylenediamine-tetra(methylenephosphonic acid), 
HDTMP; and diethylenetriamine-penta(methylenephosphonic acid), DETPMP] 
were evaluated on the growth of CaCO3 [89]. The result revealed the following 
inhibitor effectiveness: DETPMP > EDTMP > HDTMP. Molecular dynamic simu-
lations on the interaction of these phosphonic acids with the calcite (104) surface 
indicated that strong electrostatic interactions between the oxygen atoms in the 
phosphonate functional groups and the Ca2+ centers of the calcite (104) face played 
a dominant role in their adsorption. The weakest inhibitor of CaCO3 was found to 
be HDTMP because of only one phosphonate group was found to effectively inter-
act with the CaCO3 surface. 

Fig. 15.10 Schematic structures of selected phosphonate chemical additives, commonly used as 
calcium carbonate and sulfate scale inhibitors, with their abbreviated names
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Sousa and Bertran reported a new procedure for the evaluation of scale 
 inhibitors for calcium carbonate [90]. It is based on continuous measurement of 
particle size distribution by laser diffraction techniques with simultaneous pH 
monitoring. Data were obtained during homogeneous nucleation and particle 
growth of CaCO3 formed in the bulk for the phosphonates ethylenediamine-tetra-
methylene phosphonic acid, EDTMP; and diethylenetriamine-pentamethylene 
phosphonic acid, DETPMP. The comparative bulk crystallization inhibition effi-
ciency for the  evaluated inhibitors showed that DETPMP is a more efficient 
inhibitor than EDTMP. Moreover, it was postulated that the main mechanism of 
the inhibiting action is based on both nucleation inhibition and crystal growth 
retardation [91]. 

Antiscalants are used in reverse osmosis (RO) systems to prevent salt precipita-
tion but might affect side-stream concentrate treatment. Precipitation experiments 
were performed on a synthetic RO concentrate with and without phosphonate anti-
scalants for the precipitation of calcium carbonate. The phosphonates evaluated 
were aminotri(methylene phosphonic acid), ATMP; hexamethylenediamine- 
tetra(methylenephosphonic acid), HDTMP; and diethylenetriamine- penta 
(methylenephosphonic acid), DETPMP [92]. Particle size distributions, calcium 
precipitation, microfiltration flux, and scanning electron microscopy (SEM) were 
used to evaluate the effects of phosphonate antiscalant type, antiscalant concentra-
tion, and precipitation pH on calcium carbonate precipitation and filtration. Results 
showed that phosphonate antiscalants could decrease precipitate particle size and 
change the shape of the particles. The presence of antiscalant during precipitation 
can also decrease the mass of precipitated calcium carbonate.  

15.3.2  Anionic Polymers 

The charge of the antiscalant polymers is important in the end application, depend-
ing on the type of scale to be mitigated. For example, while anionic polyelectrolytes 
are suitable for mitigation of calcium carbonate/sulfate and barium sulfate scales, 
they are inactive for silica scales. Hence, a reasonable approach would be to study 
them based on their charge. 

Anionic polymers are widely known as efficient scale inhibitors. Most of these 
are polyacrylate-based polyelectrolytes. Polymers of acrylic or maleic acids have 
been used as inhibitors for calcium carbonate [93] or calcium sulfate [94], but com-
monly their derivatives (either co-polymers, or ter-polymers) are also preferred. 
Based on literature data, usually ter-polymers are more efficient additives, however, 
the manufacturing cost is higher (Fig. 15.11).  
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15.3.3  Cationic Polymers 

Cationic polymers were found to retard the condensation of silicic acid when added 
at low dosage (up to around 100 ppm) to supersaturated solutions of silicic acid 
(500 ppm, ~ 8 mM). Examples of such compounds are poly(1-vinylimidazole) [95], 
amine-terminated polyaminoamide dendrimers (PAMAMs) [96–98], poly(acryl-
amide-co-diallyldimethylammonium chloride) [99], polyethyleneimine (branched 
and linear) [100, 101], and cationically-modified inulin [102]. Also, cationically- 
grafted polyethylene glycol (PEG) oligomers with phosphonium groups were 
shown to be efficient inhibitors for silica [103]. Chemical structures of selected 
additives are shown in Fig. 15.12. 

Cationic polymers are specific inhibitors for silica scale. As mentioned before, 
colloidal silica is a very peculiar scale because it is not a mineral (as it is formed in 
water systems), but a random polymer composed of Si-O bonds. Hence, a poly-
meric silica inhibitor must have the ability to stabilize the silica scale precursor, i.e. 
silicic acid Si(OH)4 or its deprotonated form silicate Si(OH)3O−. The positive charge 
on the polymer is assumed to stabilize silicate through ionic interactions at pH 
regions from 7.0 to 8.5. 

The additives shown in Fig. 15.12 have been used for the stabilization of silicic 
acid in aqueous solutions, in order to control its polycondensation. Some compara-
tive results are shown in Fig. 15.13. The most efficient inhibitors are the dendrimers 
PAMAM-1 and PAMAM-2, PPEI, and PEGP+-4000.  

15.3.4  Neutral Polymers 

As for cationic polymers, neutral polymers (Fig. 15.14) are also used to combat 
silica scale, by stabilizing neutral silicic acid Si(OH)4. Here, the dominant stabiliza-
tion mechanism is different. The polymeric scale inhibitor must possess moieties 

Fig. 15.11 Schematic structures of monomers used for the synthesis of homo-, co-, and ter- 
polymers as scale inhibitors and dispersants
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Fig. 15.12 Schematic structures of selected cationic polymeric additives. The cationic functional 
groups are colored red
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with electronegative atoms (e.g., O or N) that are capable of forming hydrogen 
bonds with silicic acid. Some of the previously studied approaches included polyvi-
nylpyrrolidone [104] and various molecular weights of PEG [105]. These efforts 
resulted in the important outcome that silicic acid can be stabilized, not only via 
electrostatic interactions (as found for the cationic polymers), as was widely 
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Fig. 15.13 Silicic acid stabilization (at initial concentration 500 ppm) in the presence of various 
additives (at 40 ppm concentration) at pH = 7.0 and after 24 h. The line corresponds to the “con-
trol” and has been added to aid the reader

Fig. 15.14 Schematic 
structures of selected 
neutral polymeric additives
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believed, but via the formation of hydrogen bonds that include either the neutral 
silanol group as hydrogen bond donor, or the respective mono de-protonated moiety 
as the H-bond acceptor. Another example of neutral polymers regarding silica scal-
ing is polyethyloxazoline [106]. 

PEG polymers are available in a variety of molecular weights. The effect of 
 polymer chain length on the stabilization of silicic acid has been studied (Fig. 15.15). 
It was found that the stabilization efficiency of the PEG polymers increases as 
molecular weight increases, but this phenomenon levels off at a molecular weight of 
~ 10,000 Daltons.  

15.3.5  “Green” Inhibitors 

Increasing environmental concerns and discharge limitations have imposed addi-
tional challenges in treating process waters. Therefore, the discovery and successful 
application of chemical additives that have a mild environmental impact have been 
the focus of several researchers [107]. The need for not only efficient but environ-
mentally friendly inhibitors is slowly but surely leading a great part of the scientific 
research away from inhibitors with unclear environmental impact and towards 
“green” and thus universally accepted antiscaling molecules [108]. 
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Fig. 15.15 Silicic acid stabilization (at initial concentration 500 ppm) in the presence of PEG 
additives of various molecular weights (at 100 ppm concentration) at pH = 7.0 and after 8 h

Fig. 15.16 Schematic 
structure of the polypeptide 
P5S3
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A recent example is the simultaneous effective silicic acid polycondensation 
inhibition and biological activity of the P5S3 polypeptide [109]. The polypeptide is 
shown in Fig. 15.16 in an extended polyproline II conformation, which is the most 
prominent secondary structure motif in P5S3, and in amino acid single letter code 
representation. In the structural model, atoms are shown in grey (carbon), red (oxy-
gen) and blue (nitrogen). In the single-letter amino acid representation, the cationic 
amino acids lysine (K) and arginine (R) are shown underlined and bold; the amino- 
and carboxy-termini are indicated by “H2N-” and “-COOH”, respectively. The cen-
tral sequence (squared brackets) is repetitive and occurs three times in P5S3. Serines 
in the protein kinase A target site are marked by an asterisk. The P5S3 polypeptide 
has been shown to stabilize at pH ~ 7, ~ 350 ppm silicic acid at a concentration of 
100 ppm. At circumneutral pH the polypeptide P5S3 is positively charged due to its 
high isoelectric point at 12.64. Therefore, stabilization of silicic acid occurs  through 
an interaction of the oppositely charged, deprotonated silanol groups and lysine 
(pKa = 9.8) plus arginine (pKa = 12.5) side chains. 

Working on a different scale, carboxylmethylpullulan (CMP) polymer is cur-
rently tested against calcium carbonate scaling and its efficiency is proving worth- 
mentioning. CMP is a close analogue of carboxylmethylinulin (CMI), which is 
already proven to be a promising calcium oxalate inhibitor. 

Inhibitory effects of phosphonated chitosan (PCH, synthesized from chitosan 
(CHS) by a Mannich-type reaction, see Fig. 15.17) were studied on the formation of 
amorphous silica [110]. Specifically, the ability of PCH to retard silicic acid con-
densation in aqueous supersaturated solutions at circumneutral pH is studied. It was 
discovered that when PCH is added in dosages up to 150 ppm, it can inhibit silicic 
acid condensation, thereby maintaining soluble silicic acid up to 300 ppm (for 8 h, 
from a 500 ppm initial stock solution). PCH was also found to affect colloidal silica 
particle morphology. 

In addition, PCH shows synergy with either purely cationic (polyethyleneimine, 
PEI) or purely anionic (carboxymethyl inulin, CMI) [111]. It was found that the 
action of inhibitor blends is not cumulative. PCH/PEI blends stabilize the same 
level of silicic acid as PCH alone in both short-term (8 h) and long-term (72 h) 
experiments. PCH/CMI combinations, on the other hand, can only achieve short- 
term inhibition of silicic acid polymerization, but fail to extend this over the first 
8 h. PCH and its combinations with PEI or CMI affect silica particle morphology, 

Fig. 15.17 Schematic structure of the zwitterionic phosphonomethylated chitosan backbone 
(m = 0.16, n = 0.37, p = 0.24, q = 0.14)
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studied by SEM. Spherical particles and their aggregates, irregularly shaped parti-
cles and porous structures are obtained depending on additive or additive blend. It 
was demonstrated by FT-IR that PCH is trapped in the colloidal silica matrix. 

The effect of a biodegradable, environmentally friendly polysaccharide-based 
polycarboxylate, carboxymethyl inulin (CMI, see Fig. 15.18), on the crystal growth 
kinetics of calcium oxalate was studied at 37 °C [112, 113]. CMI is produced by 
carboxymethylation of inulin, the latter extracted from chicory roots. The spontane-
ous crystallization method was utilized to investigate the crystallization kinetics of 
calcium oxalate (CaC2O4, CaOx). The experimental results show that the retardation 
in mass transport in the growth process is controlled by the carboxylation degree of 
CMI and also its concentration. The studies also indicated that CMI was effective in 
directing calcium oxalate crystallization from calcium oxalate monohydrate (COM) 
to calcium oxalate dihydrate (COD). 

Six PEG polymers were used as silica scale inhibitors [114]. Their molecular 
weights range from 1550 to 20,000. There was a profound dependence of inhibitory 
performance on the additive molecular weight. PEG polymers showed good 
 inhibition performance. For example, PEG 20000 can stabilize ~ 350 ppm soluble 
silica after 8 h. 

A methacrylate-based polyampholyte homopolymer was synthesized starting 
from N-methacryloyl-L-histidine (MHist). The inhibitory effects of 
 poly-N- methacryloyl- L-histidine (poly-MHist, see Fig. 15.19) on the in vitro silicic 
acid condensation were evaluated [115]. 

In particular, the ability of poly-MHist to retard silicic acid condensation in 
aqueous supersaturated solutions at three pH values, 5.5, 7.0, and 8.5, was studied. 
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The direct role of the imidazole ring was confirmed by substantial changes in silicic 
acid stabilization efficiency based on the following observations: (a) the protonation 
degree of the imidazole ring affects stabilization. At a relatively low pH of 5.5, the 
imidazole is protonated and the entire polymer acquires a zwitterionic character  
(−COO− is also present). Inhibitory activity increases considerably. In contrast, at a 
high pH of 8.5, the imidazole ring is neutral and the polymer backbone is anionic 
due to the presence of −COO− moieties. This results in total inactivity with respect 
to silicic acid stabilization. (b) The use of a similar, but pH-insensitive derivative 
poly(N-acryloyl-L-phenylalanine) (poly-PHE), which contains a phenylalanine 
instead of histidine, results in total loss of silicic acid stabilization activity. Finally, 
poly-MHist also shows effects on colloidal silica particle morphology. Increasing 
the poly-MHist concentration resulted in a reduced size of silica particles. 

Further information on green polymeric inhibitors for silica scale can be found 
in selected literature reviews [18, 19, 116, 117].  

15.3.6  Tagged Scale Inhibitors 

One of the recently recognized problematic issues of scale inhibitors is their inabil-
ity to sustain long-term inhibitory activity. Several causes are responsible: (a) inhib-
itor degradation (commonly by oxidizing biocides [84], [118]), (b) loss of inhibitor 
due to attachment onto mineral surfaces of the precipitating scales [119], (c) loss of 
inhibitor due to precipitation as metal-inhibitor “complexes” [120]. 

Hence, it is imperative that the precise concentration of the inhibitor in the water 
system is known to ensure inhibitory performance. One of the recent approaches in 
quantifying the fate of the inhibiting molecule is to “tag” the additive (either small 
molecule or polymer) with a fluorescent moiety. Such an approach can also  facilitate 
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the on-line monitoring of the inhibition program [121]. An excellent review of the 
subject of tagged inhibitors has been published [122]. 

A novel fluorescent-tagged scale inhibitor, maleic anhydride–oxalic acid–ally-
polyethoxy carboxylate–8-hydroxy-1,3,6-pyrene trisulfonic acid trisodium salt 
(pyranine) (MA–APEM–APTA) was synthesized from maleic anhydride (MA), 
oxalic acid–allypolyethoxy carboxylate (APEM) and 8-hydroxy-1,3,6-pyrene 
 trisulfonic acid trisodium salt (APTA), see Fig.  15.20 [123]. The polymer MA–
APEM–APTA plays an important role on CaCO3 inhibition, with higher inhibitory 
activity than polyacrylate. The effect on the formation of CaCO3 was investigated 
with a combination of techniques, such as SEM, transmission electron microscopy 
(TEM), XRD and FT-IR analysis. The MA–APEM–APTA polymer was used to 
accurately measure polymer consumption on line. 

In an important publication, Popov reported the synthesis of a tagged 
hydroxyethylidene- 1,1-diphosphonic acid molecule (HEDP-F) [124], see Fig. 15.21. 

HEDP-F was synthesized and used for fluorescent microscope visualization of 
gypsum crystal formation in supersaturated aqueous solutions. The visualization of 
HEDP-F location on gypsum crystals has demonstrated that the bisphosphonate 
molecules do not act as they are expected to do according to the current scale inhibi-
tion theory. At ambient temperature, the gypsum macrocrystals are found to form, 
and then to grow without visible sorption of bisphosphonate on the crystal edges or 
any other gypsum crystal growth centers. 

Generally, the fluorescent markers (tags) should meet the following require-
ments: (i) synthetic availability of the dyes capable for polymerization; (ii) dye 

Fig. 15.20 Synthetic scheme for the preparation of the tagged polymer MA–APEM–
APTA. Reproduced with permission from Ref. 123; Copyright 2014 © Elsevier
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chemical stability during polymerization; (iii) minimal influence of a dye on the 
polymer structure and on its molecular weight; (iv) the polymer structure should not 
affect the optical properties of a marker.   

15.4  Inhibition Strategies

15.4.1  Threshold Inhibition 

The threshold effect is explained by the adsorption of the inhibitor onto the crystal 
growth sites of the submicroscopic crystallites that are initially produced in the 
supersaturated solution, interfering with crystal growth and morphology [13]. This 
process can prevent crystal growth or at least delay it for prolonged periods of time 
[125]. Therefore, scale inhibition by threshold inhibitors is based on kinetic and not 
thermodynamic effects [126]. They are called threshold inhibitors and describe the 
mechanism of scale inhibition at sub-stoichiometric ratios. 

