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ABSTRACT

This study is the third part of a comprehensive review on the effect of algal blooms (ABs) on seawater
reverse osmosis (SWRO) desalination plants. The first part covered in depth the physical situation of
the Arabian Gulf (AG), the occurrence of AB events, the major technical challenges of the existing and
proposed reverse osmosis desalination plants (RODPs), and taxonomy and toxicity of ABs. The second
part covered the seawater intake technologies affecting SWRO systems with respect to the ABs. This
part covers the different SWRO pretreatment methods and issues arising from ABs. All countries of
the Gulf Cooperation Council (GCC) are moving to implement energy efficient SWRO desalination
technologies and are facing its main challenge: membranes fouling. The degree, level and complexity
of fouling are proportional to the feed-seawater pretreatment methods. A robust pretreatment is the
key factor for reliable continuous SWRO plant operation and performance. This paper reviews the
available pretreatment methods for SWRO desalination including disinfection (mainly chlorination),
coagulation and flocculation or dissolved air flotation (DAF), sedimentation, granular media filtration
(GMF), low pressure membranes ultrafiltration (UF), and microfiltration (MF). Effective integration
among these processes can be highly effective in enhancing the removal of ABs and their toxins and in

protecting the SWRO membranes.
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1. Introduction

Thermal desalination processes require little pretreatment
of feed seawater (SW), which mainly are limited to screening
and chemical additions to prevent scaling, and are widely
used in the Gulf Cooperation Council (GCC). Nowadays,
GCC states are expanding the use of SWRO desalination sys-
tems, which have much lower consumed energy and lower
product water cost when compared with thermal desalting
systems. SWRO plants require extensive pretreatment of feed
SW after the intake and before undergoing SWRO membrane
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separation, so pretreatment is crucial to any successful
operation of SWRO process [1]. Algal bloom (AB) events that
have happened recently in the GCC countries raise more con-
cerns about SWRO pretreatment. There are several processes
involved in SWRO pretreatment: chlorination, coagulation,
flocculation, sedimentation, DAF, GMF, UF, MF, and factors
affecting the removal of contaminants from the feed SW
before reaching the membranes. These factors include algae,
bacteria, total organic carbon (TOC), particulate and colloidal
transparent exopolymer particles (TEP), and the biopolymer
fraction of natural organic carbon (NOC).

Several forms of algal organic matter (AOM) are pro-
duced by AB with varying concentrations, including
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intracellular organic matter (IOM) formed due to autolysis
consisting of proteins, nucleic acids, lipids and small mol-
ecules. Extracellular organic matter (EOM) is formed via
metabolic excretion and is composed mainly of polysac-
charides. Polysaccharides are complex carbohydrate poly-
mers consisting of more than two mono-saccharides that
are linked together covalently by glycosidic linkages in a
condensation reaction [2]. This paper reviews the different
applied technologies for seawater pretreatment and high-
lights advantages and disadvantages of each technology.
Recommendations are provided regarding the best pre-
treatment technology for dealing with the seawater feed
when AB occurs.

Why SWRO desalination plants in the Gulf would need
special pretreatment?

¢ The Arabian Gulf is the main source of feed water to all
desalination plants in Qatar and most of the GGC region;

e The GCC countries are moving to membrane desalination
technologies where (bio)fouling is the key challenge and
technical investment should be given to pretreatment;

e The physical characteristics of the Gulf water, current,
depth, nutrient loads, temperature, etc. enhance occur-
rence and incidence of ABs;

e Serious attacks of ABs on desalination plants were
recorded in the Gulf for 2007/2008, which left most of
them inoperable and unable to produce water (the main
source in this region);

e Attacks of ABs have raised the urgency to invest in pre-
treatment technologies by policy makers at the highest
level of each country in the Gulf;

® Seawater pretreatment processes are not limited to
water intake (discussed in detail in part II) but should
extend to cover technologies of disinfection, coagula-
tion/flocculation, sedimentation and several filtration
procedures;

e Pretreatment technologies given below are not limited
to combating ABs, but could also help in the response
to other unexpected attacks of turbid water caused by
the seasonal sand and dust storms. They can also aid in
minimizing any risk associated with oil spills in the Gulf
which represents the main terminus of more than 35% of
the oil and gas market routes.

2. Seawater contents affecting pretreatment
2.1. Salt ions

Seawater is not just a solution of water and salt. Rather,
it is a complex habitat where innumerable organisms live,
and serves many critical roles in our lives. It contains several
organic and inorganic components that largely depend on
location, depth, weather and time. SW has high total dissolved
solids (TDS), expressed by salinity (S) on mass basis grams/
liter (g/kg or g/L) or milligrams/liters (mg/L), where one mg/L
is equivalent to one part per million (ppm). Standard SW has
an average salinity of 35 g/L (=35,000 mg/L or ppm), specific
gravity of 1.025 (i.e., denser than freshwater), and a pH range
from 7.5 to 8.4. Its main salts constituents are shown in Fig. 1
and Table 1. Salinity varies by location, e.g., it reaches up to
57 g/L on the Qatar western coast (due to confined circulation
and high evaporation), but is as little as 7 g/L in the Baltic Sea.
Salinity mainly depends on direct fresh water inputs from
rivers or rain precipitation and evaporation rates. Although
salinity is different from one location to another, relative ion
compositions are fairly constant in most surface SW [3].

The six major ions making up more than 99% of the TDS
in SW are sodium ion (Na"), chloride (CI), sulfate (SO*),
magnesium ion (Mg*), calcium ion (Ca*) and potassium

Sea salts Sea water
Water
96.5 % (965 g)
Ccalcium Magnesium
12%(042q) 37%(139g) Salt
Potassium Minor constituents 35%Es0
11% (0.399) 0.7%(0.25q)

Fig. 1. Diagram showing concentrations of various salt ions in
seawater: CI~ 55%, Na*, 30.6%, SO2™* 7.7%, Mg 3.7%, Ca*™ 1.2%,
K*1.1%, Other 0.7%. Note that the diagram is only correct when
in units of wt/wt, not wt/vol or vol/vol [3].

Table 1

The main salt ions in seawater [3]
Chemical ion Valence Concentration mg/L Part of salinity % Molecular weight mmol/Kg
Chloride Cl -1 19345 55.03 35.453 546
Sodium Na +1 10752 30.59 22.99 468
Sulfate SO, -2 2701 7.68 96.062 28.1
Magnesium Mg +2 1295 3.68 24.305 53.3
Calcium Ca +2 416 1.18 40.078 10.4
Potassium K +1 390 1.11 39.098 9.97
Bicarbonate HCO, -1 145 0.41 61.016 2.34
Bromide Br -1 66 0.19 79.904 0.83
Borate BO, -3 27 0.08 58.808 0.46
Strontium Sr +2 13 0.04 87.62 0.091
Fluoride F -1 1 0.003 18.998 0.068
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ion (K"). The World Health Organization (WHO) sets TDS
of 1,000 mg/L for drinking water while it is of 500 mg/L for
the USEPA. Water with TDS concentrations higher than that
of drinking water and less than 15,000 mg/L is considered
brackish water (BW), while concentrations above 15,000
mg/L are designated as SW.

While TDS in SW has a relatively minor effect on desali-
nation by thermal methods, membrane desalination pro-
cesses including SWRO are strongly affected. The TDS of an
aqueous solution largely determines its osmotic pressure,
which affects the pressure that must be applied on the feed
SW to enable water permeation through the membranes, and
thus the energy consumed by the SWRO process. The TDS
is closely related to and often represented by electrical con-
ductivity (EC). Natural waters have an EC (in uS/Cm) that is
approximately double that of TDS (in g/L): an average TDS of
the seawater 35 g/L corresponds to an EC of 70 pS/Cm.

2.2. Organic matter and colloids

Besides dissolved solids and gases, SW contains par-
ticulates including organic and inorganic substances.
Organic compounds may contain elements such as sulfur,
nitrogen and phosphorus in addition to carbon and hydro-
gen. Organic matter (OM) encompasses many substances,
ranging from food to toxins. Total OM (TOM) is classified
as dissolved OM (DOM) or particulate OM (POM). DOM is
defined as all organic materials that can pass through 0.2
to 1.0 micrometer (um) filters, and POM consists of materi-
als that are retained by such filters. The main organic sub-
stances are microorganisms, biological debris (plant and
animal), polysaccharides (gums, slime, plankton, fibrils),
kerogen (aged polysaccharides), lipoproteins (secretions),
bacteria, carbohydrates, fats, oils, grease, and polyphenolic
aromatic complexes such as humic acids, fulvic acids, lig-
nin, and tannin [4, 5].

Humic acids are the product of OM biodegradation and
are a mixture of long-chained organic acids containing sev-
eral carboxyl and phenol groups. Fulvic acids are similar to
humic acids but with smaller molecular weights (MW) and
higher oxygen contents. Polysaccharides constituting cell
walls of microorganisms and plants are also prominent [6].

Particles are characterized by size. Among the most
important are colloids, which are loosely defined as fine par-
ticles whose characteristic size is roughly in the range of 1 nm
to 1 um. Colloids can cause membrane colloidal fouling, by
depositing in membrane pores (known as pore blocking) or
form a cake as suspended particles accumulate, Fig. 2 [7].
Other important characteristics of colloids, besides the size,
in relation to the pretreatment process and ability to foul the
RO membranes, are shape, charge, and specific interaction
with ions in the feed SW [8]. Table 2 gives some of these prop-
erties for different classes of colloids.