In 1949, the first theory of threshold scale inhibition was proposed by Raistrick 
[127]. He noticed that the molecular dimensions of a polyphosphate chain corre-
sponded very nearly to those of a calcite lattice. He proposed that, as embryo crys-
tals of calcium carbonate started to form from a supersaturated solution, 
polyphosphate molecules became adsorbed onto their surfaces because of the close 
similarity of structure. 

Fig. 15.21 Synthetic scheme for the preparation of tagged hydroxyethylidene-1,1-diphosphonic 
acid molecule (HEDP-F). Reproduced with permission from Ref. 124. Copyright 2019 © Wiley
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Although a detailed presentation of the threshold phenomenon is outside the 
scope of the present chapter, the reader is referred to several reviews on the subject 
[128–130].  

15.4.2  Dispersion 

In the field of water treatment and scale inhibition, dispersion is the avoidance of 
small scale particles adhering onto critical equipment surfaces. Dispersion 
approaches are used in the water treatment industry for dispersing scale-forming 
salts in boiler water and cooling water and preventing them from sticking to parts of 
the water system such as pipes and heat exchangers. 

For example, supersaturated water has high concentrations of dissolved calcium, 
magnesium or other cations, together with carbonate, sulfate or other anions. These 
cause the formation of insoluble salts in water, the identity of which depends on the 
specific water chemistry. These salts crystallize and precipitate out of solution, and, 
eventually adhere to metal surfaces, agglomerating to form tenacious deposits. 
Dispersion chemistries and technologies can combat this phenomenon. Commonly, 
dispersing additives are polyelectrolytes, normally anionic. The polymer absorbs 
onto the crystal nucleus of the forming scale and changes its surface properties, 
such as surface charge. These modified particles demonstrate a much lower ten-
dency to agglomerate due to electrostatic repulsion forces. The end result is that 
they remain in solution and do not adhere to the surfaces, for example a RO mem-
brane. Some notable examples follow. 

Amjad [131] has evaluated the dispersing effect of several synthetic and natural 
polymers on ferric oxide dispersion, such as starch, alginic acid, tannic acid, fulvic 
acid, lignosulfonate, poly(acrylic acid), poly(maleic acid), poly(acrylamide), 
poly(acrylic acid:2-acryalamido-2-methylpropane sulfonic acid), poly(acrylic 
acid:2-acryalamido-2-methylpropane sulfonic acid:sulfonated styrene), carboxy-
methyl inulin, and poly(diallyldimethyl ammonium chloride) [131]. It was found 
that the natural polymers displayed minor effects. CMI showed increased dispersing 
activity as the carboxylation degree increased. Finally, the ter-polymers were the 
most effective. 

A double hydrophilic PEG-based block polymer, PEG double-ester of maleic 
anhydride-acrylic acid (PEGDMA-AA) was synthesized and evaluated as an Fe(III) 
dispersant [132]. The inhibition mechanism toward iron scales was supposed to be 
the formation of PEGDMA-AA-Fe3+, while the PEG segments enhance the solubil-
ity of the Fe-polymer complex. 

The influence of multifunctional polyelectrolytes on the dispersion of aluminum 
hydroxide particles was studied [133]. Three multifunctional polyelectrolytes were 
compared, a terpolymer of acrylic acid (AA), 2-acrylamide-2-methyl propane sul-
fonic acid (AMPS), and N-vinylpyrrolidone (NVP) (P(AA/SA/NVP)), an acrylic 
acid homopolymer (P(AA)), and a copolymer of AA and AMPS (P(AA/SA)). The 
influence of monomer units acting as functional groups, with respect to particle size 

A. Spinthaki and K. D. Demadis



331

and zeta potential was evaluated. The most effective dispersant was P(AA/SA/
NVP), which prevented further coagulation among the initial particles and shifted 
the zeta potential to the most negative value. From the results, the authors concluded 
that the prominent dispersing capability of P(AA/SA/NVP) was due to its preferred 
extended conformation on the particle surface due to a subtle balance between the 
moderate affinity of NVP and the relatively higher affinities of AA and AMPS for 
aluminum hydroxide in an aqueous solution and the hydrophobicity of the amide 
groups of AMPS. 

The dispersion performance of polyepoxysuccinate (PESA) on inorganic scales 
was evaluated with regards to ferric oxide [134]. The experimental results demon-
strated that PESA functioned as an excellent dispersant for ferric oxide. 

Polyaspartic acid–melamine grafted copolymer (PASPM) was synthesized by 
using polysuccinimide and melamine as the starting materials [135]. The grafted 
copolymer product was evaluated for its dispersion capacity for ferric oxide. It was 
found that PASPM was able to efficiently disperse Fe2O3. 

The stability of alumina slurry in high ionic concentrations was evaluated using 
the settling rate of alumina abrasives in various slurries [136]. The ζ-potential was 
used to interpret the effect of electrostatic interaction. Various commercially avail-
able phosphonate dispersants (e.g., AMP) were evaluated in terms of the settling 
rate of alumina abrasives in the slurry. The stabilization behavior of those disper-
sants was not well correlated to the ζ-potential because the ζ-potentials were small 
(less than −10 mV). It may be related to the adsorption strength on the alumina 
surface relative to citric acid on the alumina particle surface. 

The effectiveness of a mixed phosphonate/carboxylate additive, PBTC as disper-
sant for concentrated alpha-alumina ultrafine powder suspensions was studied 
[138]. Three grades of alpha alumina powders with diameters in the range of 
100–300 nm were tested. The study was based on direct measurements of electroki-
netic properties, adsorption isotherms and rheology and showed that PBTC was a 
good candidate for dispersion. In addition, PBTC was adsorbed as a monolayer 
through an inner sphere complex. The key contribution of the phosphonate group of 
the PBTC molecule in the adsorption mechanism was demonstrated and the influ-
ence of alumina surface chemistry, especially hydroxylation, on adsorption was 
emphaszed. Finally, it was shown that the concentrated suspensions could be used 
to implement a shaping process by direct coagulation casting (DCC).  

15.4.3  Chelation 

Several anionic additives, mainly phosphonates, are strong chelants for metal ions. 
In principle, scale inhibition could be achieved if all scaling cations (eg. Ca2+, Mg2+, 
Ba2+, etc.) could be “inactivated” by a chelation process. However, such an approach 
would not be economically feasible, as large quantities of the chelating molecule 
would be required. Nevertheless, in certain applications, chelation is a viable strat-
egy. For example, in water systems where both Mg2+ and silica exist at high concen-
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trations, the risk of magnesium silicate precipitation and deposition is high. A 
successful approach was based on the use of the widely used ethylene-tetraacetic 
acid (EDTA) to chelate Mg2+ ions, and thus inhibit the formation of magnesium 
 silicate [138]. 

Chelating agents can also be used for dissolution of existing scale deposits. For 
example, DETPA was used for the dissolution of barite [139]. Atomic Force 
Microscopy (AFM) was used to observe the dissolution of (001) cleavage surfaces 
of barite (BaSO4). The etch pit geometry suggested that the active phosphonate 
groups of DETPA molecule formed bonds with the Ba2+ ions along with the [110] 
directions. 

Several chelants were used for the dissolution of amorphous silica scale [140, 
141]. These included ascorbic acid (vitamin C, ASC), citric acid (CITR), carboxy-
methyl inulin (CMI), 3,4-dihydroxybenzoic acid (catechuic acid, DHBA), 
3,4,5- trihydroxybenzoic acid (gallic acid, GA), dopamine hydrochloride (DOPA), 
iminodiacetic acid (IDA), histidine (HIST), phenylalanine (PHALA), and malic 
acid (MAL). It was found that all studied molecules showed variable dissolution 
efficiency, with MAL, CMI, HIST, and PHALA being the slowest/least effective 
dissolvers, and the catechol-containing DHBA, GA, and DOPA being the most 
effective ones. IDA and CITR have intermediate efficiency. 

A thorough review on various chelants has appeared in the literature [142].   

15.5  Problems Associated with the Application of Scale 
Inhibitors

15.5.1   Calcium Tolerance (Ca2+ Stress) 

Since most mineral scale inhibiting additives are anionic in nature, they tend to 
strongly interact with dissolved metal cations present in the water system. Because 
Ca2+ is the most abundant metal ion, one of the most desirable properties of scale 
inhibitors is calcium tolerance. It could be defined as the ability of a certain scale 
inhibitor to be present in a Ca-rich solution, without precipitating out as an insolu-
ble Ca-inhibitor “complex”. 

The precipitation of Ca-phosphonate salts can: (a) cause fouling of heat exchanger 
and reverse osmosis membrane surfaces and (b) decrease the phosphonate concen-
tration in the system to the extent that severe calcium carbonate scaling can occur. 
It should be noted that Ca-inhibitor scales usually have the same inverse solubility 
features commonly observed with scales and they also impede heat transfer. 

Three of the most common CaCO3 scale inhibitors were tested for their calcium 
tolerance ability [143], AMP, HEDP, and PBTC. This quantified as the concentra-
tion of the inhibitor (in ppm) to withstand a 1000 ppm Ca-containing solution at 
pH 9. The ranking was found to be PBTC (185 ppm) > AMP (12 ppm) > HEDP 
(8 ppm). 
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In a separate study, Amjad found the same ranking under slightly different condi-
tions (presence of 250  mg/L Ca, pH  9.50, 25  °C): PBTC (98  ppm)  >  AMP 
(26 ppm) > HEDP (12 ppm) [144]. The adverse effects of low calcium tolerance can 
be alleviated by the addition of cationic electrolytes, such as organoammonium- 
based polymers [145]. 

It should be noted that in some applications, precipitation of metal-inhibitor 
“complexes” is desirable. Such insoluble metal-inhibitor precipitates are used for 
controlled release of the active phosphonate inhibitor [146–148].  

15.5.2  Sensitivity of Scale Inhibitors to Oxidizing Biocides 

Biocides are additives that combat microbiological growth in process waters [149]. 
A drawback of certain scale inhibitors, such as HEDP, and certain aminomethylene 
phosphonates, such as AMP, HDTMP and DETMP, is their sensitivity to oxidizing 
biocides, such as chlorine or bromine-based biocides (necessary to control micro-
biological growth) [150, 151]. Orthophosphate (PO4

3−), one of the degradation 
products, can cause calcium phosphate scale deposition in high hardness process 
waters. Knowledge of this susceptibility to oxidizers may help water system opera-
tors on decisions regarding which phosphonate additive to apply, at what dosage 
level and for how long. 

The degradation of AMP in the presence of a hypobromite-based biocide at two 
temperatures 25 °C and 43 °C was studied [84, 118]. The principal conclusions of 
the studies revealed that AMP was susceptible to the biocide tested. In addition, 
AMP was not degraded completely, but only to a ~ 20% level (at 25 °C) and up to a 
~ 25% level (at 43 °C). 

Polymer performance for calcium phosphate inhibition is a critical factor. Amjad 
has studied the effect of oxidizing (chlorine-based) and non-oxidizing (isothiazo-
line, gluteraldehyde, quaternary ammonium compounds) biocides on acrylate-based 
dispersant polymers [152]. The incorporation of sulfonic groups in the polymer 
increases the capability to inhibit calcium phosphate at low dosages. The use of 
polymers containing acrylic acid, sulfonic acid, and sulfonated styrene (AA:SA:SS) 
perform better than copolymers tested. Overall, the oxidizing biocides had no 
impact on the performance of calcium phosphate inhibiting polymers. The non- 
oxidizing biocides that contained no charged groups had minimal effect on calcium 
phosphate inhibition. 

The highest risk for water treatment systems is the degradation of phosphonates 
by oxidizing biocides. For example, in cooling water systems, both components 
must be present for different reasons. Phosphonates control scale formation and 
biocides mitigate microbiological growth. Degradation of phosphonate scale inhibi-
tors can cause uncontrolled scale formation (since the scale inhibitor has been 
depleted). In addition, since orthophosphate is the major inorganic by-product of 
this decomposition, the risk of calcium phosphate scale formation is higher. In 
 addition, the biocide itself is consumed when degrading the phosphonate inhibitor, 
thus increasing the risk of further microbiological growth.  
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15.5.3  Scale Inhibitor Entrapment and Inactivation 

One of the most crucial issues to be tackled with when applying chemical inhibitors 
in industrial waters is their tendency of getting trapped in the forming scale matrix. 
This entrapment leads, in most cases, to inhibitor loss from solution. Practically, 
this means that a much lower critical inhibitor concentration is present in the water 
system, leading to ineffective scale control. 

A notable example is silica scale. As mentioned before, either cationic or neutral 
polymers are used for silica scale mitigation. Colloidal silica that forms in the sys-
tem is negatively charged and can strongly interact with the cationic polymers. The 
most often-encountered case is the one driven from oppositely charged moieties. 
This effect was observed with polyaminoamide dendrimers [99] and zwitterionic 
chitosan-based macromolecules [111, 112]. Similar phenomena have also been 
observed with the neutral silica inhibitors, PEG, [106] and polyvinylpyrrolidone 
[105]. These events can be explained by the tendency of such polymers to form 
hydrogen bonds with the hydroxylated silica surface. 

Scale inhibitors, in particular phosphonates, can also be deactivated by precipita-
tion with hardness ions, present in the system. However, it should be noted that, in 
certain cases, such precipitation, if appropriately controlled, can lead to effective 
corrosion control. For example, combination of Zn2+ ions and AMP generate a 
Zn-AMP crystalline precipitate on mild steel surfaces [153]. The composition of 
this protective layer is a Zn-AMP material based on spectroscopic comparisons and 
was found to be the same as an authentically prepared sample of Zn-AMP with the 
composition {Zn[HN(CH2PO3H)3(H2O)3]}x. Based on mass loss measurements the 
corrosion rate for the “control” sample is 2.5 mm/year (at pH 3), whereas for the 
Zn-AMP protected sample 0.9 mm/year, a 270% reduction in corrosion rate. The 
filming material is collected and subjected to FT-IR, XRF and energy dispersive 
spectroscopy (EDS) studies. 

Additionally, the protective material acting as a corrosion barrier was studied in 
a system including Sr2+ and Ba2+ with HDTMP [154]. The effectiveness of the syn-
ergistic combinations of M2+ (M = Sr or Ba) and HDTMP, in a 1:1 ratio is dramati-
cally pH-dependent. At “harsh” pH regions (pH  2.2), mass loss from the steel 
specimens was profound, resulting in high corrosion rates. At pH 7.0 corrosion rates 
were appreciably suppressed in the presence of combinations of Sr2+ or Ba2+ and 
HDTMP.  Corrosion rates are concentration-dependent for Sr-HDTMP, whereas 
they are insensitive to Ba-HDTMP levels. The reader is referred to a concise review 
of the topic [155].   

15.6  Conclusions and Outlook 

In this chapter, a general overview of chemical control strategies and challenges was 
presented. There is vast literature dealing with a variety of scale deposits. 
Presentation of the plethora of cases in this chapter is beyond its scope, but the 
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reader is referred to relevant literature that summarizes the topic. On the other hand, 
crystallization and deposit formation can be mitigated by chemical additives that are 
supplied purposely to the process water. These are called scale inhibitors and they 
could be either polymeric in nature, or “small molecules” (most commonly phos-
phonates). There are several kinds of such additives, depending on the nature of the 
scale to be inhibited. 

The quest for the ideal scale/deposition inhibitor is still on-going. Unfortunately, 
a “universal” scale inhibitor is not available. Each mineral scale has its own idiosyn-
crasies, requiring special treatment. Water system operators must take into account 
several system variables for the proper selection of the scale inhibitor. These include 
system pH, supersaturation, presence (or absence) of oxidizing biocides, inhibitor 
tolerance to hardness, temperature, and potential of composite scale formation. 

Future challenges in chemical scale control must face the increasingly stricter 
environmental regulations for less toxic chemical additives and lower discharge 
limitations. Also, the design and successful large scale synthesis of novel scale 
inhibitors are important challenges for researchers and industries working in the 
water treatment field.     
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Chapter 16
Technologies for Biofouling Control 
and Monitoring in Desalination

H. J. G. Polman, H. A. Jenner, and M. C. M. Bruijs

16.1  Introduction

Seawater desalination plants using a distillation process began operation in the 
mid- 1960s. The standard technologies applied were Multiple-effect distillation 
(MED) and Multi-stage flash distillation (MSF). In the past decades, application of 
Reverse Osmosis (RO) increased across the world since its higher energy efficiency 
in comparison with distillation. Nowadays, RO is the preferred technology in most 
parts of the world, although in the Middle East the major large seawater desalination 
plants in operation still use the distillation process [1]. Currently, with the increas-
ing scale of desalination facilities, also in the Middle East and North Africa (MENA 
country), RO is used at a larger scale due to its lower energy consumption. The 
increase in production capacity of RO-desalination plants is shown in Fig. 16.1 [2].

The volume of seawater is directly related to the production capacity of the plant 
and goes up to tens of cubes per second. With seawater, a wide variety of marine 
biofouling organisms enter the intake system. Intake structures are in general an 
ideal environment for settlement and growth of marine biofouling communities as 
it provides optimal conditions. A number of factors directly influence the settlement 
and development of biofouling communities inside intake systems. These are local 
environmental conditions and species composition (as determined by geographical 
location, such as water temperature and local hydrobiological features) and design 
and operation parameters of the intake system (flow, materials and intake layout).
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Marine biofouling results in an increased wall roughness and reduction of the 
inner pipe diameter, thereby resulting in a significant head loss in the intake basin 
and pump pit. This has a high impact on the operational reliability and could eventu-
ally result in an unplanned shutdown of the facility. Efficient mitigation of biofoul-
ing is therefore key to maintain an efficient and reliable operation of large-scale 
intakes. As biological and physical parameters are site-specific, so are the control 
strategy options. The standard industry practice for large-scale (cooling) water 
intakes is the application of oxidative biocides, most commonly sodium hypochlo-
rite. For desalination facilities, the application of oxidants is, however, depending on 
the type of desalination process, restricted by it’s potential impact on material integ-
rity of the various components of the desalination facility and the coastal environment.

This chapter provides insight in the causes of biofouling settlement in the seawa-
ter intake pipes of desalination plants. The impact of biofouling is described and an 
overview of the available technologies (conventional and advanced) for biofouling 
control in seawater intake systems is presented.

16.2  Biofouling

Man-made solid surfaces that are in constant contact with surface water, such as 
conduits and pipe work of a seawater intake of a both thermal and membrane-based 
desalination plants, are colonized by fouling organisms in standard fouling patterns, 
see Fig. 16.2. Firstly, organic molecules are deposited, followed immediately by the 

Fig. 16.1 Change in RO desalination plant size. Reproduced with permission from Ref. [2]; 
Copyright 2018 MDPI @ Creative Commons License
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attachment of bacteria, which in their sessile form produce ‘slime’ (Extracellular 
Polymeric Substances, EPS) as a part of their metabolic functioning to develop their 
microenvironment against medium stresses. After this biofilm formation, the colo-
nization of the surfaces by other organisms becomes possible. Both the microfoul-
ing or bacterial slimes and the larger animals or macroinvertebrates constitute the 
overall biofouling community. Clearly, the types of fouling are dependent on the 
geographical location, the salinity and quality of the water and that also varies with 
seasonal changes. The overall biofouling community forms a specific ecological 
entity within the environment of an industrial water intake system, which is nearly 
optimal for all settled organisms due to the absence of predators, constant nutrition 
supply and oxygenation due to relatively high water velocities and above all, a sur-
plus of the available substrate. The latter condition shows typically to be the regulat-
ing factor.

It is conventional to distinguish between the two types of biofouling: microfoul-
ing, involving bacteria, fungi and diatoms, and macrofouling, involving organisms 
such as mussels, oysters, barnacles and hydroids. Macrofouling gives rise to gross 
blockages of condenser tubes and pipelines, while the predominant effect of micro-
fouling is reduction of heat transfer efficiency in condensers and heat exchangers 
[3]. Microfouling also results in RO membranes performance decline. The two are 
inextricably related, the formation of a biofilm very often being a necessary precur-
sor to the successful settlement of larger organisms (see Fig.  16.2). Where an 
exposed metal becomes fouled, Microbial Influenced Corrosion (MIC) is an 
extra threat.

Seawater intake systems provide in general optimal conditions for macrofouling 
species to settle and grow. This is due to:

• Optimal seawater flow conditions (generally between 0.5–2 m/s)
• Water turbulence inside the seawater culverts that facilitates settlements of 

larvae

Macrofouling

Microfouling Ter�ary colonizers

secondary colonizers
Primary colonizers

Organic film

Substrate

1 min 1 – 24 hrs 1 week 2 – 3 weeks
Adhesion of organic
par�cles (e.g. protein)

Bacteria
(e.g. Pseaudomonas putrefaciens,
Vibrio alginoly�cus)
Diatoms
(e.g. Achnanthes brevipes,
Amphiprora paludosa, Amphora
coffeaeformis, Licmophora
abbreviate, Nitzschia pusilla)

Spores of macroalgae
(e.g. Enteromorpha intes�nalis,
Ulothrix zonata [Chlorophyta])
Protozoa (e.g. Vaginicola sp.,
vor�cella sp., Zoothamnium sp.
[Ciliate])

Larvae of marcrofoulers
(e.g. Belanus amphitrite
[Crustacea], Electra
crustulenta [Bryozoa],
Laomedia flexuosa
[Coelenterate], My�lus
edulis [Mollusca], Spirorbis
borealis [Polychaeta],
Styela coriacea [Tunicata])

Fig. 16.2 Overview of biofouling settlement sequence from Ref. [4]; Copyright 1995 @ Inter- 
Research; Creative Commons License
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• Continuous supply of nutrition and oxygen that stimulates growth
• Absence of predators that cannot pass the sieves or withstand the flow
• Absence of direct sunlight which most macrofouling species prefer

16.2.1  Biofouling Species

Biofouling communities exist in a wide range of sessile species of different taxa, 
such as mussels, oysters, hydroids, tubular worms and bryozoans. However, of all 
biofouling organisms’ bivalves (mussels, oysters and clams) and barnacles are par-
ticularly known to cause serious fouling problems to industrial intake water sys-
tems. An example is presented in Fig. 16.3.

The macrofouling species present in coastal areas can be native or invasive spe-
cies from other geographical areas, distributed through ship hull fouling and trans-
port via ballast water. Table 16.1 provides a general overview of biofouling species 
of prime interest for intake systems in the Middle East.

16.2.2  Seasonality of Biofouling Settlement

The reproductive cycle of biofouling species in geographic regions with temperate 
climate conditions (Continental climatic zone) is characterized by distinct spawning 
periods, generally occurring in early spring (April  – May) and late summer 
(September – October). In sub-tropical climate regions (Middle East, Asia, Pacific), 
climatic seasonal variations are often small, and spawning occurs more or less year- 
round. Hence, the ingress of biofouling species in these regions is a constant phe-
nomenon and development of (severe) fouling in the absence of adequate control is 
a rather rapid process of only a few weeks.

Fig. 16.3 Macrofouling communities. (Source: H2O Biofouling Solutions B.V)
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The implication of this for fouling control is that maintaining a correct perfor-
mance of the biofouling control measure is a daily task. Biofouling control not only 
concerns proper execution of control measures, but it also concerns the timely mon-
itoring of equipment performance and efficacy of the treatment.

16.2.3  Typical Problems Due to Biofouling

Upon entering the intake system, biofouling organisms can readily colonize the 
available substrates, in the intake and piping system, which feeds the desalination 
plant. Settlement takes place on all surface types, i.e. concrete, metal, and glass- 
reinforced plastic (GRP) surfaces, especially where there is turbulence, such as at 
rubber dilatation joints, manholes and bends. The settled biofouling larvae can grow 
quickly into a mature community covering all available surfaces. This settlement 
results in an increased wall roughness of the material and reduces the pipe diameter 
resulting in hydraulic head loss.

Intake structures are designed to deliver seawater towards the desalination plant 
to produce enough potable water to meet the contract with the off taker. To provide 
a sufficient water supply to the production plant, the required head as to be delivered 
by the pumps should overcome the head losses in the pumping station of the seawa-
ter system itself. Head loss due to biofouling is mainly caused at the riser head, 
intake conduits (including chlorination system) and screens.

One of the typical events leading to increased fouling is the malfunctioning of 
the hypochlorite dosing lines towards the intake dome, most often by broken joints. 
Also, poor material selection of the chlorine dosing lines has been shown to result 
in severe fouling problems and tripping of the plant [5].

Table 16.1 Overview of main macrofouling species in the Middle East

Marine fouling organism Scientific name

Oysters – Pinctada radiata; P. margaritifera
– Crassostrea cucullata; C. delettrei; C. Gryphoides
– Ostrea subucula
– Malvufundus regula

Mussels – Mytilus saidi
– Septifer bilocularis
– Perna picta
– Brachidontes variabilis; B. pharaonis
– Modiolus auriculatus; M. cf barbatus; M. ligneus
– Chama pacifica
– Barbatia lacerate; B. virescens
– Limaria fragilis

Barnacles – Balanus amphitrite
– Chthamalus stellatus
– Megabalanus sp

16 Technologies for Biofouling Control and Monitoring in Desalination
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16.3  Impact of Biofouling on Desalination Plants

Biofouling is very relevant to the operational efficiency of membranes by biofilm 
formation on the membrane surface. The bacteria utilize organic and inorganic 
nutrients (organic carbon, nitrogen and phosphorous) from the seawater and pro-
duce biofilm to provide a functional barrier between the bacterial community and 
the seawater. This biofilm appears as a brown-orange jelly covering the surface of 
the membrane and collects in the membrane feed spacers, thereby restricting the 
available area for flow across the membrane surface. This increases the differential 
pressure (DP) across the membrane leading to increased energy consumption.

If the biofouling is allowed to increase then the biofouling can eventually block 
the flow to whole parts of the membrane surface, thereby reducing the effective 
membrane area and increasing flux. This causes increased feed pressure (and there-
fore high electricity consumption) and can cause membrane design guidelines to be 
exceeded in the active area of the membrane element. Blocked areas are also 
extremely hard to access by chemical cleaning, since the chemical is carried by feed 
to brine flow, resulting in what are effectively dead zones of the membrane. Finally, 
the DP creates a very great force on the structure of the membrane. It is common for 
the feed spacer to be moved along the membrane element and become extruded out 
the far end. This can also cause loss of effective membrane area, and finally, there is 
no other option but to replace the membrane.

16.3.1  Operational

Biofouling in intake systems can have a significant impact on the operational reli-
ability of the plant as a result of hydraulic impact due to head loss. The head loss 
over a pipeline is determined by the flow velocities, wall roughness, and local losses 
[9]. The local losses are small compared to the losses by wall roughness and are 
therefore neglected. The flow velocities in a riser head are low, and the effect of 
biofouling is relatively small. The total head loss is therefore mainly determined by 
the friction losses in the intake pipelines.
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The head loss, ΔH, is calculated as follows [6]:
Wherein:
λ = friction factor (−);
L = length of the pipe (m);
D = diameter of the pipe (m);
v = velocity (m/s);
g = gravitational acceleration (m/s2);
Re = Reynolds number (−);
k = roughness value (m)
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Both the diameter of the pipeline and the wall roughness are affected by biofoul-
ing, which can have a significant impact on hydraulics and can result in major oper-
ational problems, including unplanned plant shutdowns due to high levels of head 
loss or clogging of a pipe. Figure 16.4 shows severity of biofouling in seawater 
intake pipelines and headers.

In competition for substrate, biofouling species can grow on top of each other 
(cluster development) potentially forming patches of thick layers along the walls. 
The total biomass of biofouling settled in intake systems may potentially reach up 
to hundreds of tons within 2 years, depending on growth rates under seasonal condi-
tions. Mussel species and several oyster species have byssal threads to connect to 
the surface. After effective mitigation, the shells are detached quickly. In contrast, 
the effect of marine biofouling species that cement themselves to surfaces (e.g. 
barnacles, tubular worms and some oyster species) is irreversible. An effective bio-
cide dosing can kill the species, but part of the shell structure remains attached, with 
a remaining turbulent surface area.

16.3.2  Financial

Biofouling results in an increased head loss and decreased efficiency for the pump-
ing station [7, 8], often resulting in an unplanned outage of the plant due to tripping 
pumps. The increased head loss generally results in a significant cost impact [9] due 
to additional required pump capacity. This will also result in increased CO2 emissions.

Cleaning of heavily fouled seawater intake pipes is time-consuming and a very 
costly exercise requiring additional chemicals or physical cleaning method. For 
physical cleaning the seawater flow needs to be stopped entirely, requiring a total 
plant outage. The loss of production capacity and sometimes penalties due to non- 
compliance of the water production contract, most often has a significant cost 
impact. Other manners of cleaning the intake pipes are by using a pigging system or 
by hydro blasting. This, however, needs an outage of (part of) the plant and is very 

Fig. 16.4 Biofouling in sea water intake pipelines and headers. (Source: H2O Biofouling 
Solutions B.V.)
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costly. In addition, due to water delivery commitments, a desalination plant needs to 
schedule an outage way ahead, and an unexpected outage needs to be prevented by 
all means.

The financial losses due to biofouling can arise to millions of dollars; however, 
the total impact is often not quantifiable due to lack of information. Therefore, it is 
important to prevent settlement of marine biofouling larvae in the seawater system.

16.4  Control Methods

The search for the most efficient methods to control biofouling in large-scale (cool-
ing) water intake systems, has started in the late 20’s [10], and is still a topical work 
field for both environmental and financial reasons. A wide variety of both mechani-
cal and chemical-based measures have been investigated and implemented. Still, the 
efficacy of control measures is very site-specific and application, especially of 
chemical compounds, is subject to stringent permit requirements.

Many design and layout features directly, or indirectly affect the efficacy of bio-
fouling control measures in a seawater intake system. Many antifouling technolo-
gies require special provisions to be integrated in the design of the seawater system. 
Examples of these are filtering devices, mechanical cleaning devices and facilities, 
backwash systems, provisions for recirculation of the seawater (for thermal treat-
ment) or special dosing racks and dosing points. Provisions can also be of a simpler 
nature, for example, connection points for chemical and biological monitoring 
devices.

16.4.1  Physical Methods

To mitigate biofouling settlement in seawater systems, physical methods can be 
used. A number of techniques are available for reducing the effects of potential foul-
ing in culverts or other parts of the seawater system. However, in general, physical 
methods do not prevent settlement but are aimed at reducing the number of biofoul-
ing larvae to enter the system (e.g. filtration), reduce favourable conditions for set-
tlement (design, high flow velocities) or elimination of existing growth of biofouling 
(e.g. thermal shock, sonic methods). In addition, physical methods typically impact 
operation and some systems require (partly) outage.

In this chapter we, only listed the methods which are feasible for desalination 
plants are listed. An overview is presented in Table  16.2. In principle, physical 
methods are not species-specific.

Below, only the methods which are feasible for desalination plants are discussed.

H. J. G. Polman et al.
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16.4.1.1  Filtration

Micro-filtration is a method to reduce the zoo- and phytoplankton load (including 
larvae) of the cooling water, which also reduces the organic load. This also poten-
tially reduces the biocide demand. Existing methods are rotating drum filters and 
sand filters. Beach wells are applied at some desalination plants to retrieve seawater.

Continuously backwashed microfilters have been developed with mesh sizes of 
50–100 μm, which claim to give effective protection against macrofouling. These filters 
are able to deal with water flows up to 4 m3/s. The youngest stages of mussels and bar-
nacles have lengths of above 150 μm, so a microfilter with 75 μm mesh width is likely 
to give effective protection against the entrance of larvae of mussels and barnacles. 
These filters require a back-flush flow and cause a pressure loss in the seawater system.

Pressure filters are specifically designed for the filtration of large particles (mm- 
range) from raw water streams, such as cooling water intakes from rivers, lakes, or 
the sea. The raw water is filtered by means of a filter basket with a mesh size of 
1 mm. At certain time intervals, the filter is automatically backflushed.

The costs for engineering and implementation of such a filter is high. Also, there 
is an effort needed to operate the filters, controlling the cleanliness and filtration 
flow to keep optimal filtration rate and prevent clogging. Also, the residual filtered 
material must be removed, probably as waste and possibly treated before it can be 
dumped. For large flow rates, filtration has limited applicability.

16.4.1.2  Water Velocity

Water velocity and the potentially complex hydrodynamics of seawater system 
design are important factors in the ‘fouling potential’ of a given seawater system. 
Some species are well adapted to slow-running or even stagnant water, while others 
require strong water currents.

Table 16.2 Overview of physical methods

Physical method Basic principle Applicability for desalination

Filtration Removal of fouling 
larvae

Only applicable to limited water flow rates.