2.3. Algae

Phytoplankton, the principal source of food for sea life,
can multiply exponentially and cause ABs. ABs can severely
increase the SW turbidity and release OM known as algo-
genic organic matters (AOM). The ABs are considered harm-
ful (HABs) if they are:

(b)

.77

(c)

T 7 7

Fig. 2. Three types of fouling mechanisms: (a) external pore
blocking, (b) internal pore blocking, (c) cake filtration [7].

a. Toxin producers, which can contaminate seafood, kill
fish, or cause health problems in humans through direct
exposure to the toxins;

b. High-biomass producers, which can kill or damage
marine life after reaching dense concentrations, for
example, by causing anoxia after collapse of a bloom or
by chronically shading benthic vegetation. They can dis-
color coastal waters and generate noxious foams, slimes
and odors.

Some of the HAB species occur in seawater are dino-
flagellates, Karenia brevis and Noctiluca scintillans. These are
associated with red tides, while Auerococcus anophagefferens is
associated with brown tides. An AB may have algae counts
that range from 10° to 10°/mL; typical concentrations are less
than 10%/mL [9].

3. Seawater constituents related to pretreatment

The most common inorganic particles are clay (hydrous
aluminum oxides and iron silicates), ranging in size between
0.3 and 1 um, sands, and colloids of iron oxide, alumina,
silica, manganese oxides, calcium carbonate, sulfur and
sulfides. Particulates (organic or inorganic) in SW can be
classified as settable solids (>100 um), supra-colloidal solids
(1-100 pm), or colloidal solids (0.001-1 pm), while dissolved
solids are <0.001 um [5]. The main SW components, their
size distribution and their matching filtration spectrum are
shown in Fig. 3 [6]. Distinction between “particulate” and
“dissolved” matter is based on pre-filtration of water samples
with 0.45-um membrane filters.

3.1. Natural organic matter (NOM)

The NOM content in SW is indicated by TOC and dis-
solved organic carbon (DOC) concentrations. The concen-
trations of both TOC and DOC are expressed by mg/L and
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Table 2
Summary of colloid composition and properties that may affect pretreatment and lead to membrane fouling [8]
Types of colloids  Examples Size and shape Charge
Inorganic Silica Round Negatively charged (pH,..~3)
Aluminum silicate Angular Negatively charged at pH~7

Humic acid

minerals

Ferric oxide-hydroxide
International Humic
Substance Society (IHSS)
standards

Varies depending on crystalline or
amorphous

MW of a few kDa to a few hundred
kDa. Globular molecule (linear under
high pH, low ionic strength, and low

Positively charged. pH_, for goethite ~9

Negative charged (pH_  ~3), Typical total

pzc

acidity: 5-10 meq/g

concentration)

Polysaccharides  Schizophyllan, 400-500 kDa, rigid rod-like Neutral
Xanthan 100-2,500 kDa, linear Negatively charged
Gellan 200-2,000 kDa, extended random coil =~ Negatively charged, ~3 meq/g
Alginate (up to 6 meq/g)

Proteins Bovine serum albumin 67 kDa pH,,, = 4.7 (total acidity 1.5 meq/g includ-
Bovine immunoglobulin G 155 kDa ing both carboxylic and amine groups)
Bovine hemoglobin 68 kDa pH,, = 6.6
Bovine pancreas A13.7 kDa pH,,,=7.8 pH =71
Lysozyme 14.4 kDa pH,,=11.0 pH,.=7.8

pH,=11.0
Meters (log scale)
10 10° 10 10° 10° 107 10° 107 107
(mm) (pm) (nm})
| | | |
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Fig. 3. Seawater contents and the matching filtration spectrum [6].

are determined by passing through 0.45-um filters. The most
common method for TOC and DOC analyses involves acidi-
fication and oxidation of total carbon content into CO,, strip-
ping it out of the solution and measuring its concentration [6].
When the bacteria, algae and inorganic carbon contents are
low, the TOC = DOC.

NOM are dominated by humic substances and AOM,
mainly consisting of extra cellular macromolecular and cel-
lular debris. Humic substances result from OM degrada-
tion and are a mixture of long chained organic acid (MW of

1,000-20,000 gm/mole) representing significant fraction of
the TOC in water, and mostly consist of humic acids (HA)
and fulvic acids (FA) in natural water. Both HA and FA have
significant negative charge density, and can be removed in
pretreatment by coagulation and separated by precipitation.
They also have bulky macromolecular shapes, and are not as
easily adsorbed onto such a membrane. NOM exhibits rel-
atively high specific UV absorbance (SUVA) value and con-
tains relatively large amounts of aromatic carbon. It is known
that the organic fouling rates are accelerated with decreasing
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pH, increasing ionic strength and increasing divalent cation
concentrations.

When OM in water is disinfected by chlorine, carcino-
genic disinfection byproducts are formed. In non-AB condi-
tions and clean SW, the quantities of NOM in SW may not
cause membrane fouling. In the AB events, biodegradable
OM are released during their growth and respiration, known
as extracellular OM (EOM), and high NOM content is usually
observed. At the end of the AB season, algae die and their cells
break down, to release IOM into SW. AOM consists of a com-
bination of EOM and IOM from algae, which is easily biode-
graded and provides a food source for bio-growth of bacteria
on the RO membrane surface. HA combines with iron ions
(say from Fe coagulant used in pretreatment process) to form
a gel-like layer of chelates on the membranes’ surface and to
cause fouling. When HA is oxidized with chlorine or other
oxidants, it can be easily degraded to serve as a food source
for aquatic bacteria growing on the RO membrane surface.
Continuous chlorination of SW containing large amounts of
HA often causes more membrane bio-fouling problems than
it solves [10].

The NOM most responsible for fouling are the polysac-
charides, organic colloids, and proteins, followed in size by
humic substances, organic acids, and low MW organics of
neutral charge. These compounds have the potential to cause
membrane fouling, but to different degrees. Polysaccharides
excreted by living bacteria on the membrane surface have
the highest potential to cause RO membrane bio-fouling, and
therefore they are classified as a separate group of microbial
foulants.

NOM is analyzed indirectly by filtering SW sample
through 0.45 um membrane filters and measuring the fil-
trate absorbance by ultraviolet (UV) spectrophotometer at
254 nm. Ultraviolet light at 254 nm is absorbed especially
by aquatic humic matter, which absorbs more light per unit
concentration of DOC (called the SUVA) than other types of
NOM such as hydrophilic acids, hydrophobic bases (e.g.,
proteins and aromatic amines), and hydrophobic neutrals
(e.g., aldehydes). Therefore, the UV, absorbance is based
on the fact that specific molecular structures (chromophores)
within the NOM molecules absorb UV light. This parameter
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may not reflect the content of microbial foulants if the NOM
contained in SW is not easily biodegradable. If the specific
molecular structure is below 0.5 L mol-'cm™, the SW has low
potential for organic fouling and biofouling. Other measure-
ments of OM are illustrated in [11]. Gaid [11] demonstrated
that the Liquid Chromatography-Organic Carbon Detection
(LC-OCD) is used to characterize dissolved organic carbon
(DOC) and identifies the constituents causing organic foul-
ing. Table 3 gives typical sizes of dissolved organic carbon
detected by LC-OCD.

SUVA can be used as an indirect indicator of the occur-
rence of AB in SW. If the SUVA is higher than 4, then NOM
in SW consists predominantly of aquatic humic matter and
does not exhibit AB. If the SUVA is between 2 and 4, the SW’s
NOM is a mix of assimilable OM and aquatic humic matter,
and SW is in the early stages of formation the AB. When the
SUVA is less than 2, the NOM in SW consists predominantly
of assimilable OM and the SW is experiencing an AB [10]. For
SW containing aquatic humic matter, the NOM is a mixture
of aquatic humic and fulvic acids of fairly high MW, carry-
ing negative charge, and can be removed in pretreatment by
coagulation and separation of the precipitated solids as men-
tioned before.

3.2. Total organic carbon (TOC)

The TOC contains both NOM and easily biodegrad-
able organics, such as polysaccharides, released during AB
events. The TOC is relatively easy to measure, and high TOC
indicates the tendency of SW to cause organic fouling and
bio-fouling of SWRO membranes. The TOC of SW contains
low MW organic compounds (at least 40%), with limited
fouling potential. A combination in SW of a high percentage
of compounds from the “other low MW" category, low TOC,
and low polysaccharide content is a strong indication of low
fouling potential. An example of TOC in Ashkelon SWRO
plant surface water is 1.2 mg/L which includes 14% of poly-
saccharides, 39% of humic substances and building blocks,
25% of low MW acids and neutrals, and 22% of other low
MW compounds [10]. If TOC is below 0.5 mg/L, biofouling is
unlikely, and if above 2 mg/L, biofouling is very likely.