Water velocity/
design

Prevent/reduce 
settlement

Basic principle to keep fouling to a minimum, no full 
control.

Thermal 
treatment

Killing of fouling 
community

Requires heat source, dedicated design intake conduit 
lay out and impacts operation; no fouling settlement 
prevention.

Sonic technology Killing of larvae Only localized treatment, no full control.
Magnetic fields Killing of larvae Only localized treatment, no full control.
Ultraviolet light Killing of larvae Localized treatment, no large-scale experience yet.
Oxygen depletion Killing of fouling 

community
Requires redundant intake conduit that can be closed; 
no fouling settlement prevention

Physical removal Removing fouling 
community

No fouling settlement prevention, impact on operation
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Water velocity varies considerably in seawater circuits from the water intake 
structure to the outlet. It is low near filtering devices like traveling screens and in 
basins. It is high in pipes leading to seawater pre-filtrating steps for e.g. RO. The 
operating regime of pumps in any given circuit must also be considered as this can 
cause both variations in flow rate locally and even periods of stagnation.

For organisms which settle on circuit walls, the continuous seawater supply is an 
extremely favorable factor as it provides a source of nutrients and oxygenation. For 
this reason, when water velocity is not excessive, organisms show optimum growth, 
generally more rapid than that of the corresponding population in the natural envi-
ronment. When the velocity exceeds a critical threshold, larvae are no longer able to 
settle, and adults are not able to feed well. They may even become detached from 
the substratum by shear stress. In the absence of water circulation, dissolved oxygen 
may become eventually a limiting factor and can cause mortality by asphyxia in 
1–3 weeks, depending on the water temperature and the organisms present.

A first step in preventing biofouling is applying a proper design of the cooling 
water trajectory in which hydraulic conditions that favor fouling settlement are kept 
as low as possible [11]. When designing a seawater system, stagnant zones and 
sharp curves in conducts (e.g. manholes and dead-end lines) should be kept to a 
minimum to reduce turbulence as much as possible. In the stagnant zones, biologi-
cal growth thrives as water velocities are low which favours biofouling settlement. 
The effect of water velocity on macro fouling settlement is clearly visible in the data 
provided by Ackerman [12] and Kawabe [13]. Despite the discrepancy in the differ-
ent observations in the literature, it is concluded that, in distribution pipes  maintained 
without the presence of dead legs or low flow areas, marine fouling generally do not 
settle in seawater where the velocity is near 3.0 m/s, and that macrofouling is already 
reduced at 1.8 m/s. A general rule of thumb for water intake conduits is to keep 
water velocities above 2.5 m/s, to reduce macrofouling settlement.

16.4.1.3  Thermal Treatment

‘Thermoshock’ is a well-known and generally accepted antifouling method for 
power stations [14], which can completely replace the use of a biocide. However, 
the application of thermal treatment requires a special design of the intake system 
that should be implemented in an early stage of plant construction. Adaptations 
afterwards are often technically difficult and expensive. Heat treatment consists of 
heating the seawater water to a temperature of 38–45 °C by means of (partial) recir-
culation or steam injection and maintaining this for a sufficient period of time (hrs) 
to guarantees elimination of existing growth. Treatment temperature and time 
should be attuned to the fouling type. Typically oysters require sufficiently high 
temperature and treatment time. In seawater systems of power stations, this should 
be performed 3–4 times a year, meaning settlement and growth is accepted to an 
extent. The crucial factor here is that shells detaching from the walls are still small 
enough (~ 1 cm) to pass through heat-exchanger tubes. For desalination plants, the 
heat source (e.g. condenser) for performing thermal treatment is often not available, 
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nor is the design suited for recirculating. In addition, the treatment itself will impact 
the desalination process (unavailability of sufficient water during recirculation and 
high water temperatures).

16.4.1.4  Sonic Technology

The principle underlying the application of sound is that the vibration created by the 
energy associated with the transmission of sound will remove deposits on surfaces, 
by “shaking” the deposit free. Cavitation produced by the propagation of sonic 
waves in the continuous phase near the deposit surface, can also assist the removal 
process. Claudi and Mackie [15] describe how acoustic energy in the range of 
39–41 kHz fragments early stages of mussels within a few seconds. It also killed 
attached adults within 19–24 h. The main disadvantages of the technique are the 
high energy costs involved and the potential harm to the integrity of the seawater 
system. To date there are no commercial devices available using this technique at 
the scale of large-scale seawater intakes, making the practical value of this tech-
nique limited.

16.4.1.5  Ultraviolet

Previously industry attempts to deploy UV for biofouling control, utilizing medium- 
pressure units, had not been regarded as proven and cost-effective against biofoul-
ing in industrial settings [16]. The UV systems did not provide a consistent reduction 
of veliger settlement, while taking up more space and utilizing more power. New 
development of Hydro-Optic Disinfection (HOD) UV systems has led to more cost- 
effective control of macrofouling in seawater, including larvae of blue mussels, bar-
nacles, oysters, and colonial hydroids.

A study carried out at the turbine cooling water lines of Parker Dam in the US 
indicated that HOD UV treatment reduced maintenance due to biofouling despite 
lower than expected HOD UV doses [17].

16.4.1.6  Oxygen Depletion

For once-through systems, sometimes oxygen depletion can be used. There is quite 
a lot of literature available, however, biofouling organisms are capable to close their 
valves and change their metabolism from aerobic to anaerobic, which create a kind 
hibernation strategy by the mussels [18, 19].

For desalination facilities, mitigation by oxygen depletion can be feasible if the 
design of the intake is implemented in a way that the intake risers can be closed at 
the intake chamber. Also, the screening compartments can be separately closed 
(both sides) by using a motorized penstock. Furthermore, as the production plant 
requires availability of seawater at all times, an additional redundant intake conduit 
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is needed to perform this procedure. This allows the system to create stagnant zones 
during normal plant operation. A serious problem is the cleaning of the remaining 
shells and debris after 100% killing of the fouling.

16.4.1.7  Physical Removal

In accessible areas, fouling can be physically removed by a variety of means, includ-
ing scraping, pressure washing (by divers), or pigging. Pressures of 2000–3000 psi 
should remove mussels, but it may take higher pressure to remove oysters and bar-
nacles as these cement themselves to the surface. Pigging would not be practical in 
pipes and conduits with lots of bends or size changes. Such physical removal 
requires entire outage and closure of the intake conduit. In addition, physical 
removal is most often labour-intensive and time-consuming which may pose prob-
lems meeting the required operational window of the plant. Once the fouling is 
removed, the potentially large volume of remains will have to be removed from the 
conduits and disposed of.

16.4.2  Chemical Methods

Chemical methods to control biofouling can be categorized into oxidizing and non- 
oxidizing chemicals. In the following sections, an overview of these products is 
provided with a practical point of view.

16.4.2.1  Oxidizing Biocides

In most cases, the industry practice is chemical treatment. The existing chemicals 
in use are distinguished as oxidising and non-oxidising compounds (Tables 16.3 
and 16.4). Oxidising biocides include chlorine, bromine, and iodine. These chem-
icals act by destroying cell membranes or their extracellular enzymes, which 
leads to cell death. Non-oxidising biocides include numerous chemicals that act 
by interfering with a necessary life function such as metabolism or reproduction. 
In practice, application of sodium hypochlorite is most widely in use, due to 
extensive research and clear understanding of the mode of action, the cost-benefi-
cial application, commercial availability and controllability to apply proven con-
trol regimes.

Of all the chemical compounds, sodium hypochlorite is the most widely applied 
industry oxidizing biocide. However, due to the potential environmental and public 
health implications of by-products associated with the application of sodium hypo-
chlorite, many efforts have been undertaken to search for alternatives or optimize 
the chemical dosing.
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 (a) Chlorine

Chlorine can be used in different forms. Sodium hypochlorite (NaOCl) is either 
purchased in bulk or generated on-site by an electrochlorination unit by electrolysis 
of seawater. Hypochlorite stored on-site is subject to decay, which is temperature- 
dependent. The commercially available hypochlorite solution (120–150 g/L) may 
be used as such, but more often it is diluted prior to dosing to about 500–2000 mg 
Cl2/L to improve the mixing properties with the seawater. Chlorine gas (Cl2) is still 
applied at sites and is the least expensive of the chlorine products, but the inherent 
handling and storage difficulties have restricted its use. Chlorine gas is a greenish- 
yellow chemical with a burning odour which is purchased as a compressed gas and 
is converted into hypobromite (in seawater) after injection into the intake, typically 
at 10 mg/L but always less than 35 mg/L to avoid excessive losses due to evapora-
tion/outgassing.

When dissolved in natural waters, chlorine gas or a sodium hypochlorite solution 
produces different oxidizing compounds depending on the reaction of hydrolysis 
and oxidation of ammonia, leading to chloramines or bromamines. The oxidizing 
compounds also react with organic matter to produce chlorinated or brominated 
organics. As a result, water chlorination chemistry involves many molecular and 
ionic species or groups, whether oxidants or non-oxidants, whose terminology must 
be precisely defined. Chlorine is described in the literature as ‘free’, ‘active’, ‘avail-
able’, ‘combined’ or ‘residual’– or by a combination of these adjectives.

Figure 16.5 summarizes the general understanding of ‘chlorine’ chemistry asso-
ciated with coastal power stations [20, 21]. Seawater contains about 68 mg/L bro-
mide at full salinity: when chlorine is added it oxidises the bromide ions yielding 
hypobromous acid (HOBr). This reaction is rapid, with 99% conversion within 10 s 
at full seawater salinity and within 15 s even at half seawater salinity. The free oxi-
dants formed by the chlorination of seawater are thus predominantly composed of 
HOBr and the hypobromite ion OBr¯.

Total Residual Chlorine (TRC) is the sum of the free oxidants + combined oxi-
dant (as available in chloramines, bromamines or other compounds with a N-C 
link). In seawater this adds an additional effect due to the bromamines which have 
a toxic effect on biofouling organisms, in contrast with the lower toxic effect of 
chloramines. This makes TRC a valid parameter to be express the effectivity of the 
chlorine concentrations to control biofouling in a system where seawater is used. 
When there is an increase in ammonia concentration the difference between Free 
Residual Chlorine (FRC) and TRC usually increases.

The typical formation of chlorine byproducts and environmental impact has led 
to research on new dosing schemes and strategies to reduce the volumes required to 
minimize environmental impact, whilst maintaining sufficient control.

 (i) Chlorine dosing strategies

In many cases, standard dosing regime, combining a continuous dosing with 
regular shock dosing or solely shock dosing, has proven not to be the effective dos-
ing under all operating conditions within the cooling water networks. Often, FRC 
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values are not specifically specified as initial dosing concentrations or effective 
concentration at a strategic point in the cooling water distribution network but are 
maintained as such at arbitrary sampling locations. However, it should be taken 
into account that it is important to maintain an effective chlorine concentration at 
the most critical assets of the facility, which is at the condenser inlets or the last 
heat exchangers in a production facility.

The FRC concentrations maintained within the network are often observed to be 
too low according to practical experience and literature references, which leads to 
increased risks of fouling, especially when technical failures in the dosing system 
appear or changes in operation, leading to periods of low chlorine levels or no chlo-
rine at all. It is common practice that free residual chlorine concentrations in real- 
time differ from set values via Distributed Control System (DCS) and measured by 
inadequate online monitoring equipment. Thereby the concentrations are often too 
low to efficiently mitigate macrofouling, providing the specimens time to maintain 
normal metabolism and grow and develop larger communities. Continuously main-
taining the effective chlorine level is the most important aspect to apply an effective 
continuous dosing regime.

Fig. 16.5 The chemistry consequent upon sodium hypochlorite or electrochlorination product 
injection in natural seawater. Reproduced with permission from Ref. [21]; Copyright 2006 @ 
Elsevier
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At many facilities, an additional shock dosing procedure is applied in the errone-
ous notion that it prevents fouling species from adapting to continuous chlorination. 
There is a lack of industry awareness that shock dosing as a method is by principle 
not effective to control bivalve fouling species (oysters, mussels) nor other fouling 
species such as barnacles and hydroids. A shock dosing is a short period, typically 
one to maximum several hrs, performed daily or weekly, either applied as sole pro-
cedure or on top of a continuous dosing. Bivalves are capable of protecting them-
selves from the deleterious effects of chlorine by closing their shells. They have the 
ability to switch over from aerobic to anaerobic metabolism for a considerable 
length of time, up to weeks. After the shock dosing, when the concentration is 
reduced again to lower levels as applied for the continuous dosing, and if too low, 
the bivalves will restart filtration for oxygen and nutrition and will fully recover 
within a day.

In view of the above, it should be considered by industries to fully cancel the 
shock dosing procedure and solely apply a continuous dosing with sufficient (effec-
tive) free residual chlorine level to mitigate the fouling settlement and growth within 
seawater networks. This will also lower the corrosion stress on thermal desalination 
units. A well-performed continuous chlorine dosing is able to mitigate the larvae 
when they enter and settle which will thus not develop into larger communities 
within the cooling water system.

As a further reduction in chlorine usage a site dedicated dosing strategy can be 
applied (i.e. Ecodosing™, Pulse-Chlorination®). This type of dosing strategy 
replaces the continuous and/or shock dosing with an intermittent dosing strategy 
which is based on the reactional behavior of local marine biofouling species. These 
technologies have internationally reached the proven technology status and are 
increasingly being applied worldwide [22, 23, 24] and in past years successfully 
applied at seawater RO (SWRO) plants seawater intakes.

 (ii) Chlorine Dosing Options for SWRO

Finding the balance of an optimum intake seawater system and the prevention of 
biofouling growth on the RO membranes, presents significant operational chal-
lenges for plant owners and operators. For SWRO plants two types of biofouling 
risks need to be taken into account:

• Marine biofouling organisms enter and foul the intake system
• Bacterial biofouling growth on the RO membranes

Seawater intake structures provide an ideal environment and provide optimal condi-
tions for settlement and growth of marine biofouling organisms. Marine biofouling 
results in an increased wall roughness and reduction of the inner pipe diameter which 
leads to a significant head loss in the intake structure. This has a high impact on the 
operational reliability of the intake system and often results in an unplanned shutdown.

Globally, the typical industrial anti-fouling practice involves continuous low- 
concentration chlorination of seawater and/or periodic shock-dosing at higher con-
centrations. Ineffective mitigation strategy will cause settlement of biofouling in 
intake risers and distribution piping causing clogging and loss in pressure head, 
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resulting in plant “tripping” and expensive manual cleaning costs. In addition, chlo-
rine (as sodium hypochlorite) has a direct impact on the rate of organics and bio-
fouling growth on the RO membranes.

It is understood in the membrane industry that thin film composite polyamide 
membranes have limited resistance to chlorine-based oxidants. Therefore, operators 
have relatively few options regarding chemicals, which can be safely used to disin-
fect RO-systems and prevent and mitigate biofouling on present on the membranes. 
In addition, to prevent any impact of chlorine the access of oxidizing capacity of 
chlorine is neutralized by adding, for example, sodium bisulphite. For desalination 
plants, mitigation strategies for excessive biofouling settlement and growth are nec-
essary to guarantee plant operation and potable water delivery with minimal SWRO 
membrane flux reduction.

Small organic molecules are generally much more biodegradable than large 
organic molecules. Chlorine has been recognized as a proven oxidant to break down 
large organic molecules into smaller organic molecules. This is of particular impor-
tance when chlorination is used for drinking water plants. Feed waters that have 
high levels of organics and are chlorinated are particularly susceptible to the forma-
tion of disinfection by-products. It is acknowledged that these organic molecules 
can result in adverse health impacts. In addition, these small organic molecules are 
also far more biodegradable than the precursors, so chlorinating water increases the 
concentration of readily biodegradable organics in the water. Normally, the chlorine 
itself restricts the growth of biofilm, because of its toxicity. However, with RO 
membranes, the chlorine has to be neutralised so it doesn’t oxidise the RO mem-
brane, which means that the rate of biofouling is far greater if the feed water is 
chlorinated and dechlorinated than if it is not chlorinated.

Theoretically, Assimilable Organic Carbon (AOC) should be a very good mea-
sure of biofouling potential in SWRO systems, because it is a measure of the amount 
of organic carbon consumed by bacteria under standard conditions. However, the 
analysis is not straightforward, and there is massive variability in the values of AOC 
which can be measured by different laboratories. Consequently, it is difficult to use 
AOC as a standard measure of biofouling potential. The lack of a rapid, simple and 
consistent method of measuring biofouling potential in SWRO feed water makes 
research in this area much more complex and makes it very difficult to objectively 
compare results from different sites. It is, therefore, the current industry practice 
that biofouling potential to be measured based on the rate at which SWRO mem-
branes foul (rate of Differential Pressure (DP) increase and Clean-in-Place (CIP) 
frequency).