Table 3
Typical sizes of DOC fractions detected by LC-OCD [11]
DOC fractions Molecular Composition Properties
weight (Da)*
Biopolymers >20,000 Polysaccharides (e.g., TEP) and proteins, biogenic Not UV-absorbable, hydrophilic
organic matters
Humic substances ~800-1,000 Humic and fulvic acids Highly UV absorbable, hydrophilic
Building Blocks 300-500 Breakdown products of humic substances by UV-absorbable
oxidation
Low molecular weight <350 All aliphatic low MW organic acids, biogenic Negatively charged**

organic acids
LMW neutrals

organic matters
<350

biogenic organic matters

Alcohols, aldehydes, ketones, amino acids,

Weakly or uncharged hydrophilic

*One Dalton is equal to 1.666 x 10** g. SW membranes would reject 90% of compounds having MW > 200 Da.
**Negatively charged NOM has tendency to adhere on thin film RO membrane that has slightly positive charges.
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Colloids (size range 0.001-1 pum) are dispersed solid or
liquid particles (mostly of organic nature) could be included
as “Macromolecules.” Other important SW indicators rele-
vant for SWRO operation and its pretreatment are as follows:
Silt Density Index (SDI), and Nephelometric Turbidity Units
(NTU), Modified Fouling Index and TEP substances.

Methods of determining SDI, NTU, TEP, Chlorophyll-a,
particulate organic carbon (POC) and dissolved organic car-
bon (DOC) were given by [12]. Chlorophyll-a is a standard
method to evaluate algae concentrations, while TEP are
microscopic (0.4-300 um), organic gelatinous particles con-
sisting mainly of acid polysaccharides, detected by staining
with Alcian Blue, and are important components of the NOM
pool [12].

3.3. Turbidity

Turbidity, expressed by NTU, indicates the foulant con-
tents of clay, silt, suspended OM, and microscopic aquatic
life, such as phytoplankton- and zooplankton. While turbid-
ity represents the overall foulant content, it cannot indicate
adequately the potential for particulate or other fouling.
Most RO membrane manufacturers require feed SW tur-
bidity less than 1.0 NTU (although this is high) and pref-
erably less than 0.1 NTU. Spikes above 50 NTU for more
than 1 h would require sedimentation or dissolved air flota-
tion (DAF) treatment prior to filtration in the pre-treatment
process.

3.4. Silt Density Index (SDI)

The SDI is a parameter expressing the fouling poten-
tial of water. The particulate, colloidal matter and
micro-organisms in water have natural tendency to deposit
on the membrane and thus impair its effectiveness. SDI is
one of the most important parameters for the design and
operation of SWRO process. The SDI indicates the flux rate
decline through standard size (0.45 um membrane pore
size) and diameter (45 mm) filter operated at constant pres-
sure (30 Ib/in? or 2.07 bar) for a given period of time (say 15
min). The time required to filter a clearly defined volume of
water (500 ml) with a new test membrane is compared with
the time required to filter the same volume after 15 min of
filtration. The increase in the time required for filtration of
the second 500 ml is used to calculate the SDI. Therefore,
SDI, is the percentage of the flow rate decrease of water
flowing through the filter, averaged over a period of time
such as 15 min. It is determined by measuring the time (f in
seconds) to collect a 500-mL sample through the filter paper
at the start of the test, wait for n = 15 min, and measure
the time (in seconds ¢t ) to collect another 500 L that flow
through the filter. The two sample durations (f, and t,,) are
used to calculate the SDI, (indicating particulate fouling
potential) by using Eq. (1):

SDI,, = 100 x [1-(t,/t,)]/n )

Considering the potential for SW particulate fouling,
SDI, lower than 2 gives very low fouling. Pretreatment may
not be necessary if SDI < 2 is kept for 2 years. For SDI , > 4,
additional filtration is needed.

3.5. Total suspended solids (TSS)

Total suspended solids (TSS) concentration is a measure
of the total weight of solid residuals contained in SW; and
is expressed in mg/L. TSS is measured by filtering a known
volume of water (typically 1 L) through a pre-weighed
glass-fiber filter, drying the filter with the solids retained
on it at 103°C-105°C, and then weighing the filter again
after drying, taking the salinity of SW in consideration. By
knowing TSS, the amount of residuals generated during
pretreatment can be assessed.

3.6. Chlorophyll-a

Chlorophyll-a concentration indicates the content of
algae with green pigmentation in water and is measured
using fluorometer or a spectrophotometer. The content
of chlorophyll-a is proportional to the light transmission
through the water sample at a given wavelength, which is
detected by the instrument and converted into concentration
units, typically either pug/L or mg/L. Concerning fouling
potential, water with chlorophyll-a content below 0.5 ug/L
(indicating non-algae blooms conditions) has low fouling
potential, while chlorophyll-a levels exceeding 10 ug/L
(indicating high content of algae) indicate high fouling
potential.

3.7. Algal count

Algal count is expressed by the total number of algae
cells per milliliter of water. Concerning the intensity of AB,
algae counts below 1,000-cells/mL refer to normal non-AB
conditions; more than 2,000-cell/mL refer to AB concern;
2,000-20,000 cells/mL refer to mild AB; between 20,000 and
60,000 cells/mL refer to medium intensity AB; and more than
60,000—cells/mL refer to severe AB. It is critical to determine
the type and size of the dominant algae species to determine
the best pretreatment.

3.8. Polymers used in flocculation

Generally, flocculants are used in combination with coag-
ulants. Examples of well-known flocculants used in seawater
pretreatment include inorganic or organic cationic floccu-
lants. The soluble polyquaternary amine flocculant is one of
the common types. The performance of flocculants depends
on SDJ, potential flocculant fouling at the membrane surface,
membrane characteristics, and so on. Polymers used in floc-
culation of seawater before filtration process in pretreatment
can cause colloidal fouling if it is overdosed or not properly
mixed.

3.9. Hydrocarbons

Hydrocarbons derived from crude oil (e.g., oils and
greases) are not normally present in clean open SW. Their
existence in polluted SW, for example, even small quantities
that are discharged from ships or seeps from wells, can cause
accelerated fouling and should be kept below 0.02 mg/L at
all times. Total hydrocarbon concentrations are measured in
most SWRO plants using open sea intakes with online total
hydrocarbon analyzers.
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4. Membrane fouling

Membrane fouling is a major concern in SWRO desalt-
ing plants. Fouling reduces the permeate output, increases
the required feed pressure to the membranes, and thus
raises the consumed energy and cost of produced water.
Membrane fouling may even result in the complete shut-
down of the plant. Fouling can be by scale deposits from
sparingly soluble salts, particulate matter deposits, OM
adsorption, and biological fouling by growth of organisms
on membranes’ surface.

4.1. Scale deposits

Scale deposits occurs on SWRO membranes when the
concentration of certain salts (e.g., CaCO,, CaSO,, BaSO,,
SrSO,, etc.) exceeds the solubility limits, see Figs. 4(a)—4(c)
[13]. This can be controlled by adjusting the pH of the

Fig. 4(b). Calcium sulfate precipitated on an RO membrane [13].

Z0KW

Fig. 4(c). Calcium phosphate precipitated on an RO membrane [13].

feed water and/or by using anti-scalants. However, some
anti-scalants contain biodegradable OM (BOM) that can pro-
mote biological fouling [14]. Since microfiltration (MF) and
ultrafiltration (UF) do not concentrate salts in the effluent,
very little to no scaling occurs on MF and UF components.
Scale deposits are common on SWRO membranes, where
salts are concentrated. Anti-scalant chemicals that are used
in RO applications typically have two or more phospho-
nate groups, called poly-phosphonates. Concentrates con-
taining phosphates have impacts in areas of discharge that
may be associated with AB. Thus, anti-scalants can increase
the bio-fouling potential, and the impurities contained in
the treatment chemicals are also potential nutrient sources.
Mitigation of inorganic scale fouling without creating an
environment for biological fouling is very important and
needs to be addressed.

4.2. Particulate fouling

Suspended colloids that lead to particulate fouling can
be inorganic or mixed inorganic/organic particles that did
not settle out by gravity in pretreatment. Colloidal matter
contains some major components such as iron, aluminum,
silica, sulfur, and OM such as plankton. When suspended
(or colloids of size range from 0.001-1.0 pm) organic or inor-
ganic compounds are not removed by pretreatment before
the RO membranes, particulates fouling is formed by colloid
materials. These can be deposited on membrane pores (i.e.,
pore blocking) or form a cake of accumulates, as shown in
Fig. 2 [15]. Particulates fouling may occur due to suspended
particulate and colloidal, and that colloids can form aggre-
gates either by reaction-limited colloid aggregation (RLCA)
or by diffusion-limited colloid aggregation. Biopolymers are
often involved in aggregate formation. Iron colloidal fouling
on RO membranes may result from improper application
of iron-based coagulants, and may act as a fouling catalyst,
causing damage of membranes by fed water with even very
low doses of residual chlorine.
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4.3. Organic fouling

Organic fouling (with major dissolved organic
components being either HA or FA) occurs by adsorption
of OM onto the membrane surface, and may be irreversible.
Organic fouling is among the most common fouling
mechanisms in SWRO desalting plants, with approximately
40% of permeability decline in RO membranes attributed to
the interrelated organic and biological fouling. While OM
can be directly responsible for organic fouling, the OM pro-
vides substrate for biological growth. The DOC, UV absor-
bance, and color are related to organic fouling. Dissolved
organic carbon fractions in SW were given as 24% of high
MW (1-100 nm), and 75% low MW (<1 nm), besides 1% of
particulate organic carbon [9]. Since the pore size for SWRO
membranes is on order of 1 nm, the high MW DOC fraction
is too large to be passed through these membranes and is
retained. The pore sizes for UF membranes (0.01-0.05 pm)
and for MF membranes (0.1-0.5 um) are considerably larger,
do not have significant retention of marine NOM, so other
approaches should be used to deal with the problem [9].

4.4. Biological fouling

Biological fouling is caused by the growth of microor-
ganisms into a biofilm on the membrane surface, as shown
in Fig. 5. Formation of biofilm starts with an attachment
phase of colloidal biopolymers, TEPs, and proto-biofilm
on membrane surfaces. This is followed by a growth phase
of micro-organism and by the formation of biopolymer
matrix, and then by a dispersed phase for biofilm equilib-
rium and partial shed-off from the membrane to create a

Fig. 5. Schematic illustration of the possible involvement of (a)
colloidal biopolymers, (b) TEPs, and (c) protobiofilm in the initi-
ation of aquatic biofilms. A number of planktonic bacteria (first
colonizers) can attach (d) reversibly on clean surfaces or (e) irre-
versibly on TEP-conditioned surfaces. When nutrients are not
limited in the water, (f) a continuous coverage of mature biofilm
can develop within a short period of time (minutes to hours).
Adapted from [16, 17].

space for a new attachment [7]. Biological fouling decreases
the permeate flux, increases the pressure drops in the RO
modules, increases the salt passage and can cause irrevers-
ible damage to the RO membrane. Bacterial communities
in the biofilms release extracellular polymeric substances
(EPS), which provide an area for additional bacteria prolif-
eration. The EPS in biofilm account for 50%-90% of biofilm
TOC, and assimilable organic carbon (AOC) provides food
source that enable bacteria to proliferate. Chemicals added
in pretreatment, such as phosphate based anti-scale inhib-
itors and oxidants, can contribute to biological fouling. AB
severely increases turbidity of SW; and release of organic
material, AOM. AOM is composed of acids, proteins, simple
sugars, anionic polymers, negatively charged and neutral
polysaccharides. Although pretreatment can prohibit algal
cells from entering the RO membrane modules, greater
problems may occur when AOM facilitates favorable con-
ditions for bacterial attachment on the RO membrane. AOM
provides a rich substrate for bacterial growth, thereby exac-
erbating membrane bio-fouling. In general, harmful ABs are
being increasingly recognized for their often detrimental
impacts on RO desalination facilities.

5. Seawater pretreatment

Pretreatment of SW is a necessity for SWRO desalting
system to prevent (or reduce) fouling of membranes. The
SWRO membranes are designed to remove dissolved salts,
and are vulnerable to particulate matter that should be min-
imized before the feed SW entrance to the RO membranes.
Voutchkov [15] summarized the purpose of SWRO pretreat-
ment: to remove over 99% of all suspended solids in SW
and to reduce the content of the much finer silt particles by
several orders of magnitude. The pretreatment facility is
designed to give targeted SDI values rather than to target
the level of removal of turbidity or pathogens. Pretreatment
can account for a good share of the total water production
cost. Conventional pre-treatment includes disinfection,
screening, hardness removal, alkalinity reduction, anti-
scalant addition, coagulation, flocculation, sedimentation
or DAF and GMF. Advanced pretreatment (membrane fil-
tration) includes low-pressure membranes filtration such
as MF/UF, and final particles removal by cartridge filters,
as shown in Fig. 6(a). Screening can remove large debris,
marine organisms, and small items of silts, sand, plank-
ton, and so on. Coagulation and flocculation enhance the
removal of colloidal foulants before sedimentation, and are
essential for better performance of GMF filters. In mem-
brane filtrations, MF, UF, and rarely NF replace the GMF.
GMFs completely remove the suspended solids of size
larger than 50 um and improve the feed water quality by
lowering the SDI. Better pretreatment can be gained by
adding UF and MF membranes that also remove suspended
solids particles (as fine as 0.1 um for MF or 0.01 um for UF)
by direct physical separation, large bacteria, dissolved mac-
romolecules, colloids, and smaller bacteria. GMFs were not
successful in preventing particulate fouling during AB, and
the efficiency of removing the algae released biopolymer
(organic macromolecules) was low [15]. The SWRO pre-
treatment is a key factor to ensure good performance of DPs
in terms of reliability, water quality, energy use, and long
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Fig. 6(b). Pretreatment alternatives in desalination systems.
Modified from [13].

life membranes. Membrane manufacturers typically require
maximum allowable turbidity of 1.0 NTU; SDI of 3.0 or 4.0;
oil and grease <1.0 mg/L to give their warranty [15].

The pretreatment can be classified, after preliminary
treatment (chlorination/de-chlorination) as follows: (a) pri-
mary pretreatment, including particulates coagulation and
clarification processes such as sedimentation and DAF; and
(b) secondary pretreatment, including conventional filtration
processes using GMFs and advanced membrane filtration
using MF/UF membranes, Fig. 6(b).

A cartridge filter is often installed after pretreatment pro-
cess and just before the RO membranes in Fig. 6(a), to serve
as a protection measure against micro-particles that can foul
or damage the membrane rather than active pretreatment.

Coagulation

Seawater

Fig. 6(c). A cartridge filter in a horizontal vessel (upper left) and
a vertical vessel (upper right) with a differential pressure mea-
surement (Perth) [13, 6].

The cartridge filters are typically woven, polypropylene
micro-filters operated in closed vessels with a particle
removal capability of 1-25 um elements, Fig. 6(c). They are
operated at a typical pressure difference of 0.1 bar and are
replaced once this pressure drop is increased to 0.8-1.0 bar.
The pretreatment should be carefully designed and a pilot
test study may be necessary to study the effect of possible
heavy AB and other contaminants such as oil from produc-
tion facilities or shipping.

5.1. Preliminary treatment: chlorination and de-chlorination

Chlorine treatment is among the options commonly used
to manage biological activity in seawater intake. Biocides
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(e.g., sodium hypochlorite and chlorine dioxide) dosing are
applied in desalination plants equipped with open intakes,
where concentrations of OM and the biological activity are
high compared with subsurface intakes. The basic principle
of oxidation is when an oxidizing agent, like chlorine, dif-
fuses through the cell wall of an organism, it oxidizes enzyme
groups, thereby preventing further metabolic activity and
ultimately bringing about death to the organism. In mac-
ro-organisms, death can be caused by growth reduction due
to the decrease in filtration rate and consequently decrease
in food availability, combined with pathological effects. It is
believed that chlorine reacts with the OM in water and breaks
it down to more biodegradable fragments.

A recent study of Kim et al. [18] provided a comprehen-
sive list of disinfection byproducts that are formed during
seawater desalination. The study listed different disinfec-
tion technologies, dosing and application, efficiency based
on location/source of water/availability, cost, and disinfec-
tion byproducts. We limit this third part of our review to the
chlorination technology, which represents more than 80%
among all being used today and which exceeds 90% in the
GCC region.

Preliminary pretreatment starts with pre-chlorination
at or even before the intakes, to prevent the uncontrolled
growth of microorganisms on surfaces. That growth typically
includes a preliminary formation of slime, which gives a bio-
film that is produced by the living cells plus their metabolic
byproducts. The term “fouling” here refers to the final deposit
resulting from the mixture of biofilm:microbial masses and
their EPS, suspended solids, corrosion products, and mac-
ro-organisms finally adhering and growing on the surface.
The fouling layer reaches the maximum development with
the adhesion of marine animals such as Crustacea (barnacles),
Molluscs (mussels and clams), Annelids (Serpulids) and
Coelenterates (hydroids) [19]. Chlorine (Cl,) has the capac-
ity to inactivate most pathogenic microorganisms quickly,
and its effectiveness depends on the chlorine concentration,
time of exposure/contact time, and water pH. The results of
not treating seawater by biocides are shown in Figs. 7(a)-(c)
[19, 20]. Considerable amounts of settlement of barnacles,
green mussels, and ascidians were observed in coastal waters
on the long-term panels [19].

Chlorination cannot destroy all forms of biofouling
organisms, so it does not serve as an absolute barrier to RO
membrane biofouling. Chlorine and other oxidants break
down non-biodegradable NOM into biodegradable organic
compounds and destroy the outer walls of bacterial cells thus
causing the release of IOM into the feed SW source. The IOM
released from algal and bacterial cells due to oxidation is rich
in easily biodegradable organics, and serves as a food to bac-
teria that have already colonized the RO membranes or sur-
vived the chlorination process.

Chlorine is a very powerful disinfectant that also oxidizes
the membrane material. Polyamide (PA) membranes in par-
ticular do not tolerate chlorine, while cellulose acetate (CA)
membranes have some tolerance. To minimize damage to
membranes, chlorine disinfection should be followed by
removal of the residual chlorine (called de-chlorination) in
the water before its entrance to the membranes by sulfite
(SO,7) treatment or carbon adsorption. The free residual chlo-
rine includes sodium hypochlorite (NaClO), hypochlorous

CPO™ ~OFSIRE,

Fig. 7(a). Blockage of intake screen by fouling organisms (left)
and blockage of condenser tubes by green mussels and barnacles
(right) [19].

Fig. 7(b). A view of bio-growth inside seawater pipe lines from
Madras Atomic Power Station [19].