Total Organic Carbon (TOC) is often characterized in molecule size like biopoly-
mers, humics; building blocks; LMW (low molecular weight) organic acids and 
LMW neutrals. Small molecules are more easily degraded by micro-biological 
activity than larger molecules. This means that in case the ratio between relatively 
small molecules and large molecules is in favour of the small ones, the feed has a 
high micro-biofouling potential. Building blocks, sub-units of HS with molecular 
weights of 300–450  g/mol, are considered to be natural breakdown products of 
humics. They cannot be removed in flocculation processes. In Fig. 16.6 an example 
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is given of such a molecule size distribution analysis. The results of these analyses 
will give information about the molecular size distribution of the available TOC.

Recently two SWRO plants applied an alternative dosing strategy using chlorine- 
based on the Ecodosing/Pulse-chlorination philosophy. This is based on tuning the 
required chlorine dosing for marine fouling treatment to a minimum and as a conse-
quence reduce any potential effect of biofouling growth on the RO membranes. At 
the Al Fatah SWRO plant in Jubail KSA, the Ecodosing regime was implemented in 
September 2019 resulting in a clean seawater intake system and no increase in CIP 
frequency compared in the previous period wherein no chlorine dosing at the sea-
water intake took place [24]. It must be noted that it is of high importance to study 
the specific biological and seawater conditions at a site. These are important to find 
a right operational balance without being exposed to either marine biofouling in the 
intake pipes or increased membrane biofouling. At locations where algal blooms are 
prevalent, the operational approach for chlorination may also need to be altered 
accordingly to manage these events, when they occur.

 (iii) Effect of chlorine on thermal desalination units

During operation of macrofouling mitigation using sodium hypochlorite in ther-
mal desalination units, chlorine is suspected to cause corrosion of the copper alloy 
materials used in heat exchangers. Their combination of strength and corrosion 
resistance makes copper alloy materials one of today’s most important engineering 
materials for highly stressed components in corrosive environments [26].

The corrosion resistance of copper alloys relies on the formation of a protective 
surface (oxide) film which forms quickly on exposure to seawater and continues to 
mature over a period of years. Lack of this passive layer (thickness approximately 
3–10 nanometers) allows the alloy to a rather significant loss of material and short-
ens the lifespan of the heat exchanger. Initial exposure to clean seawater and good 
surface film formation is important to the long-term performance of these materials. 
The surface film is complex, multi-layered and can be brown, greenish-brown or 
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Fig. 16.6 Example of molecular size distribution of TOC. Reprodcued with permission from Ref. 
[25]; Copyright 2011 @ Intechopen; Creative Commons License
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brownish-black. It is predominantly comprised of cuprous oxide although it can 
contain nickel, iron oxide, cuprous hydroxychloride and cupric oxide. The initial 
film forms quite quickly over the first few days but takes about 2–3  months to 
mature in temperate waters. At low temperatures, the process is slower, but the film 
will form even in Arctic and Antarctic waters. In higher temperatures (water of 
around 27 °C common to inlets for Middle East desalination plants), the film can be 
expected to form in a few hrs. If the passive protective layer is not formed because 
of pollutants in the seawater, adding of iron(II)sulphate solution to the oxygen- 
containing water can enhance the formation of a protective layer on copper alloys. 
The solution should be added just upstream of the material to avoid the formation of 
trivalent iron because Fe3+ is ineffective and may even react adversely.

Copper alloys are in general resistant to chlorination at normal dosing levels used 
to control biofouling. Excessive chlorination, however, can be detrimental. Lewis 
[27] has reported that, in the presence of 0.25 ppm free chlorine, the corrosion of 
CuNi 90/10 increased during 30  days of exposure, but the effect of the chlorine 
weakened subsequently. Kirk et al. (1991) stated that according to general experi-
ence no negative effect of chlorine concentrations 0.2–0.5 ppm was indicated on the 
corrosion behaviour of copper-nickel alloy during many years in coastal power and 
process industries. Also, according to Tuthill [28] copper alloy tubing is resistant to 
chlorination at concentrations required to control biofouling with continuous chlori-
nation at a 0.2–0.5 ppm residual chlorine. Francis [29] published the results of tests 
related to the effect of chlorine additions in the range between 0.3 ppm and 4.0 ppm 
on corrosion and jet impingement tests of Al brass, CuNi 90/10 and CuNi 70/30 
exposed to natural seawater with and without the dosing of iron (II) sulphate solution.

The corrosion resistance of copper alloys used in thermal desalination units, both 
MSF and MED, to natural seawater and chlorine is considered to be able to with-
stand normal chlorine levels sufficient to control biological activity.

In seawater, bromide is normally present in a concentration of 65 mg/L. This 
bromide reacts with the hypochlorite to form bromine. Based on this reaction most 
of the available chlorine will be converted into bromine. It is known that bromine is 
much more aggressive towards metals than chlorine. From literature, it is known 
that this conversion from hypochlorite to bromine is depending on pH and tempera-
ture. It is stated that the lower the pH, the higher the conversion and the higher the 
temperature, the higher the conversion. Of course, the contact time also plays a role 
in this conversion.

Normally the pH of seawater is slightly caustic (pH 8.0–8.2) and the temperature 
is high (110–130 °C in the first stage). Bromine, just as chlorine is volatile, most of 
the bromine will evaporate in the first stages. Due to its volatility, a large amount of 
the bromine will not condense at the heat exchanger but will travel to the vent sys-
tem. In the vent system, non-condensable gasses, such as N2, O2 and CO2, are 
removed. In MSF, steam ejectors are used to remove the non-condensable gasses. 
Part of this steam is condensed. At a different location relatively high bromine con-
centrations have been measured in this condensate. Also, the MSF condensate has a 
lower pH (7.0), which is related to the absorption of CO2 in the condensate.

H. J. G. Polman et al.
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From literature, it is well known that CO2 play a critical role in corrosion observed 
in the vent system. To reduce the risks of CO2, which also plays a role in bromine 
attack, the pH of the steam could be increased, by adding more ammonia. To what 
level is partly depending on the current pH of the condensate.

Based on the available information, it will be beneficial for the thermal desalina-
tion plants to reduce the chlorine dosage to a minimum. This will also reduce the 
corrosion and copper release to a minimum.

 (b) Chlorine dioxide

Chlorine dioxide (ClO2) is an effective disinfectant for biofouling control. It 
gained interest because of the reduction in the formation of some by-products [30]. 
Additionally, ClO2 does not react with nitrogen compounds to form halogenated 
amines, as in the case of sodium hypochlorite. This can be advantageous in water 
systems having high loadings of certain compounds (e.g. ammonia or glycol). The 
concentrated gas is sensitive to pressure and temperature and has therefore to be 
generated on-site. Unlike gaseous chlorine, ClO2 does not hydrolyse and exists as a 
dissolved gas in the pH range of 2–10 [31]. As such the disinfection rate of ClO2 in 
once-through water systems is not affected by pH.

ClO2 has high water solubility (up to 60 g/L at 20 °C) and a low Log Pow esti-
mated to be negative and is therefore not expected to bioaccumulate or to partition 
to the sediment or soil and in the presence of hydroxyl ions is hydrolysed rapidly 
and undergoes rapid photolysis in water (t½ = 15 min). It will volatilise readily from 
water at temperatures above 10  °C but then undergoes rapid photolysis in air 
(t½ = 2.4 days). ClO2 shows no absorption in the so-called atmospheric window 
(800–1200 nm) and therefore, is not considered to be a potential greenhouse gas.

ClO2 will react in the environment to form chloride ions via the transient inter-
mediate, chlorite. Organohalides or other organic derivatives do not appear to be 
formed during the reduction process.

Ecotoxicity studies show that ClO2 is very toxic to fish (96 h LC50 = 0.021 mg/L), 
invertebrates (48 h EC50 = 0.063 mg/L) and algae (72 h EC50 = 1.096 mg/L) and is 
harmful to micro-organisms (3 h EC50 = 10.7 mg/L). There does not appear to be 
any significant difference in sensitivity between freshwater and marine data for fish 
invertebrates and algae. However, under normal operating conditions little if any 
ClO2 is released in the process water. The direct degradation products of ClO2, chlo-
rite and chlorate, are more likely to be found at measurable concentrations. Since 
sodium chlorite is an inorganic substance it will not undergo biodegradation, i.e. 
microbial degradation to water and CO2. With a high water solubility, low Log Pow 
and rapid degradation in water, there is little potential for bioaccumulation. Hence, 
sodium chlorite is of no concern with regards to secondary poisoning. Chlorate is 
relatively stable under aerobic aquatic conditions and does not hydrolyse or readily 
oxidize organic matter, but it will decompose rapidly under anaerobic conditions or 
in anaerobic niches. ClO2 does not result in reactions that produce bromate from 
surface water containing bromide.

ClO2 has also been considered as a potential disinfectant for RO membranes. 
ClO2 is present as a dissolved gas in seawater. One advantage of ClO2 is that it is a 
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weaker oxidant than HOCl, HOBr and Ozone. A weaker oxidant is less damaging to 
the membrane, and apparently the ClO2 gas can penetrate the biofilm better. 
However, study with polyamide RO membrane, exposed to high concentrations of 
ClO2 showed excellent performance in terms of permeate flux and salt rejection [32].

In addition, since ClO2 is a weaker oxidant in comparison to chlorine and not 
reacts with organic molecules, it is expected it will result in a much smaller rate of 
breakdown of large organic molecules into smaller organic molecules and act as 
precursors for biofouling growth rates on RO membranes.

 (c) Chloramines

Monochloramine is produced on-site by means of mixing solutions of sodium 
hypochlorite and ammonia chloride. The optimum mass ratio chlorine/nitrogen 
must be 5/1 to produce monochloramine [33]. Chloramines have been used success-
fully for open cooling and wastewater systems where ammonia is present in the feed 
water stream and chlorine is added to obtain 1–2  ppm of chloramine. However, 
chloramines have been used with sporadic success, and failure, for surface waters 
where both ammonia and chlorine need to be added to the water to generate the 
chloramine. Special care should be taken that transition metals (Fe, Mn) are not 
present in the feedwater or deposited on the membrane, since these can accelerate 
oxidation reactions by 1–2 orders of magnitude. The use of chloramines are useful 
in situations where a toxic action is needed after several kilometer of pipelines as in 
the case of drinking water lines. Bromamines, however, are much more acute toxic 
and are effective in the same range as bromine.

 (d) Ozone, Hydrogen peroxide and Peractic acid

Ozone (O3) is an efficient biocide against the bacterial slime, but it produces 
deposits of manganese dioxide and the cost of ozone treatment is generally much 
higher than chlorine. Ozone is a very strong oxidant, more so than ClO2, which in 
turn is a stronger oxidant than sodium hypochlorite. Ozone will react with all 
organic material present in the seawater. For this reason, ozone is difficult to use in 
other than very clean recirculating water systems, and it makes ozone unsuitable for 
larger once-through application

Hydrogen peroxide (H2O2) is sometimes applied as algaecide or biocide in small 
open and closed recirculating water systems. H2O2 disintegrates easily and reacts 
with some materials. High levels up to 15 ppm continuous dosing are necessary. 
H2O2 can also be used with peracetic acid as a disinfectant for RO membranes but 
the H2O2 concentration should not exceed 0.2% and temperature should not exceed 
25 °C. Special care should be taken that transition metals (Fe, Mn) are not present 
in the feedwater or deposited on the membrane, since these can accelerate oxidation 
reactions by 1–2 orders of magnitude.

Peracetic acid (PAA), or peroxyacetic acid, is a weak acid which does not exist as 
a pure compound. It is a very powerful oxidant; the oxidation potential outranges that 
of chlorine and ClO2. Verween [34] tested the toxicity of chlorine and PAA (15%) in 
the biofouling control of mussel Mytilopsis leucophaeata and Dreissena polymorpha 
embryos. The range of tested concentrations was chosen on the basis of preliminary 
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research on mussel larvae, in which a dosage of 40 ppm PAA during 15 min per day 
was proposed. The 15% corresponds to 6 mg/L active PAA. Results show that both 
M. leucophaeata and D. polymorpha embryos have very low resistance to PAA, even 
at concentrations as low as 0.75 mg/L (active PAA) where tested exposure augmented 
2 h. At 3 mg/L however, a 15 min-exposure is already lethal to 95% of all embryos 
for D. polymorpha and to more than 98% for embryonic M. leucophaeata. Because 
of the high costs of continuous dosage, initially an intermittent chemical dosage was 
also performed. This study indicates that a dosage as low as 3 mg/L active PAA dur-
ing 15 min is as efficient as the proposed 6 mg/L active PAA in combating mussel 
fouling by D. polymorpha or M. leucophaeata [34]. The study of Verween [34] was 
applied with embryos which are more sensitive as larvea or adult mussels.

 (e) Bromochlorodimethylhydantoin (BCDMH)

Hydantoin molecules have been used industrially for a number of years. One of 
the first applications of BCDMH to an industrial cooling system occurred in the late 
1970s. A thorough study of the disinfection effectiveness of BCDMH showed that 
BCDMH was more effective than chlorine at pH 8.5 when dosed to the same  residual 
against all organisms tested – E. coli, E. aerogenes, P. aeruginosa, and polybacteria 
[35]. BCDMH is mainly used to mitigate biological film forming bacteria in open 
recirculation systems with cooling towers. The product is used as a tablet which 
slowly releases the active products. However, for biofouling control at large- scale 
water intakes, it will result in a significantly higher cost in comparison with chlorine.

16.4.2.2  Non-oxidizing Biocides

Most of these chemicals were originally developed for bacterial disinfection and 
algae control in water treatment systems. They include organic film-forming anti-
fouling compounds, gill membrane toxins, and non-organics. The proprietary for-
mulations have a much higher per-volume cost than oxidizing chemicals but remain 
cost-effective due to lower use rates and rapid toxicity (Table 16.4). They often can 
provide better control of adult mussels due to the inability of mussels to detect 
them; because shells remain open, shorter exposures are required. Most are easy to 
apply and do not present corrosion problems for metal components. Although most 
compounds are biodegradable, detoxification or deactivation may be required to 
meet discharge requirements.

 (a) Quaternary ammonium compounds (QAC’s)

The application of quaternary ammonium compounds (QAC’s) for once-through 
systems is very rare due to restrictions of discharging toxic concentrations in the 
outlet area which perforce detoxifying by fine clay dosing. Their spectrum of action 
is wide-ranging from micro-organisms to mollusks. Some products act very rapidly 
and can kill off an entire population within 48 h, others require a longer exposure 
[36]. QACs are surfactants which are absorbed on suspended matter in water or on 
colloids such as humic acids. To reduce the active compounds in the treated water 
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before discharge, clay is added. This, in turn, forms a toxic sediment clay for benthic 
organisms which moves the problem from the water phase to the benthic community.

 (b) Glutaraldehyde, formaldehyde and isothiazolin

A method for controlling the freshwater zebra mussels by using glutaraldehyde 
is documented. Glutaraldehyde is remarkably effective in controlling zebra mussels 
in industrial water systems. The effective dosage may vary between about 5–50 mg/L 
of glutaraldehyde added to the industrial process water infested with the zebra mus-
sels. A usually effective dosage is between 10–25  ppm. The dosage may vary 
depending upon circumstances. Slug or continuous feed techniques may be used. 
Not suitable for once-through systems due to its long half-life. At pH 7.0 and 25 °C, 
glutaraldehyde has a half-life of 300  days. Glutaraldehyde has also been docu-
mented to remove biofilms.

For RO-membranes, addition of formaldehyde and/or gluteraldehyde (0.1–1.0%) 
has been reported to cause flux reduction of 10–50% to new RO-elements depend-
ing on specific membrane chemistry. To minimize the chances of flux reduction, 
membrane elements should be run for a minimum of 24-hrs prior to exposure to 
formaldehyde and or gluteraldehyde. However, this gives no guarantee for perma-
nent flux loss. Also, isothiazolin (slug dose rate in the range of 50–100 ppm, with a 
contact time of about 4 h) used to target aerobic and anaerobic bacteria, fungi and 
algae are recommended for potable water systems by the supplier to use only off- 
line and dump the permeate during slug-dosing. 5-chloro-2-methyl-4-isothiazolin-
3-one (CMIT) is another alternative. The bactericidal effect of CMIT can be studied 
by breaking the bond between bacteria and algae protein. When contacted with 
microbes, CMIT can quickly inhibit their growth, thus leading to death of these 
microbes. CMIT has strong inhibition and biocidal effects on ordinary bacteria, 
fungi and algae. It has good degradation kinetics resulting in no residual. The 
required dosing is 100–150 mg/L.