Fig. 7(c). A rotor operated continuously in the Mediterranean sea
with surface colonized by barnacles [20].

acid (HCIO), and hypochlorite ions. This is the reason that
the term pre-chlorination is sometimes used in place of
chlorination.

Chlorines are available as chlorine gas (Cl,), sodium
hypochlorite (NaOCl) and calcium hypo-chlorites Ca(OCI),.
The NaClO, the most commonly used oxidant, is composed
of a sodium cation (Na*) and a hypochlorite anion (CIO"), and
can be formed by reacting sodium chloride (NaCl) with oxy-
gen gas (O,), according to:
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2NaCl + O, — 2NaClO A

Calcium hypochlorite is made by reacting Ca(OH),
with Cl,, similar to sodium hypochlorite. It is a white solid,
although commercial samples appear yellow.

All ClI,, NaOCI and Ca(OCl), hydrolyze in water and
produce HCIO as:

Cl, + H,0 — HOCl+ HCl - HOCl+ H" +CI” ®)
NaOCl + H,0 — HOCI + NaOH (4)
Ca(OCl), +2H,0 —2 HOCI +Ca(OH), (5)

HCIO dissociates in water to hydrogen ions (H)" and
hypochlorite ions (OCI)~:

HOCI+H,0 - H" +0OCI” - H;0" + OCI” (6)

The OCI" falls apart to chlorine and oxygen atoms: OCl=>
Cl-+0.

The HCIO is much more reactive and is a powerful
disinfectant than hypochlorite CIO~. The HOCI splits into
hydrochloric acid (HCI) and oxygen atoms (O). The HOCI
and (OCI) exist in an equilibrium that is pH dependent.
The equilibrium is also slightly affected by temperature.
The level of HOCI decreases with the increase of pH.
When the pH value is less than 5.5, the HCIO reaches its
peak effectiveness. The disinfecting properties of chlorine
in water are based on the oxidizing power of free oxygen
atoms and on chlorine substitution reactions. Disinfection
with chlorine takes place optimally when the pH is
between 5.5 and 7.5. Fig. 8 [21] illustrates distribution of
HCIO and hypochlorite ion in water at different pH values
and temperatures.

Chlorination for RO pretreatment is applied by adding
usually chlorine (Cl,) continuously at the intake location,
and by allowing 20-30 min reaction time. A free residual
chlorine concentration of 0.5-1.0 mg/L is to be maintained
through the whole pretreatment line. Chlorination is useful
in several pretreatment steps, e.g., aiding in coagulation,
algae control in basins, odour reduction, controlling, and
so on. However, it is noticed that the longer contact time
provided by pre-chlorination allows chlorine to react with
organics in SW and produces carcinogenic byproduct sub-
stances such as trihalomethanes (THMs) [22]. The THMs
are predominantly formed as a byproduct when chlorine is
used to disinfect water for drinking. Many governments set
limits on the permissible amounts of total THMs in drinking
water, e.g., the EPA in USA limits the total concentration
of the four chief constituents (chloroform, bromoform, bro-
modichloromethane, and dibromochloromethane), referred
to as total THM (TTHM), to 80 parts per billion (ppb or
ug/L) in treated water. More on the subject of chlorination
are given in [11, 23, 24].

De-chlorination upstream of the membranes is required
to protect the membranes from oxidation. Biofouling
problems commonly appear downstream the point of
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Fig. 8. Distribution of hypochlorous acid and hypochlorite ion in
water at different pH values and temperatures [21].

de-chlorination [22]. Since there is no chlorine present
on the membranes, microorganisms can grow with an
enhanced nutrient offering, unless the system is sanitized
very frequently. Therefore, the continuous chlorination/
de-chlorination method is becoming less popular.

Instead of continuous chlorination, chlorine is prefera-
bly applied off-line to the pretreatment section periodically.
During offline chlorination, the feed water has to be sent to
drain prior to reaching the membranes. Before the system
goes into operation again, all chlorine containing feed water
has to be rinsed out carefully, and the absence of chlorine
must be verified. Sodium metabisulfite (Na,S,0,) is com-
monly used for removal of free chlorine.

Voutchkov [10] stated that chlorine dioxide (CIO,) is
a weaker oxidant than chlorine, fairly effective for most
aquatic microorganisms, and not as aggressive in terms of
RO membrane oxidation. When chlorine dioxide is used
intermittently and in low dosages (0.2-0.5 mg/L) and at
low pH, de-chlorination may not be required, and may not
cause RO membrane degradation. However, reverse osmosis
membrane manufacturers differ in their views regarding the
use of chlorine dioxide without subsequent de-chlorination.
More on continuous and intermittent chlorination are given
in [11].

Chlorine can kill algae species during the AB incidents
by damaging the algae cells. This can prevent the cells from
entering the desalination plant, but the destroyed cells pro-
duce high levels of sticky AOM-containing polysaccharides
and proteins, TEP, and biopolymers. These materials are
more difficult to remove than the algae cells and cause major
SWRO fouling problems. These materials also create an envi-
ronment where bacteria thrive and exacerbating biofouling
issues in the SWRO [25].

As mentioned before, chlorine does not provide 100%
barrier to all organisms causing biofouling.
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5.2. Primary treatment

Voutchkov [10] has summarized filtration processes and
technologies needed for SW before its entrance to the SWRO
membranes, based on SW characterization by NTU, SDI, and
chlorophyll-a, as shown in Table 4.

5.2.1. Coagulation and flocculation

The feed SW to the SWRO desalting plants has sus-
pended particulates, contributing to turbidity that should be
removed before SW inlet of the RO membranes. These parti-
cles can be inorganic such as clay and silt or organic such as
algae, bacteria, viruses, protozoa and natural OM, and can
have several sizes. Naturally, the sizes of 100 um can be set-
tled if sufficient retention time is provided, while particles of
10 um in size tend to float. Therefore, small size particulates
in SW have to be agglomerated to large particles for easily
sedimentation or filtration. These include emulsified oil and
grease and finely divided solid suspension in SW. Some of
the suspended particles may have naturally negative charges
(as shown in Table 2), repel each other electrostatically,
and would not join to form larger particles that settle more
quickly. A coagulant, such as ferric chloride (FeCl,), can be
added to SW to overcome repulsion between the particles.
Many of the coagulant chemicals react with water to form
insoluble hydroxides which, on precipitation, link together to
form long chains or meshes, physically trapping small parti-
cles into the larger floc.

Coagulation usually precedes other pretreatment pro-
cesses such as flocculation, DAF, sedimentation, GMF, and
low pressure membranes filtration. It encompasses all reac-
tions and mechanisms involved in the chemical destabiliza-
tion of particles and in the formation of larger flocs by the
aggregation of particulates of sizes range from 0.01 to 0.1 mm.
The use of coagulation before GMF enables it to remove fine
particles and micro-plankton of small sizes up to 0.2 um,
while GMF without coagulation removal is likely for large
particles of 50 um. Coagulation can be followed with or with-
out clarification (e.g., sedimentation tanks or DAF) or filters.
Flocculation involves gentle mixing of water to allow small

Table 4

particles to combine and form larger particles by particle
collisions. In sedimentation, larger particles sink gradually to
the bottom of the tank where they can be removed.

Chemicals coagulants used in SWRO pretreatment
include ferric chloride (FeCl,) and less used ferric sulfate
[Fe,(SO,),]. They assist in removing the suspended particles
by enabling them to agglomerate and settle. Inorganic coag-
ulants and polymeric flocculants have positively charged
molecules that interact with the negatively charged partic-
ulates, neutralize these charges, and allow the particles to
come closer together. Ferric chloride and aluminum sulfate
[AL(SO,),] have trivalent cations that are effective in promot-
ing coagulation. Coagulation is applied either in full scale
or inline mode. Once added to SW, the iron coagulants are
hydrolyzed and form ferric hydroxide [Fe(OH),] with a pos-
itive charge, depending on the coagulant dose and the pH of
SW. The ferric sulfate is less used to limit possible calcium
sulfate (CaSO,) precipitation.

Alum [KAI(SO,),-12H,0] and polyaluminum chloride
coagulants are often used in other water treatment processes,
but are less common in SWRO pretreatment. These coagu-
lants have high solubility that is encouraged by SW’s high
ionic strength, and can be carried to the RO membranes, lead-
ing to precipitation of ferric sulfate [AL(SO,),] [6]. Although
polyaluminum chloride is similar in performance to alum, its
use leads to higher basicity than alum, contains CI instead
of SO, and contain up to three times the aluminum content.
Limited SWRO plans are using aluminum-based coagulants
due to cost and potential toxicity.

The NOM can be removed by coagulation through phase
change, converting dissolved NOM into particles directly by
precipitation or by adsorption onto particles produced by the
coagulant. Other added chemicals in the pretreatment of the
SWRO desalting process are shown in Fig. 9.

Voutchkov [10] gave typical dosing amounts for iron salt
coagulants between 0.5 and 20 mg/L, depending on water pH,
which were obtained from onsite jar tests or pilot plants for
the site-specific conditions of a given application. The dosage
is also temperature dependent. Coagulants overdosing cause
SWRO membrane mineral fouling, and fast-rate fouling of

Needed filtration processes based on SW characteristics (NTU, SDI, and chlorophyll-a) [10]

Turbidity SDI,  TOC Pretreatment process Remarks

(NTU) (mg/L)

<0.1 <2 <1 Cartridge or bag filters only for grit removal may be needed if =~ MF/UF may be cost com-
intake wells are used. petitive for 7-10 years life

>0.1 and <5 <5 <1 Single-stage dual-media filters plus cartridge filters are needed, membranes.
and coagulant addition may not need.

>5 and <30 >5 <4 Single-stage dual-media filters plus cartridge filters, or MF/UF =~ Moderate algal blooms
are recommended; and coagulant addition may be needed.

>30 and <50 >5 >4 Sedimentation or DAF plus single stage dual-media filters Severe algal blooms and/
plus cartridge filters, or sedimentation or DAF plus MF/UF are  or high oil spill potential
recommended.

>50 >5 >4 High-rate sedimentation or DAF plus two-stage dual-media

filters plus cartridge filters, or high-rate sedimentation or DAF

plus MF/UF are recommended.
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Fig. 9. Chemical conditioning in SWRO desalting plant [13].

Table 5

Reported removal efficiencies of algae for various treatment processes [26]

Treatment Source water Remarks Removal (%)
GMF E. Mediterranean Sea Rapid sand filter (no coag.) 76 +13
E. Mediterranean Sea Coag. + mixed bed filter 90 +8
E. Mediterranean Sea Coag. [1 mg Fe,(SO,),] + RSF 79+8
W. Mediterranean Sea Press. GMF (anthracite-sand) 74
Algae-spiked seawater Dual media filter (no coag.) 48-90
DAF Algal culture Coag.=0.7-3mg Al/L 98
MF Algal culture No coagulation >99
UF W. Mediterranean Sea PVDF; pore size = 0.02 um 99

Note: Removal efficiency calculated based on chlorophyll-a concentration or cell count.

the cartridge filters and SWRO membranes. Voutchkov [10]
reported that, if TOC in seawater is reduced to 0.5 mg/L or less,
then biofouling is unlikely, but TOC levels above 2 mg/L, bio-
fouling is likely. Good coagulation would decrease the TOC
to 1-2 mg/L, and then GMF is needed. Coagulation allows
the granular filtration process to also remove finer particulate
debris and micro-plankton from the source water. Properly
operating filters can remove particles as small as 0.5 pm.
Tabatabai [26] showed that coagulation followed by sed-
imentation was effective in lowering biopolymers concentra-
tion and fouling potential by up to 70% and 80%, respectively.
AOM comprises IOM formed due to autolysis consisting of
proteins, nucleic acids, lipids and small molecules as well as
EOM formed via metabolic excretion and composed mainly
of polysaccharides. The biopolymer is part of the AOM of

high molecular size, while low MW fractions (<1 kDa) are
further sub-classified into humic-like substances, building
blocks, acids and neutrals [26].

Coagulation followed by sedimentation was also effec-
tive in removing more than 80% of TEP for a coagulant dose
of more than 5 mg Fe(IIl)/L [27]. Again, TEP was a signif-
icant fraction of the exo-polysaccharides, and was charac-
terized by being highly surface active and sticky and was
found to play an important role in the aggregation dynam-
ics of algae during bloom events. The TEP can therefore
adhere strongly to the surfaces of filtration systems and
provides substantial resistance to filtrate flow during filtra-
tion. Table 5 shows that coagulation is only effective (with
99% removal efficiency) if combined with DAF for seawater
loaded with algal culture.
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Dual coagulants (low MW high charge-density cationic
polymer and ferric coagulant) are usually used for SW in
which NOM from algae or humic substances exists. The
cationic polymer provides positive charge to satisfy par-
tially the negative charge associated with particles and more
importantly the dissolved NOM. The high charge-density
cationic polymers can satisfy some of the negative charge
associated with aquatic humic matter and algae thus reduc-
ing metal coagulant dosages. Their use in SW coagulation to
complement ferric coagulation can be advantageous, espe-
cially because pH of SW is fairly high, limiting the fraction
of positively charged Fe species available for charge neu-
tralization [27].

Sometimes, coagulation by ferric chloride (FeCl,) is not
enough to create large and stable enough flocs, due to short resi-
dence times (typically a few minutes) asin SWRO pretreatment.
Thus, coagulation is usually followed by flocculation to pro-
mote aggregation of the destabilized (coagulated) particles
and as an aid to sedimentation and filtration. Flocculation is
the bridging of particles by a polymer chain, causing them
to form flocs or larger aggregates. Aggregation of coagulated
particles into bigger and more robust flocs can be achieved by
either extending the contact time while lowering the turbu-
lence, or adding organic polymers.

The added organic polymers as flocculants can be of cat-
ionic, anionic and non-ionic types. Cationic polymers, such
as poly-diallyldimethyl ammonium chloride (poly-DAD-
MAC), have positively charged side groups and mostly serve
as secondary coagulants following iron coagulant and act to
further neutralize the colloids’ negative charge. Anionic and
non-ionic polymers (such as polymerized and copolymerized
acrylamides) act as flocculants aids. By means of adsorption
and inter-particle bridging, they create large stable flocs, as
shown in Fig. 10 [6].

These flocs either float (flotation) or sink (sedimentation),
depending on the relative density of the solute and the iden-
tity of the contaminant, making them easier to remove from
the system. The large heavy flocs settle at the bottom of the
clarifier and form a sludge layer that can be easily collected
and removed.

The two types of flocculation are as follows: (1)
micro-flocculation (or perikinetic flocculation), in which par-
ticle aggregation is brought about by the random thermal
motion of fluid molecules known as Brownian motion; and
(2) macro-flocculation (or orthokinetic flocculation), in which
particle aggregation is brought about by inducing velocity
gradients and mixing in the fluid containing the particles to
be flocculated [28].

Coagulation and flocculation improves SW quality both
in conventional GMF, MF and UF of SWRO, as well as in
reducing MF/UF fouling. Prihasto et al. [29] reported, from
work of others, that:

a. The use of potassium polymer ferrate (VI) as a coagulant
and pre-oxidant can give excellent removal of algae and
microbial, which can reach more than 98%.

b. The adsorption of humic acid by powdered, activated
carbon (PAC) can be significantly greater in saline water
compared with freshwater. The addition of the PAC prior
to the coagulant was found to give the greatest removal
of humic acid.

= I Aftached chaige
ST o o oy e (Stemn)

= =
_"-_ -.:"? it | ;
L T st
et e
- s L
e e gs
Sl ny, O g
L5 pd o :
i
Pk J oo etk
o=
¥ i i ] F
4. =
-
UEEA V.
f l__-" -l Fs
5E s &S I_',JJ:? | =
I
7 = e e
S— I . = LA L
Pr— | Pooroiston - e
- ol L
o b i
=
Fr
- hdmcaphor B brogeg ] ar

Fig. 10. Coagulation and flocculation of colloids with Fe(III) and
an organic polymer [6].

c. Coagulant residuals from the pretreatment process may
negatively affect RO membrane performance using either
aluminum sulfate (alum) or ferric chloride coagulants
and chloramines. The use of alum showed rapid deterio-
ration in specific flux (up to 60% over 100 h of operation),
and also progressive reductions in salt rejection.

5.2.2. Sedimentation

After coagulation and flocculation, the effluent SW is
directed to the sedimentation tank. Within sedimentation,
the suspended solids particles in feed SW are removed by
gravity through moving the water to a settling tank at very
low velocity. The settling tanks are called clarifiers, and
built with mechanical means for continuous removal of
solids being deposited by sedimentation. As pointed out
by Voutchkov [10], sedimentation tanks are to be designed
to produce water of turbidity less than 2.0 NTU and a mea-
surable SDI . below 6 by using both coagulant (most fre-
quently iron salts) and flocculants (polymer) for the feed
systems. The water flowing with low velocity in the set-
tling tanks allows floc to settle to the bottom, and this tank
should be close to flocculation tank to avoid floc break up.
After the clarifier, water is directed to the filtration pro-
cess, see Fig. 11(a). Typical sedimentation tanks have four
zones: inlet zone, settling zone, sludge zone and outlet
zone, see Fig. 11(b).

The inlet zone distributes the incoming water and
controls its velocity as it enters the basin; and prevents
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Fig. 11(a). Classical coagulation sedimentation filtration (CSF)
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shapes [30].

turbulence of the water. In the settling zone, as water
velocity is greatly reduced, the bulk of settling occurs. The
settling zone requires a slow rate and even flow of water.
The performance of sedimentation tanks is a function of set-
tling velocity, flow through the tank and the surface area
of tank, but not on the retention time or the depth of the
tank. Typical retention times for sedimentation vary from
1.5 to 4 h and basin depths vary from 3 to 4.5 m. The parti-
cles settled at the sedimentation basin’s bottom form a layer
of sludge on the floor of the tank, which must be removed
and treated. The amount of sludge generated is significant,
often 3% to 5% of the total volume of water to be treated. A
typical horizontal sedimentation tank configuration is the
Lamella type tanks, as shown in Fig. 12, which is followed
by single stage granular media filter that issued in 40,000
m?/d (10.6 MGD) SWRO desalination plant with 43% recov-
ery ratio [10].

Fig. 12. Lamella sedimentation tanks [10].