 (c) 2,2-dibromo-3-nitrilopropionamide (DBNPA)

2,2-dibromo-3-nitrilopropionamide (DBNPA) is a fast-acting, non-oxidizing 
biocide which is very effective at low concentrations in controlling the growth of 
aerobic bacteria, anaerobic bacteria, fungi and algae. DBNPA is an advantageous 
disinfectant since it also quickly degrades to carbon dioxide, ammonia and bromide 
ion when in an aqueous environment. This allows the effluent to be safely dis-
charged even in sensitive water bodies. It is degraded by reactions with water, 
nucleophiles, and UV light (rate is dependent on pH and temperature). The approxi-
mate half-lives are 24 h (pH 7), 2 h (pH 8), and 15 min (pH 9). The vast majority of 
microorganisms that come into contact with it are killed within 5–10 min. Most 
RO-chemical suppliers have a premixed private label version with varying solution 
concentrations of 5–20%. Recommended usage for RO systems is slug dosing 
10–30 ppm of active ingredient for 30 min to 3 h, every 5 days (for waters less prone 
to biological fouling). During slug dosing, the permeate should be dumped to drain 
if product water is for potable use.
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16.4.2.3  Coatings in Water Intake Structures and Conduits

The application of coatings in power plant cooling water conduits and other sur-
faces is well documented and there are a number of coatings specifically developed 
for this. In general, coatings are not widely used in desalination plants, while anti-
fouling coatings and paints are able to play an important role in the reduction of 
fouling settlement and growth. They can indirectly reduce the amount of biocide 
needed for adequate control. For desalination plants it is important to protect the 
seawater intake and distribution piping system for marine biofouling settlement. In 
addition, the coating used cannot release any byproduct which can result in a nega-
tive impact on the process (pre-filtration and RO membranes) and on the produced 
water quality. Therefore the amount of coatings which can be used are very limited.

Generally, toxic and non-toxic coatings and paints are distinguished between. 
Non-toxic foul release coatings weaken the adhesive bond between the organism, 
film or deposit and the coating. The most promising product available for cooling 
water systems at this moment is the non-toxic, fouling release, silicone-based and 
fluoropolymer-based coatings. Although foul release coatings can be fouled by bio-
logical growth, the rate of fouling is significantly less and is normally removed by 
the cooling water flow (shear stress).

The silicone-based and fluoropolymer-based coatings should be applied to per-
fectly clean and dry surfaces, or to clean and almost dry (5% or less moisture) con-
crete over the appropriate epoxy primers. For this reason, the technique is more 
difficult to apply in existing situations, where dry conditions are more difficult to 
obtain than in newly built cooling water systems. In cooling water systems foul 
release coatings can be durable up to 10 years (including a re-coat of finish only 
after 5  years). Fluoropolymer-based coatings are more hard-wearing than the 
silicones- based ones. Attempts to toughen foul release paints have always resulted 
in diminished antifouling performance. The development of paint with both proper-
ties remains a challenge to the paint industry.

From comparison of application costs of foul release coatings to the alternative 
mitigation methods for cooling water systems, the foul release coatings could in 
principle be an interesting option. However, a silicone-based and fluoropolymer- 
based coatings should be applied to perfectly clean and dry surface, or to clean and 
almost dry (5% or less moisture) concrete over the appropriate epoxy primers. For 
this reason, the technique is more difficult to apply in existing situations, where dry 
conditions are very hard to obtain than in newly built systems.

Coatings, in general, can have a practical advantage of protecting specific parts 
of the seawater intake structure, e.g. intake screens, trash racks and intake walls 
structures. However, protecting intake pipes itself are difficult to maintain free of 
biofouling settlement using coatings due to the fact the coating needs replacement 
every couple of years. Also, the efficacy cannot be monitored, the antifouling effi-
ciency is only traceable indirectly through performance indicators or by visual 
inspection. Coatings are at this moment not feasible as a prime antifouling method 
in desalination seawater intake systems.
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16.5  Monitoring

For any applied biofouling control procedure, it is important to achieve insight into 
the efficiency of the treatment. Long-term monitoring at industrial provides insight 
into the type of biofouling and the abundance of populations settled in the seawater 
system. It will also provide insight into the arrival of new invasive species, which 
might require an adjustment of the applied biofouling control procedure.

16.5.1  Microfouling Monitoring

Biofilms are able to change the electrochemical characteristics of passivatable met-
als’ surface, both in aerobic and/or anaerobic environment [37, 38]. To achieve real- 
time insight in the development of biofilm buildup several types of electrochemical 
probe systems have been developed, such as the BIOX™ and the BioGeorge™. The 
BIOX™ electrochemical sensors proved to be able to monitor early stages of bio-
film growth and to optimize chlorination treatments [39]. The BIOX probe has been 
used at several Italian power plants. The BioGEORGE™ has shown to be effective 
for predicting biofilm activity and as a continuous measure of biocide effectiveness 
[40, 41]. The probe consists of a series of metallic discs comprising two nominally 
identical electrodes (Fig. 16.7).

Fig. 16.7 The BIoGEORGE™ probe [40]. (Source: Structural Integrity Associates)
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The electrodes are electrically isolated from each other and from the stainless- 
steel plug that serves as the body of the probe. An epoxy resin filled between the 
electrodes produces a right circular cylinder of metal discs and the insulating resin. 
One electrode (set of discs) is polarized relative to the other for a short period of 
time, typically 1 h, once each day. This applied polarization potential causes a cur-
rent, designated as the “applied current”, to flow between the electrodes. When a 
biofilm forms on the probe, it provides a more conductive path for the applied 
 current than the general cooling water, increasing the current flow significantly over 
the baseline value. Metabolic processes in the biofilm, many of which involve oxi-
dation/reduction reactions, also appear to enhance the applied current. The applied 
potential also produces slightly modified environments on the discs that are condu-
cive to microbial activity and thus biofilm formation [42, 43, 44]. This will produce 
a biofilm on the probe sooner than on the general piping and therefore acts as an 
early warning system. In a study carried out by Bruijs et al. [40] it was shown the 
BioGeorge proved a helpful tool to tailor the biocide dosing regime to prevent any 
buildup of a biofilm. In Fig. 16.8 an example of this optimisation is presented.

The BIoGeorge™ system was found to be a helpful tool to optimize the chlorine 
pre-treatment at RO membranes [45].

16.5.2  Macrofouling Monitoring

To provide operators with a clear understanding of the levels of biofouling growth, 
a biomonitoring system can be installed. A biofouling monitoring system can pro-
vide the following insight:

• seasonality larvae production and settlement
• development fouling community, including densities and species composition
• efficacy of the antifouling treatment.

Fig. 16.8 Presentation of biofilm activity monitoring during sodium hypochlorite (TRO = 0.6 mg/L 
Cl2) optimization. Reproduced with permission from Ref. [40] Copyright 2001 @ PowerPlant 
Chemistry
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To achieve these monitoring objectives, a monitoring system should be applied 
to achieve real-time insight. This can be achieved by a visual check on e.g. shell 
settlement on intake screening and walls, however, this does not necessarily give 
insight in the actual fouling status inside a pipe or culvert. Head loss measurement 
can also be applied to achieve insight in increased wall roughness due to biofouling. 
Since the impact of biofouling can be irreversible (due to cementation of their shells 
to the wall surface) it is important to achieve insight at an early (larval) stage of 
settlement. To be able to achieve real-time insight in-plant, biomonitoring devices 
can be used, which are installed as a bypass to the seawater feed line. These moni-
tors are preferably installed before the seawater pre-treatment for RO to obtain 
insight in the full spectrum of fouling species and fouling pressure. Several types of 
monitors has been developed and applied at different industrial sites. The Bio-box 
is a monitoring system specifically developed for Zebra Mussel settlement. It can 
however also be used for other types of macrofouling species. In Fig. 16.9 a sche-
matic image of the BioBox is presented.

KEMA Nederland developed the KEMA Biofouling Monitor which was specifi-
cally designed to monitor the settlement of biofouling larvae. The monitor consists 
of four fouling coupons (standard roughened PVC plates) which are exposed to a 
fixed seawater flow. The coupons can be analysed according to a fixed time schedule 
which makes it possible to monitor both the rate of larval settlement and at the same 
time achieve insight in the cumulative growth and/or effect of the applied biofouling 
control procedure. In Fig. 16.10 the KEMA Biofouling Monitor is shown.

H2O Biofouling Solutions developed a monitor (Biovision Monitor™) which 
was designed to provide a representative, real-time image of the actual biofouling 
situation inside the different parts of the seawater intake and culverts. The Biovision 
monitor consists of five fouling coupons and is designed in a way that the coupons 
are exposed to a range of velocities (0.2–2 m/s) and turbulences. This will provide 

Fig. 16.9 Schematic representation of side-stream sampler commonly known as a Bio-box. 
Reproduced with permission from Ref [15]; Copyright 2012 @ Springer
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an overall insight of the potential risk for biofouling settlement in the different spots 
in the intake and culverts where generally different seawater flows and/or turbu-
lence is present. In addition, since different type of biofouling species have their 
own preference for certain flows to settle and grow, the Biovision monitor creates 
optimal conditions for all the different biofouling species. In Fig. 16.11 the Biovision 
monitor is presented.

In-plant monitoring systems provide data which offers real-time insight in the 
potential fouling risk in seawater intake and culverts. It helps the plant to observe 
any potential fouling risk at an early stage and take counter actions to prevent high 
numbers of fouling which could put the plants operational output at risk. 
Effectiveness of a certain coating can be easily tested using the fouling coupons of 
a biofouling monitor. This makes it easy to monitor the efficiency and wear of the 
coatingduring operation of the seawater system.

16.6  Conclusions and Outlook

Biofouling settlement is a common phenomenon for desalination plants using an 
open sea water intake system. Operators of large-scale seawater intake systems 
need to rely on both the efficiency of the water treatment procedure as well as the 
monitoring equipment. For this reason, proven technologies with over 10  years 
proven industry practice are the prime choice. Of all available biofouling mitigation 

Fig. 16.10 KEMA biofouling monitor (A); Top view with the four fouling coupons (B); Fouled 
coupons with marine biofouling (C). (Source: KEMA Nederland B.V)
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methods, chlorination has shown to be an established practice in the past decades to 
be efficient in preventing biofouling in seawater intakes and culverts at a relatively 
low costs.

The desalination industry is well aware of the benefits and disadvantages of chlo-
rination for macrofouling settlement prevention in their seawater feed system. 
Especially for SWRO there are strict limitations in respect to the amount of chlorine 
used. However, the applied chlorination regimes are often “standard” practice and 
not tailored to local requirements or potential negative side effects. This often results 
in an inefficient control of marine biofouling species in the intake piping or increased 
fouling rates on the RO membranes. The uniqueness of each seawater, intake system 
and desalination system make it a challenge to determine how to maximize the effi-
cacy of chlorination on the intake while minimizing biofouling on the SWRO 
membranes.

The table below provides a concise evaluation of technologies in terms of appli-
cability. Only chlorination can be considered proven-technology (>10 years field 
experience). For desalination facilities the use of alternative non-oxidative chemi-
cals is generally not feasible, because of the fact that many chemicals can only be 
used for off-line SWRO membrane cleaning and often need strict discharge regula-
tions. The use of coatings could provide some additional protection at specific parts 
in the seawater intake, e.g. intake bar screens or trash racks. However, coatings are 
at this moment in time not yet suitable to use as a biofouling control method in the 
seawater intake and piping systems of desalination plants.

Further work is required in this regard to understand how best to monitor and 
control biological and organic fouling resulting from the chlorination process. 
Other promising technologies that have shown efficient mitigation of macrofouling 

Fig. 16.11 H2O biovision monitor™ (A); Fouled coupons with marine biofouling (B). (Source: 
H2O Biofouling Solutions B.V)
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are yet determined as fit-for-purpose (available but little field experience) or are 
non- applicable for desalination plants. The approaches to macrofouling mitigation 
and control in seawater desalination systems, the following feasibilities are 
assessed as summarized in Table 16.5.
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Chapter 17   
Recent Strategies in Designing Antifouling 
Desalination Membranes             

Mohamed Afizal Mohamed Amin, Pei Sean Goh, Ahmad Fauzi Ismail, 
and Dayang Norafizan Awang Chee       

17.1  Introduction 

Many recent and important improvements in membrane-based desalination tech-
nologies are mainly focused on improving existing processes such as development 
of fouling-resistant membranes. Membrane technology is an emerging domain in 
the desalination application due to its capability that can remove a lot of unwanted 
substances in the produced water. In addition, the membrane can be tailored so that 
it can possess a specific property that act as a shielding in protecting it from differ-
ent types of foulants. Fouling is a severe bottleneck for membranes specifically in a 
desalination application such as reverse osmosis (RO) [58], forward osmosis (FO) 
[29], membrane distillation (MD) [19], ultrafiltration (UF) [6], microfiltration (MF) 
[41], nanofiltration (NF) [46] and pressure retarded osmosis (PRO) [64]. 
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Fouling is defined as an accumulation, deposition, and/or adsorption of foulants 
on the membrane surface (external fouling) or within the membranes pores (internal 
fouling), which seriously hampers the application of membrane technologies, typi-
cally by significantly deteriorating the filtration rate, permeate flow, solute removal 
efficiency, and pressure differential across the membranes [18]. Fouling mechanism 
varies for different types of desalination membranes. For instance, in microporous 
type-membranes such as that used in UF and MF, fouling usually occur by pore 
blocking, solute adsorption, and cake/gel layer formation. Meanwhile, for salt 
rejecting types like NF and RO membranes, fouling is mainly governed by the 
adsorption of contaminants on the surface, and scaling by divalent ions. 

Without proper mitigation strategy, fouling could highly risk the whole desalina-
tion operation plant by reducing the membrane life-expectancy and increases the 
operation and maintenance costs and in certain scenario, it could lead to temporary 
plant shutdowns [17]. Thus, research and development efforts are directed towards 
preventing and/ or mitigating the membrane fouling specifically in desalination 
field. This is currently being done by developing a better understanding of the mem-
brane fouling such as the characteristics of foulants, foulants interactions as well as 
developing membranes with specific anti-fouling properties. 

The present chapter aims to discuss novel strategies in designing more efficient 
desalination membranes. The types of fouling encountered, the membrane surface 
properties affecting fouling and the novel approaches implemented in designing 
antifouling membranes are explained.  

17.2  Types of Fouling 

Foulants can be identified into four main categories which are inorganic fouling (or 
scaling), adsorbed organic fouling, colloidal fouling and biofouling [42, 47]. 

17.2.1  Inorganic Fouling 

Inorganic fouling resulted from the increment concentration of single or combined 
inorganic salts particularly calcium sulfate, calcium phosphate and calcium carbon-
ate beyond their solubility limits and their ultimate precipitation on the membrane 
surfaces [7, 51]. Analysis on raw water for desalination plant revealed that the con-
stituent in that water body comprise of both cations (Al3+, Na+, K+, Ca2+ etc.) and 
anions (Cl−, Br−, SO4

2− , HCO3
− ) where it has a high possibility to form unwanted 

scale. Butt et al. revealed that high concentrations of Ca2+, SO4
2− , and HCO3

−  under 
certain temperature conditions, can give rise to scale-forming salts for example 
CaCO3 and CaSO4 [5]. 

Thus, the mitigation strategies for this type of foulant for most of the membrane 
processes like seawater desalination and water softening are often focused on the 
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pre-treatment of feed water or optimization of operational conditions [71]. For 
instance, calcium carbonate scaling can be controlled by suitable antiscalants or 
lowering the feed water pH. calcium phosphate scaling during wastewater desa-
lination is more difficult to cope with, primarily because of a lack of efficient 
 antiscalants [51].  

17.2.2  Organic Fouling 

Organic fouling is caused by dissolved natural organic matter (NOM) such as pro-
teins, humic substances, and polysaccharides in the source waters. This foulant 
might cause the permeate flux to decline due to strong adsorption on the membrane 
surface and have also been known to cause performance deterioration. NOM is 
ubiquitous in natural waters, and its removal is not well elucidated. It can be catego-
rized via molecular weight (MW) or different wetting properties [16]. 