5.2.3. Dissolved air flotation

The DAF tank, Fig. 13, has a front (contact) zone separated
by a baffle from a separation zone. The contact zone receives
the flocculated SW and air bubbles, forming floc-bubbles
aggregate (called float) that flow vertically and provides
opportunity for collisions and attachment among floc parti-
cles and air bubbles. Air bubbles are aggregated with floc.
The water carrying the suspension of floc-bubble aggregates,
along with free bubbles and unattached floc particles, flows
vertically to enter the separation zone. The size of the air bub-
bles is directly related to the predominant size of algae cells
in SW, which can be determined by the completion of algae
profiles during AB and non-AB conditions.

The bubble-floc aggregates (called the float) rise to the
surface of the tank, producing sludge that is skimmed from
there. Clarified water is withdrawn from the bottom of the
tank, where part of it is recycled (Qr). Air is introduced
within a pressurized recycle water stream and is separated as
small bubbles by passing the recycled water through nozzles
in the tank that lower its pressure. The recycle flow has a typ-
ical 10% times Qr, and the micro-bubbles have typical sizes
between 10 and 100 um. The DAF is particularly good in
removing algae from SW, after coagulation by ferric chloride
and flocculation by cationic poly-electrolytes. It also removes
the precipitates caused by coagulants and flocculants.

The DAF process is increasingly applied in SWRO pre-
treatment process to remove low-density particles that can
float, e.g., algae cells, oil and grease contained in seawater.
It is usually followed by conventional GMF or low pressure
membranes filtration, i.e., MF and UF. The DAF removes the
particles naturally present in the feed SW, particles produced
by processes prior to the DAF, or those from oxidation pro-
cesses [31]. The DAF technology can produce effluent tur-
bidity of <0.5 NTU. Haarhoff and Edzwald [32] modeled the
DAF processes, and compared its performance with seawa-
ter and freshwater. Fig. 14 shows a schematic diagram of a
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Fig. 13. Clarification by dissolved air flotation [13].

Fig. 14. Schematic representation of the pilot plant [33].

pilot plant used to compare the effect of using DAF upstream
GMEF or UF systems [33]. One of the most significant features
of the DAF is the low surface loading rate (about one tenth,
compared with the conventional sedimentation), and thus
low foot print. Sludges formed by DAF processes are also of
high density.

The DAF may not be suitable for treatment of SW sources
of high turbidity (beyond 50 NTU). The SW turbidity during
most ABs does not exceed 50 NTU, and thus the DAF can
handle practically any AB condition. The problems with the
DAEF, compared with conventional sedimentation, include
the added equipment to provide saturated air, partial recir-
culation of treated water, and higher consumed energy.
Commercial DAF units were primarily designed for fresh
and wastewater applications, and new designs were devel-
oped for SW having smaller plankton with smaller bubble
sizes, increased air pressure of saturated air to account for
SW high density and viscosity compared with freshwa-
ter. In addition, low-charge particles require longer contact
time and better mixing in the coagulation and flocculation

Sludge Channel Auto Effluent
Weir

Air-Water

Dispersion Zone Efamen

Qr

chambers, in order to form large enough flocs for effective
removal in the flotation zone of the DAF [10]. An example
of the DAF clarifier design was given [10], for 40,000 m?*/d
SWRO desalting plant having 43% recovery ratio and DAF
clarifiers is combined with GMF. The maximum algal count
in the source water is 60,000 cells/mL, and the hydrocarbon
levels can reach 0.5-1 mg/L. The pretreatment system was
designed to operate with addition of coagulants and floccu-
lants and adjustment of pH of the source water flow.

Examples of DAF followed by GMF applied in large
SWRO pretreatment plants are [10]:

e Al Dur SWRO plant (Bahrain) of 240,000 m®/d (63 MGD)
permeate capacity, with DAF loading of 25-30 m/h, fol-
lowed by horizontal pressure filters of filtration rate of
18-24 m/h filter loading rate, and using an open intake of
shallow water in an area prone to ABs.

e Barcelona SWRO plant (Spain) of 200,000 m*/d (53 MGD)
permeate capacity, with DAF loading 25-30 m/h followed
by 20 dual media gravity filters of 8-10 m/h filter loading
rate and 20 horizontal pressure filters of 15-20 m/h filter
loading rate, and using deep off-shore open intake.

e Fujairah Il SWRO plant (UAE) of 140,000 m?/d (37 MGD)
permeate capacity, with DAF loading of 15-20 m/h fol-
lowed with 16 single-stage dual-media pressure filters of
37-49 m/h filter loading, and using open intake of shal-
low water.

e El Coloso SWRO plant (Chile) of 45,400 m*/d (12 MGD)
permeate capacity, with DAF loading 22-33 m/h and
followed by 13 two-stage dual-media horizontal pres-
sure filters of 25 m/h filtration rate, and using a deep
off-shore open intake in an industrial port with frequent
red tides.
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Fig. 15. General configuration of Shuwaikh SWRO plant in Kuwait built and operated by Doosan [34].

DAF also was installed upstream low pressure UF
membranes in Shuwaikh (Kuwait) SWRO plant, as shown
in Fig. 15 [34]. The use of DAF became a common practice
in areas where AB occurs. The DAF subsystems performed
well, as shown in Fig. 16, which compared the SW turbidity
at the intake and DAF effluent.

When the feed SW contains a measurable amount of
algae species, which is greatly increased during red tides,
some algae species cells are easily fragmented under pres-
sures as low as 0.3-0.6 bar. When these cells are broken, they
release cytoplasm into the source water that has a very high
content of easily biodegradable polysaccharides. When the
amount of polysaccharides released by the broken algae cells
exceeds a certain level in the filtered water, it typically trig-
gers accelerated biofouling on the RO membranes. Therefore,
it is preferable to gently remove algae cells and prevent their
breakage. Another solution is to include a layer of granular
activated carbon (GAC) on the top of granular media filter
that followed the DAF to remove some of the polysaccharides
and other organics from the water [10]. Operating pressures
required for GMF processes are often higher than the thresh-
old at which algal cells break, and thus may cause accelerated
biofouling when the filtered water has very high algae con-
tent, usually during ABs in summer. In this case, a coagulant
of 1-2 mg Fe(Il)/L or higher is required to keep this process
effective. In addition, coagulants might be required upstream
of the GMF to ensure an acceptable SDI in the effluent.

The DAF proved to be more robust than sedimentation
in handling large concentrations of suspended matter
(e.g., algae), and now is often used upstream the GMF to
avoid its rapid clogging with algae in the case of AB inci-
dent similar to that happened in the GCC in 2008-2009. In
this incident, when a coagulant was used with GMF without
using DAF, the population of decayed organic and bacterial
matter increased and often passed through GMF. This raised
the SDI at both inlet and outlet of cartridge filter beyond 5,
leading to down times at some plants that exceeded 40%.
Fig. 16 shows thick floating sludge or scum accumulated on
top of GMF (right side photograph) during red tide period as

—— Intake Turbidity

~—— DAF Effluent Turbidity
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Fig. 16(a). Turbidity peak has been detected during ship
movement, torrential rain and low tide with strong wind
condition [34].

DMFduring Red Tide condition

Fig. 16(b). Thick floating sludge or scum accumulated on top
of DMF (right side photograph) during red tide period as com-
pared with clean surface during normal operations (left side
photograph) in an operating plant in the UAE [34].

compared with clean surface during normal operations (left
side photograph) in an operating plant in the UAE. The use
of DAF upstream of GMF might be cheaper than having con-
ventional sedimentation units upstream the GMF as the DAF
has lower foot print.

Most of the algae cells (more than 90%) are removed by
being floated and skimmed in the DAF tank. It is reported
that dosing the SW with a coagulant at around 1-2 mg/L as
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Fe* into the DAF assists micro-bubbles in lifting coagulated
cells to the surface of the DAF tank. Coagulant can also aid
removal of any extracellular AOM that may have leaked
from the algae cells. Notably, toxins are mostly intracellular
depending on the species of algae. For example, microcystin
is the main intracellular toxin (97%) produced by the algal
species Microcystis aeruginosa [25]. Thus, DAF can be an addi-
tional barrier for removing intracellular toxins. Extracellular
toxins are poorly removed by the DAF process and can pro-
cess to the filtration stage. A pilot plant study conducted at Al
Fujairah in the UAE showed more than 97% removal of cells
using green algae, Tetraselmis, at 100,000 cells/mL [25]. This
shows that the DAF process can be effective for cell removal
even in very dense AB. Dixon et al. [25] reported that the
few algae cells left in the DAF effluent will be adequately
removed by pre-filtration, whether that is dual media filtra-
tion (DMF) or UF. It is important to mention that Tetraselmis
is a surface dwelling algae, it exploits the very surface of the
water due to the ability to produce its own “sunscreen.” Most
algae cannot occupy this upper most layer, the UV light is
too damaging. Consequently, it is not recommended to use
a Tetraselmis study as a be all and end all of DAF being effec-
tive for removing algae because there are many more types of
algae that would need to be investigated.