With respect to MW, Lee et al. reported that medium to low MW component of 
NOM (300–1000 Da) is responsible for the initiation of fouling, where bulk of the 
fouling observed is due to very high MW ‘colloidal’ NOM (>50,000  Da) [32]. 
Zularisam et al. studied the behavior of membrane fouling with respect to fraction-
ated NOMs in term of wetting property which are hydrophobic, transphilic and 
hydrophilic. Transphilic is the intermediate or transitional polarity between hydro-
phobic and hydrophilic properties. Based on the result, they found out that each 
fraction of NOM exhibited different primary fouling mechanisms. The mechanisms 
accounting for the fouling by hydrophobic fraction, hydrophilic part and transphilic 
components were concentration polarization (low concentration of the solute in the 
permeate than concentration in the bulk, due to solute retention), adsorptive fouling 
(attraction of foulant on the membrane body due to electrostatic interaction) and 
cake layer deposition (compaction of the foulant on the membrane surface), 
 respectively. The responsible foulant that affected the membrane performance was 
the hydrophobic fraction which was found to cause the highest flux decline during 
the membrane filtration [74].  

17.2.3  Colloidal Fouling 

Colloidal fouling occurs due to the deposition of colloids particles and it is perva-
sive in natural waters. Colloid comprise of clay minerals and suspended particles 
whereby it covers wide size range from a few nanometers to a few micrometers. 
Most colloids carry negative surface charge in a wide pH range and size range (from 
nanometers to a micrometers). Colloidal fouling of pressure-driven membranes can 
be categorized into two phenomena. First, colloidal fouling caused by the accumu-
lation of particles on the membrane surface also known as cake layer. This type of 
fouling usually occurs on RO, NF and UF membranes. This cake layer provides an 
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additional hydraulic resistance to water flow through the membrane and, thus, 
reduces the product water flux. Second, colloidal fouling caused by initially accu-
mulated particles on the membrane surface followed by pore plugging and that 
occurs most probably on MF membranes [72].  

17.2.4  Biofouling 

Biofouling is an inevitable aspect of membrane filtration. Biofouling initiates 
through the adhesion, accumulation and growth of microorganisms on the surface 
of membrane including bacterial cells, such as Gram negative Escherichia coli 
(E. coli) and Gram positive Staphylococcus aureus (S. aureus), and algae, starting 
the development of a biofilm [25, 30]. The formation of biofilm occurs in five stages; 
(1) bacterial cell attachment; (2) cell to cell adhesion; (3) proliferation; (4) matura-
tion, and (5) dispersion of planktonic bacteria. In this process, once the biofilm is 
stabilized on the membrane surface (through weak hydrogen bonding and van der 
Waal’s, or electrostatic interactions) continuous film growth happens [21]. In this 
stage metabolic activities release extracellular polymeric substances (EPS) which 
provide an anchoring effect to the biofilm structure [47]. Finally, after over growth, 
the microorganisms are detached from the membrane surface from where they are 
dispersed to new sites to reinitialize the biofilm formation and that slowly hinder or 
block the water pathway, leading to undesired water flux decline, overall higher 
energy consumption and in worst case, physical degradation of certain types of 
membranes. 

There are numerous factors influencing the microorganism attachment on the 
membrane surface. Those factors can be categorised into three major groups which 
are membrane surface properties (roughness, wetting, charge and pore dimension), 
raw water parameters (temperature, pH, ionic strength, nutrients, osmotic pressure 
and velocity) and microbial properties (size, cell surface wetting property and 
charge) [8]. The exploitation of antifouling membranes is mostly concentrated on 
alleviating fouling of organic foulants and biofoulants [71].   

17.3  Membrane Surface Properties Affecting Fouling 

The performance of a membrane depends largely on its structural properties, such 
as pore size and morphology, and surface properties such as charge and roughness. 
The skin layer or top surface layer plays a vital role on the overall performance. The 
enhanced membrane antifouling resistance was mainly due to the improved mem-
brane surface properties that minimize deposition and adsorption of foulants on the 
membrane surface. 

It is known that the interaction between membrane surface and foulants is 
strongly related to the surface properties (wetting, charge, and roughness). A mem-
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brane with a smooth and hydrophilic surface of similar charge to foulants seems to 
possess good characteristic in reducing the fouling (Fig.  17.1) [20, 50, 53]. 
Membrane with high surface wetting property (hydrophobic) will tend to attract 
more hydrophobic organic molecules compared to the membrane with less wetting 
property (hydrophilic). As the hydrophilicity increase, membrane surface chemistry 
will prefer to bind more water molecules and thus form a water barrier between 
hydrophobic foulant and the membrane surface. Rougher membranes have greater 
affinity towards foulants than the smoother membrane. Membrane surface with 
rough topography usually exhibit high number of ridges–valley structure and tend 
to trap and accumulate more foulants. 

Apart from that, foulants accumulate on the membrane surfaces due to stronger 
electrostatic force of attraction between the oppositely charged surface and the 
 foulants. For instance, positively charged foulants such as cationic surfactants will 

Fig. 17.1 Membrane surface behavior towards foulants
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not attract towards membranes that possess negative charges on its surface. 
Therefore, tailoring membrane via surface modification is one of the useful ways to 
improve the membrane antifouling property [59]. 

17.3.1  Wettability Properties of Membrane Surfaces 

Numerous researches have demonstrated that the presence of a hydrophilic layer on 
the membrane surface is beneficial to improve the fouling resistance of the mem-
brane [2]. It has been known that membranes with hydrophilic surfaces are less 
susceptible to fouling with organic substances and microorganisms due to a decrease 
of the interaction between them [57] while hydrophobic membrane surfaces have 
higher tendency to foul and thus tend to reduce water permeability. Hydrophilicity 
refers primarily to hydrogen bonding of membrane with water molecules. Hence, 
having a high percentage of atoms which can form a hydrogen bond, either in the 
main chain or in pendant groups, contributes to the water-loving nature of a mate-
rial. Membranes including grafted hydrophilic polymers are characterized as having 
oxygen or nitrogen atoms (as well as halogens) in their backbone structure; there-
fore, they contain polar or charged functional groups that will bond with water 
molecules, improving the membrane wettability [73]. 

Most commercial membranes for pressure-driven processes are made from rather 
hydrophobic polymers with high thermal, chemical and mechanical stability such as 
polyvilidenefluoride (PVDF), polyethersulfone (PES), polysulfone (PS), polypro-
pylene (PP), polyacrylonitrile (PAN), polyamide (PA) and polyethylene (PE). 
Usually these types of materials possess high wetting values (90° ≤ θ < 180°) and 
tend to adsorb various kind of solutes from feed streams [28]. 

The utmost reason which caused the hydrophobic membrane to become easily 
fouled with organic compounds and microorganisms is that there are almost no 
hydrogen bonding interactions in the boundary layer between the membrane inter-
face and water. The repulsion of water molecules away from the hydrophobic mem-
brane surface is a spontaneous process with increasing entropy and therefore foulant 
molecules tend to adsorb onto the membrane surface and dominate the boundary 
layer [28]. On the other hand, membrane skin with a hydrophilic layer tend to pos-
sess a high surface tension and might be able to form hydrogen bonds with the sur-
rounding water molecules to reconstruct a thin water boundary between the 
membrane and bulk solutions. Hydrophilic interfaces form a pure water layer, which 
reduces binding sites for foulants to adsorb and eventually deposit on the membrane 
surface. Hence, it can automatically prevent or reduce many undesirable adsorption 
or adhesion of hydrophobic foulants on the membrane surface [39]. In addition, it is 
generally accepted that an increase in hydrophilicity offers better fouling resistance 
because protein and many other foulants are hydrophobic in nature [50]. A well- 
known measurement for the hydrophilicity of a surface is the contact angle (θ) of a 
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water droplet on the surface, as illustrated in Fig. 17.2. The membrane is considered 
hydrophilic when the water contact angle is smaller than 90° and if the angle is 
beyond 90°, the membrane is considered hydrophobic. For super-hydrophobic case 
the value of contact angles can reach greater than 150°.  

17.3.2  Membrane Surface Charge 

The membrane surface for the desalination process often carries a negative charge 
[55]. This charge is usually caused by sulfonic or carboxylic acid groups in the top 
of membrane layer, which may be deprotonated in feed solution. The negative 
 surface charge of the membranes can be affected by the pH of feed solutions due to 
an increase in dissociation of carboxylic or sulphonic functional groups. Yoon et al. 
studied the effect of pH and salt conductivity towards the rejection of perchlorate 
anion (ClO4

? ) and effective diffusion coefficient of NF and UF membranes [66]. 
They revealed that ClO4

?  rejection by negatively charged NF and UF membranes 
was greater due to electrostatic exclusion especially with increasing pH. The varia-
tion of membrane surface charge with increase in pH and conductivity was found to 
reduce the effective diffusion coefficient (hindered diffusion) as the more negative 
membrane surface charge enhanced electrostatic repulsion between the perchlorate 
anion and the negatively charged surface. 

The membrane charge is particularly important in mitigating fouling if the exist-
ing foulants are in the form of ions. Existence of similar charges on the membrane 
and the foulant might result in electrostatic repulsion between them and hence pre-
vent the foulants deposition. For instance, a negative surface charge of the mem-
brane may have a beneficial effect to reduce membrane fouling during protein 
filtration at neutral pH, because most of the proteins have negative charge at such 
conditions [28]. An electrically charged membrane can significantly reduce the sur-
face scale-formation [50]. The membrane charge can be measured by using a zeta 
potential analyzer.  

Fig. 17.2 Schematic diagram of a droplet on a membrane surface with the contact angle θ, and the 
surface tension of the interfaces
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17.3.3  Membrane Surface Roughness 

An approximate linear relationship existed between the RO membrane skin layer 
surface roughness and its flux. A correlation between both of it have been studied by 
Hirose and co-workers in 1996. In this study, RO membranes with rough skin layer 
surface exhibited high saline water flux due to high effective RO area without sacri-
ficing salt rejection. They further explained that the unevenness of cross-linked aro-
matic polyamide on the skin layer of RO membranes enlarge the effective area of 
the membrane. Thus, the contact area between water molecule and membrane skin 
increase and induce more water transport. In other words, flux is able to be manipu-
lated by controlling the unevenness of the skin layer surface structures of cross- 
linked aromatic polyamide composite RO membranes [22]. However, no correlation 
study have been made between membrane surface roughness and fouling in this 
research. 

Recent study in antifouling desalination membrane showed a strong correlation 
between the fouling and the membrane surface roughness where an increase in sur-
face roughness will tend to enhance the interaction of foulants towards membrane 
surface [72]. In view of this, most of the researchers are focusing on tailoring 
smooth membrane surfaces [50]. As membrane surfaces become smooth, the num-
ber of “valleys” that can act as adsorption sites for foulants is reduced and the mem-
brane is less prone to fouling. Whilst, for rougher membrane surface, fouling 
becomes more severe due to highly entrapment of foulants [39]. Since 90’s, atomic 
force microscopy (AFM) has been used as a tool to study the effect of surface 
roughness.   

17.4  Membrane Surface Modification Strategies 

Membrane modification is a common strategy used to reduce fouling tendency. The 
surface modification approaches described in this chapter are schematically shown 
in (Fig. 17.3). 

17.4.1  Surface Modification 

Surface modification of a polymer thin film composite (TFC) RO membrane can be 
employed via physical or chemical methods. In physical modification, the materials 
interact with Polyamide (PA) layer of RO membrane and attach it through van der 
Waals attraction, electrostatic interaction or hydrogen bonding. In contrast, in 
chemical modification, the materials bonds to the membrane surface by covalent 
bonds and have better chemical and structural stabilities. Several membrane surface 
modification techniques have been reported ranging from direct chemical treatment, 
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known as hydrophilization treatment, to surface coating and surface grafting (via 
either ‘grafting to’ or ‘grafting from’ mechanisms) [12]. The ‘grafting to’ method 
involves the use of a backbone chain with functional groups that are distributed 
randomly along the chain. The formation of the graft copolymer originates from the 
coupling reaction between the functional backbone and the end-groups of the 
branches that are reactive. Meanwhile, in the ‘grafting from’ method, the macromo-
lecular backbone is modified in order to introduce active sites capable of initiating 
functionality [4]. 

Apart from that, plenty of studies have been made in the development of desali-
nation membranes via the incorporation of nanoparticles onto the membrane skin. 
Significant breakthroughs have been achieved through incorporation of conven-
tional nanomaterials such as metal oxides, silica, zeolites as well as the emerging 
carbon-based nanomaterials such as carbon nanotubes and graphene [45]. 

17.4.1.1  Surface Coatings 

Surface coating approach was known to be less complicated with higher throughput 
procedure in modifying membrane surface with antifouling properties [12]. Coating 
will act as a defensive layer to reduce or eliminate the adsorption and deposition of 
foulants onto membrane surface. Surface coating can be segregated into two distinct 
techniques known as ‘coating-to’ and ‘coating-from’. For the coating-to technique, 
membranes are post-modified with antifouling polymeric materials or inorganic 
nanomaterials via spray coating, dip coating or spin coating. For the ‘coating-from’ 
technique, the coatings are in situ generated over the membrane surface [71]. 

Nikolaeve and co-workers applied hydrophilic material on the membrane surface 
via spray coating. In this study, they successfully bonded a hydrophilic hyper- 
branched poly (amido amine) onto the skin layer of a membrane by spraying it after 
the interfacial polymerization onto the surface [44]. Result showed that bovine 
serum albumin (BSA) adsorption on modified membrane surfaces reduced signifi-
cantly (from 6.05% for unmodified to 2.86% for modified membrane). Surface 
roughness reduced from 38 nm to 35 nm after modification. The laboratory mem-
brane possesses a more hydrophilic surface, as outlined by the lower water contact 

Fig. 17.3 Illustration of membrane surface modification strategies
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angle (43° vs. 33°), and a lower negative surface charge at pH 7.4 (−35.5 mV vs 
−18.5 mV). As a result, the modified membrane surface become less attractive for 
protein adsorption. 

Yu and co-workers modified membrane surface by using poly-(N- 
isopropylacrylamide) and poly-(acrylic acid) copolymers (P(NIPAm-co-AAc)) by 
simple surface coating procedure [67]. Membrane topography studies showed that 
the modified membrane appears to comprise a more nodular structure and exhibits 
an unevenly distributed surface feature indicative of surface roughness increment. 
Interestingly, the membrane surface roughness found decreased with a higher coat-
ing solution concentration. Membrane surface hydrophilicity decreased from 
approximately 68° to 48°. The modified membranes acquired a more negative 
charge at pH 9.0 (−48.13 mV) than the neat membrane (−36.76 mV). The results of 
the fouling experiments with BSA aqueous solution revealed that the fouling resis-
tance was improved significantly when compared to the unmodified membrane. The 
water fluxes and salt rejections of a 720 h testing period for the modified membrane 
exhibited good durability and high long-term performance stability. 

The use of plasma for surface coating is regarded as one of the most promising 
technologies due to the absence of solvent or any hazardous liquid in the procedure 
[18, 73]. Plasma polymerization can be assumed to be one of the less damaging 
methods of membrane modification and this offers great advantage for membrane 
treatment. It consists of electrical ionization of a monomer, which results in the 
generation of reactive monomer fragments. These fragments recombine on mem-
brane surface to form cross-linked structures. The advantages of plasma polymers 
over conventional polymers are that they show a much higher degree of cross- 
linking and adhere strongly to the substrate, the coatings are uniform and do not 
require the use of harsh solvents that may damage the substrate. Depending upon 
the monomer used, plasma polymerization can be used to chemically modify the 
surface of substrates as well as the monomers and combination of monomers with 
desired functional groups [73]. 

Zou et al. deposited triethylene glycol dimethyl ether (triglyme) on top of the 
commercial TFC RO membranes specifically to reduce organic fouling. Water flux 
study using a protein solution were conducted to evaluate the change of hydrophi-
licity and anti-fouling properties of the membrane. The result shows that, after 
210 min of filtration process, no flux decline was evident for the modified mem-
branes, whereas a 27% reduction of the initial flux was observed for the uncoated 
membrane. After the membrane surface was clean with water, flux recovery reaches 
up to 99.5% for the modified membranes and 91.0% for the untreated. Overall, it 
was found that surface hydrophilic modification of RO membranes by plasma 
polymerization of hydrophilic polymer triglyme effectively reduced the organic 
fouling without sacrificing salt rejections [73]. 

Polydopamine (PDA) is a novel bio-inspired polymer sharing similar properties 
to the adhesive secretions of mussels. This polymer can be applied to many surfaces 
without additional preparation and only requires that there exists good contact 
between the dopamine coating solution and the surface to be coated. PDA has been 
used to tailor fouling resistance property on desalination membranes. Previous 
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investigations revealed that, the PDA could increase hydrophilicity when it was 
applied at the selective layer of the membrane. This resulted in reduced adhesion to 
the surface by proteins and other foulants. There are few studies on the use of PDA 
as surface coater in modifying the rejection layer of TFC membranes. For instance, 
Liu et al. deposited PDA on both side of the FO membrane surfaces [35]. Resultant 
membrane exhibited the increment in surface hydrophilicity with improved fouling 
resistance and fouling reversibility. The wetting property for both sides was 
enhanced compared to unmodified membrane; top (82.4° vs 80.5°) and bottom 
(82.2° vs 37.4°). Modified membrane successfully achieved 93.0% of water flux 
recovery after combined fouling (alginate + silica), demonstrating much superior 
performance compared with the unmodified double-skinned (81.7%) and single- 
skinned (61.7%) under same testing conditions. The surface charge for the bottom 
side became slightly less negative (from −21.3 mV for neat to −16.4 mV for modi-
fied membrane) at the testing pH of 6.5; while the surface charge for top side become 
slightly more negative (−20.7 mV vs −20.9 mV). Gou et al. applied a highly selec-
tive PDA coating on a TFC FO membrane and investigated the effects of coating on 
FO mass transport and antifouling behavior. It is showed that the PDA coating sig-
nificantly improved membrane surface hydrophilicity (~ 42° of control membrane 
to ~ 25–29° of PDA coated membranes) as well as reduced membrane surface 
roughness (48.9 nm vs 36.1 nm). The coated membrane presented an improved anti-
fouling performance compared to the control membrane (alginate was used as a 
model foulant) because of significantly reduced foulant adhesion [20]. 

Several studies have been conducted in proposing alternative monomers to produce 
PDA-alike surface modification. Chwatko et  al. tailored membrane surface using 
polynorepinephrine on top of a TFC membrane. This strategy has been shown to pro-
duce smoother and thinner coating. In addition, due to the presence additional ali-
phatic hydroxyl groups, the polynorepinephrine coating can be further modified to 
tailor specific functionalities while maintaining its attachment to the coated surface [9]. 

Although surface coating can be easily applied for altering antifouling properties 
with high coverage density, the coating layer can be easily detached during long- 
term operation or aggressive cleaning procedures, because of the relatively weak 
noncovalent interactions with the membrane surface [71].  

17.4.1.2  Surface Grafting 

Surface grafting is another common modification strategy. Surface grafting refers to 
the addition of polymer chains onto a membrane surface. Usually, for desalination 
membranes, the hydrophilic or charged functional groups are introduced into the 
membrane surface for changing the surface chemistry and topology. As a result, 
foulant adsorption will be reduced resulting in excellent membrane antifouling 
property [69]. The surface graft polymerization to modify the thin film polymeric 
membranes can be performed by different techniques such as ultraviolet-induced 
[43, 49], free-radical graft [69] and redox-initiated graft polymerization [23] 
methods. 
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Hong and co-workers applied redox-initiated graft polymerization of acrylic acid 
(AA) onto the surface of PA TFC membranes. The experimental results indicated 
that the membrane surfaces became more hydrophilic and smoother after grafting. 
The modified membranes possess better separation performance with significant 
enhancement of flux at excellent retention. The fouling resistance of the modified 
membrane obviously increased with a higher maintained flux ratio and a lower irre-
versible fouling factor [23]. Zhang and co-workers modified a commercial aromatic 
PA TFC membrane through free-radical graft polymerization using 3-allyl-5,5- 
dimethylhydantoin (ADMH) and N,N′-methylenebis(acrylamide) (MBA). After 
grafting, hydrophilicity and salt rejection of ADMH + MBA membrane increased 
providing high antimicrobial and anti-biofouling abilities [69]. 

Densely grafted hydrophilic polymer brushes with suitable wettability and anti-
fouling properties, especially anti-biofouling can be prepared by the surface- 
initiated controlled radical polymerization with specifically designed hydrophilic 
functional groups [27]. For example, a study on surface-initiated atom transfer radi-
cal polymerization (ATRP) on the membrane surface has been conducted by Yang 
and co-workers. The researchers grafted poly cysteine methacrylate (pCysMA) 
brush on polysulfone membrane and studied their antifouling properties. The results 
displayed that the pCysMA showed better hydrophilicity and effectively resisted the 
adsorption of BSA protein [63]. 

Zwitterionic polymers with both positively and negatively charged units have 
been developed as a kind of new generation antifouling materials to control the 
membrane fouling, attributed to their strong capability of forming a hydration layer 
via electrostatic interaction and hydrogen bond [33]. Various innovative methods 
have been developed to modify TFC membrane with zwitterionic materials, includ-
ing initiated chemical vapor deposition (iCVD) [54], ATRP [36], solution poly-
merization and solvent evaporation [68]. Zhang et  al. grafted a zwitterionic 
poly(sulfobetaine mathacrylate) onto the membrane surface using surface-initiated 
ATRP. Results proved that zwitterionic-coated membrane was highly resistant to 
protein adhesion [70]. Studies showed superior anti-fouling properties for mem-
brane surface deposited with the zwitterionic thin film through iCVD process [54, 
62]. On the other hand, Meng and co-workers employed surface initiated redox 
graft polymerization method to graft zwitterionic poly (4-(2-sulfoethyl)-1-(4- 
vinylbenzyl) pyridinium betaine) (PSVBP). The prepared membrane was demon-
strated to have superior anti-fouling ability [40]. While, Azari and co-workers used 
zwitterionic amino acid 3-(3,4-dihydroxyphenyl)-L-alanine to modify a PA TFC 
membrane surface [3]. Recently, Mahdavi and co-workers introduced zwitterionic 
polymers using poly(2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammo-
nium hydroxide) (PMSA)-grafted graphene oxide (GO) (PMSA-g-GO) as an anti- 
fouling additive [37]. 

Wu and co-workers grafted a commercial RO membrane with the positively 
charged and hydrophilic polyvinylamine (PVAm). The membrane surface became 
more hydrophilic with reduced surface roughness after the modification. More 
importantly, the membrane surface charge climbed from negative to positive values 
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when PVAm grafted with still higher concentrations. Fouling behaviors of the 
 membrane were investigated with two different proteins, one polysaccharide, one 
surfactant, and one colloid model foulant. The results revealed better antifouling 
properties for PVAm-grafted membrane when compared to a commercial RO mem-
branes with PVA coating layer [59]. 

Another interesting strategy in membrane surface modification is by tuning the 
surface chemistry of a polymer surface with reversible surface wettability (between 
hydrophilicity and hydrophobicity) at different condition (changes in temperature 
and pH) [15]. The first attempt on this method was introduced in 2006 by Xia and 
co-workers. In this study, a thin double stimuli-responsive layer was grafted from 
random copolymer of poly-(N-isopropylacrylamide) and poly-(acrylic acid) on 
both a flat and a roughly etched silicon substrate to obtain a smart surface upon 
varying both a temperature and pH (Fig. 17.4) [60]. 

Micropatterned PA TFC was developed by using two microfabrication methods, 
combined processes of vapor- and non-solvent-induced phase separation micro- 
molding, as well as micro- imprinting lithography [11]. Recently, ElSherbiny’s 
group successfully modified membrane surface by combining “surface 
 micropatterning” and “double stimuli responsivity” (surface that can switch revers-
ibly between hydrophilicity and hydrophobicity upon varying both the temperature 
and the pH value) approaches onto aromatic PA TFC RO membranes [12]. The 
modified membrane showed significant switchable wettability, without adversely 
influencing the separation performance. The surface modified micropatterned PA 
TFC membranes exhibited various degrees of grafting between 0.2–0.5 mg cm−2, 

Fig. 17.4 Changes of contact angles at different temperature and pH for a modified substrate. 
Reproduced with permission from Ref. [60]; Copyright 2006 @ John Wiley and Sons

17 Recent Strategies in Designing Antifouling Desalination Membranes



390

which were higher than those for flat surface modified membranes, 0.1–0.16 mg cm−2. 
The ability of the surface modified membranes to switch between very hydrophilic 
and hydrophobic properties was assessed via the measurement of static water con-
tact angle at two environmental pH values, pH 3 (<pKa of PAAc) and pH 7 (>pKa 
of PAAc), and within a temperature range of 25–55 °C. A large transition in the 
water contact angle from 82° (at 55 °C and pH = 3) to 28° (at 25 °C and pH = 7) was 
accomplished by this membrane [12]. These new membranes showed a superior 
permeability compared with the reference membrane, without a detrimental impact 
on the membrane selectivity due to enhanced active surface area and significant 
increase in the membrane surface roughness. 

According to the results of studies tabulated in Table 17.1, it can be concluded 
that grafting techniques in general can significantly enhance the antibiofouling 
characteristics of membranes. Somehow, grafting at certain degrees may also con-
tribute to the performance decline of the membrane (e.g. pure water flux) [61]. For 
some cases, although the surface modification of the membrane via grafting method 
led to a decrease in pure water flux, properties such as foulant rejection, total flux 
loss, irreversible flux loss and flux recovery (i.e. antifouling property) of the 
 membrane were improved [49]. Therefore, vigilant measures during the grafting 
process need to be taken to improve the membrane performance, particularly in 
term of flux and solute rejection.   

17.4.2  Addition of Nanoparticles in the Membrane Matrix 

Incorporating nanomaterials into the thin film of RO membrane has become one of 
the most attractive strategy in combating foulants in desalination. The immobiliza-
tion of nanomaterials on the membrane surface imparts the anti-fouling property by 
improving the hydrophilicity so that the foulants are repelled and washed away 
from the membrane surface during the filtration process without deteriorating the 
membrane surface (Fig. 17.5). For instance, Emadzadeh et.al modified PA layer of 
TFC membranes using nanoporous titanate (mNTs). Results of the study showed 
that the modified membrane demonstrated a lower degree of flux decline compared 
to the control membrane. The membrane contact angle decreases from 73.1° for the 
control membrane to around 41.3° for the modified membrane indicating a remark-
able improvement in membrane surface hydrophilicity. The improved membrane 
hydrophilicity resulting from embedding mNTs in the PA selective layer was mainly 
due to the super-hydrophilicity of the mNTs. The decreased in contact angle, tend 
to increase surface energy from 93.96 mJ/m2 for neat membrane to 127.5 mJ/m2 for 
the modified membrane. In addition, zeta potential of membranes become more 
negative as the amount of mNTs increased [13]. 

Studies showed that addition of GO can offer a number of significant advantages 
such as improved anti-microbial and anti-fouling capability, high chemical stability 
and increased permeability of the membranes [38, 56]. The capability of GO can be 
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increased by functionalizing the GO with other compounds such as zwitterionic 
polymer. Through this modification, it can protect GO nanosheets against non- 
specific interactions, improve the dispersion ability and introduce useful functional 
groups for enhancing specific properties. Several researches have demonstrated that 
the zwitterionic functionalized GO (ZGO) exhibited remarkable anti-biofouling 
performance, which could be attributed to the more negative zeta potential, more 
surface smoothness and good hydrophilicity [26, 37]. 

Efforts have been made in modifying and optimizing membrane surface using 
different two-dimensional (2D) materials such as nano clays. 2D nano clay has a 
unique charge property and hydrophilic nature. Membrane incorporated with both 
negatively and positively charged clay nanomaterials showed an increased hydro-
philicity and improved desalination performance. Dong and co-workers reported 
that the incorporation of a cationic and an anionic nanoclays respectively resulted in 
a more and less negatively charged membrane surface, and thus exhibited different 
electrostatic repulsion effects and improved antifouling performances towards pro-
tein, cationic surfactant, and natural organic matter [10]. Figure 17.6 illustrates the 
structure of Na-montmorillonite (MMT), the cationic clay and Mg/Al-layered dou-
ble hydroxide (LDH), the anionic clay employed in this work. 

2D nanomaterials can be projected as next generation materials for desalination 
membranes [31]. Several works on 2D nanomaterials are available where research-
ers focused in fabricating novel 2D materials such as molybdenum disulfide (MoS2) 
[14], h-boron nitride nanosheets [48] and titanium carbide (Ti3C2Tx; T represents 
terminating functional groups (O, OH, and/or F), and x the number of terminating 
groups) [52]. For instance, MoS2 which is made up of hexagonal layers of Mo and 
S atoms possess highly negatively charged properties with the hydrophilic sites pro-
vided by the S/Mo atoms. This material is very useful to modify the physicochemi-
cal properties of TFC RO membrane surface, including hydrophilicity, roughness 
and electrostatic charge. Li et al. prepared a few-layered MoS2 sheets via liquid- 
phase exfoliation from bulk MoS2 crystals and subsequently incorporated into TFN 
membrane via interfacial polymerization. It was observed that MoS2 has successfully 
decreased the membrane selective layer thickness, improved surface hydrophilicity 

Fig. 17.5 Illustration showing the anti-fouling phenomena
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(90° for neat and 71° for 0.01 wt% MoS2-TFN) and increased the surface roughness 
(58 nm for neat and 80.6 nm for 0.01 wt% MoS2-TFN). Fouling test demonstrated 
that 91% of the normalized water flux was maintained for 0.01 wt% MoS2-TFN 
membrane using 100 ppm BSA as the protein foulant [34]. 

Another approach investigated is incorporation of metal organic frameworks 
(MOFs). MOFs are crystalline porous compounds that belong to organic–inorganic 
hybrid materials constructed from metal ions coordinated to organic linkers. This 
type of material possesses a narrow pore size distribution with tunable pore size and 
surface chemistry and large surface area. MOFs have been used as a filler in RO 
membrane with a capability to treat wastewater rich with dye. Among MOFs, zeo-
litic imidazolate framework (ZIF) nanoparticles have attracted great interest due to 
its high stability in water and other solvents, high thermal and chemical stability as 
well as fouling propensity. Aljundi investigated the addition of ZIF-8 to the 
 membrane selective layer and its effect on the improvement of membrane fouling- 
resistance [1]. Scanning electron microscopy (SEM) micrographs showed a rela-
tively smoother membrane surface which may be due to displacement of ‘valley’ 
structure with incorporation of ZIF-8 nanoparticles. The contact angle of the best 

Fig. 17.6 (A) Structure of Na-montmorillonite (MMT), the cationic clay and (B) Mg/Al-layered 
double hydroxide (LDH), the anionic clay. Reproduced with permission from Ref. [10]; Copyright 
2015 @ Elsevier
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performing membrane was much lower compared to the control membrane. The 
work shown that, the increased hydrophilicity may be due to a higher concentration 
of exposed carboxylic groups on the surface. The results also evidenced that, ZIF-8 
nanoparticles can significantly enhance the PA fouling-resistance and the fouling 
was remarkably reduced by more than 75% under BSA condition.   

17.5  Conclusions and Outlook 

In commercial or industrial operations, to ensure that desalination membrane can 
last for a longer period, membrane should possess a good fouling propensity with 
high water flux recovery even after long term operation. In this chapter, the recent 
strategies to mitigate antifouling via membrane surface modifications were 
described. Basically, there are three main factors that could affect the membrane 
behavior towards foulant rejection: surface wetting behavior, surface charge and 
surface roughness. The antifouling modification layer on the membrane skin has to 
be mechanically strong with good adhesion to the surface. Compared to the physical 
modification approaches, which is usually unstable for long term operation, the 
membrane grafting is a better option. Membrane grafting offers superior perfor-
mance due to less leaching and stripping issues, attributed to the stronger chemical 
bonding. However, it is often difficult to control the polymerization parameters in 
the grafting process, therefore it is hard to maintain the excellent antifouling proper-
ties of the modified membrane. Another promising technique to overcome the mem-
brane fouling is the incorporation of nanoparticles into the thin film RO membrane. 
Yet, agglomeration and dispersion issues of nanoparticles has become significant 
challenges in this modification. Although to totally eradicate the membrane fouling 
is impossible, the continuous efforts in studying more effective techniques as well 
as their combinations might be able to mitigate membrane fouling and improve 
fouling reversibility.     
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