5.3. Secondary treatment: filtration
5.3.1. Granular media filtration (GMF)

In large conventional SWRO pretreatment plants, GMF
is the main water filtration component, where SW is filtered
to reduce high loads of particulate and colloidal matter (i.e.,
turbidity). The GMF is supposed to receive feed SW after
being screened, coagulated, flocculated, passed through sed-
imentation or air flotation tank, which is followed by micron
cartridge filter before finally entering the SWRO membranes,
see Figs. 5(a) and 10(a). The targeted effluent quality from
the GMF before its entrance to the SWRO membranes should
have an average turbidity of less than 0.1 NTU or a maxi-
mum of less than 0.5 NTU, SDI less than 3 (at least 95% of the
time), TOC less than 1 mg/L, and total hydrocarbons of 0.04
mg/L. The main particulate removal mechanism in the GMF
is not only due to straining, i.e., removal of particles from
liquid by passing the liquid through filter whose pores are
smaller than the particles, but rather that of depth filtration
or adsorption like effect where particles “stick” to the filter
media [35]. Actually the removal mechanisms in filter media
rely on sedimentation on media (sieve effect), adsorption,
absorption, biological action and straining, see Fig. 17(a) [36].
The media filter should have good hydraulic characteristics
(permeable); should not react with substances in the water
(inert and easy to clean); should be hard, durable and free of
impurities; and should be insoluble in water. Gravel that is
used to support the filter sand should have similar character-
istics. Typical filter media characteristics are given in Table 6.

Typical parameters of a dual media filters are as follows:
anthracite layer thickness of 0.7-0.8 m, grain effective size of
1.0-1.5 mm and uniformity coefficient (UC) <1.4. The sand
layer thickness should be 0.7-0.8 m, effective size 0.6 mm, UC
<1.3, and velocity 7-10 m/h. The effective size is defined as
the size of a sieve opening through which 10% (by weight) of
the particles (sand) will just pass and is given the symbol d, .

Fig. 17(a). Fouling mechanisms at stake in the granular filtra-
tion [36].

Large pore space allows rapid
oxygen diffusion and unsaturated
flow arownd the sand particles.

Fig. 17(b). Explanation of how small particles filling the spaces
between large particles give high UC [37].

Fig. 17(c). Dual media gravity filtration in Fujairah 2.

Coagulated/
floccutated water

Anthracite coal

Sand

-
Support gravel_ |

Collected filtrate.
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Fig. 17(d). Dual media filtration (left) and schematic of gravity
filter (right) sand and anthracite media [6].
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Table 6
Typical filter media characteristics [10]

Medium  Typical effective Specific density, Uniformity
grain size, mm  tons/m? coefficient
Pumice 0.8-2.0 12 1.3-1.8
Anthracite  0.8-2.0 1.4-1.7 1.3-1.8
Silicasand 0.4-0.8 2.60-2.65 1.2-1.6
Garnet 0.2-0.6 3.5-4.3 1.5-1.8

In a similar way, the size of a sieve opening through which
60% (by weight) of the particles (sand) will just pass is given
the symbol d . The UC, which is a measure of the grading
of the material, is the ratio d,/d, [35]. The UC indicates how
similar the media particles are with respect to size. The d,,
value of the filter media can also be used to determine the
filter backwash rate at 20°C. In general, for media of the same
size, a higher UC allows for an increased filter cycle length.
A schematic diagram of low and high UC is provided in
Fig. 17(b).

Single-stage dual-media (separated anthracite and sand
of different specific gravities) is typically used in SWRO
pretreatment. Water passes through the filter bed (in the
down-flow direction in most cases, but up-flow exists also),
causing the suspended particles to contact and adsorb (stick)
onto the surface of the individual media grains or onto pre-
viously deposited material. The anthracite (black coal) layer
is sited on the sand layer and allows run times longer than
that of sand alone. This top layer with larger void spacing
acts as a robust roughing layer that can handle heavy sol-
ids loading conditions, such as in the case of an AB incident.
The sand lower layer acts as final barrier for the fine particles
that would otherwise lead to fouling. The GMF performance
depends on the type, uniformity, size, and depth of filter
media. Typical layer thicknesses are 0.4-0.8 m for anthracite
layer and 0.4-2 m for sand. The performance of GMF is deter-
mined by its capability for removing silt and colloids or by
reducing the SDI. Many GMF can consistently reduce source
water turbidity to less than 0.1 NTU at the same time pro-
ducing effluent with SDI frequently exceeding 4, and should
be designed to capture fine solids, silt, and colloidal organics
contained in SW.

The parameters considered in the design of the GMF
are the expected quality of filtrate, the size, surface charge,
and geometry of both suspended solids and filter media,
and choice of operational parameters. The design filtration
flow rates are usually 10-20 (m*/h/m?) or simply m/h, and
the backwash rates are in the range of 40-50 m/h. For feed
SW of high fouling potential, flow rates of less than 10 m/h
and/or second pass media filtration are used. When SW con-
tains high levels of organics (TOC is higher than 6 mg/L)
and suspended solids (monthly average turbidity exceeds
20 NTU), two-stage filtration systems are usually applied.
The first filtration stage is mainly designed to remove coarse
solids and organics in suspended form. The second-stage
filters retain fine solids and silt, and remove a portion
(20%—-40%) of the soluble organics contained in the saline
water by bio-filtration [10]. The use of sand of 0.8-1.2 mm
grain size and anthracite of 2-3 mm grain size filter beds

provides higher filtration rates, longer runs and require less
backwash water, when compared with single media filtra-
tion. Anthracite/sand/garnet beds operate at normal rates of
approximately 12 m/h and peak rates as high as 20 m/h with-
out loss of effluent quality. After the filtration process, the
filter media is cyclic backwashed with water and air.

GMFs with water flowing by gravity are reinforced
concrete open tanks of similar size operating in parallel,
with minimum number of three tanks required to allow for
one filter to be standby (e.g., for backwash or maintenance),
while the capacity of the other two meets the demand.
The size of each tank is limited to 100-150 m? to avoid
non-uniform backwash. Voutchkov [10] recommended a
minimum number of four tanks, even for very small plant,
and six to eight tanks for plants with a capacity of more than
5,000 m®/d (1.3 MGD). For DP of more than 10,000 m?/d, the
tanks are to be divided into two groups that can be operated
independently and paired with one-half of the desalination
plant RO trains.

Filtration tanks are filled with media of 1.8 and 3.0 m,
and water is allowed to flow through them, Figs. 17(c) and
17(d). The water head (pressure) over the filter bed provides
the pressure needed to overcome the head loss in the media.
Single-stage dual-media down-flow gravity filters are the
predominant type of filtration pretreatment technology
used in SWRO desalting plants with a capacity of more than
40,000 m*/d. Typical examples of DP using gravity GMF
filters are [10]:

e Ashkelon SWRO plant (Israel) of 330,000 m?*/d (86 MGD)
permeatecapacity,using40single-stagedual-mediagravity
filters of average and maximum loading of 10/12 m/h.

* Sydney SWRO plant (Australia) of 250,000 m*/d (66 MGD)
permeate capacity, using 240 single-stage dual-media
gravity filters of average and maximum loading of
8/12 m/h.

e Fujairah SWRO plant (UAE) of 170,000 m*/d (45 MGD)
permeate capacity, using 14 single-stage dual-media
gravity filters of average and maximum loading of
8.5/9.5 m/h.

* Gold Coast SWRO plant (Australia) of 136,000 m?*d
(36 MGD) permeate capacity, by using 18 single-stage
dual-media gravity filters of average and maximum
loading of 8/10 m/h.

* Tuas SWRO plant (Singapore) of 136,000 m*/d (36 MGD)
permeate capacity, by using 20 single-stage dual-media
gravity filters combined with DAF and has average and
maximum loading of 6/10 m/h.

Voutchkov [10] gave an example of a gravity type GMF
with down-flow dual media operating in large capacity
SWRO plant as a guide line, and suggested that final design
(media size, depth and configuration) should be based on
pilot testing, with a tapered distribution channel to the con-
crete tanks as follows:

* Velocity in the distribution channel higher than 2 m/s at
all times;

e Number of filter cells 8-18;

e Filter cell width 3-8 m, depth 4.5-7.5 m, length-to-width
ratio 2:1-4:1 (typically 3:1);
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Fig. 18(a). Vertical pressure granular media filters [13].

e Individual filter cell area 25-100 m?

*  Maximum water depth above filter 2.5 m (should be equal
to or slightly higher than filter bed head loss), which is
usually 1.8-2.4 m;

e TFiltration rate (at Desalination Plant Intake Design Flow)
with all filters in service 8-10 m/h, and with two filters
out of service 15 m/h;

e Filter Media:

—  Anthracite/pumice: top layer depth 0.8-1.8 m for deep
bed filters; or 0.4-0.8 m for shallow bed filters used
for water of low turbidity (less than 5 NTU) and low
organics content (TOC less than 2 mg/L),

—  Anthracite/pumice: effective size is 0.8-2 mm (typically
1.2 mm), UC 1.3-1.7 (preferably less than 1.4),

—  Anthracite bulk: specific gravity is 1.5-1.6 tons/m?, and
density 0.8-0.85 tons/m?,

—  Sand bottom Layer: depth for deep bed filters 0.8-2 m
(recommended), and for shallow bed filters 0.4-0.6 m,
effective size 0.4-0.6 mm, UC less than 1.4, and spe-
cific gravity 2.65 tons/m? and density 1.5-1.9 tons/m>.

e Air-water filter backwash system
—  Backwash rates: maximum 55 m/h and average 40-45

m/ h, and duration (total air plus water) 15-30 min
(includes filter cell draining and fill-up);

— The pressure type GMFs with down water flowing
has similar beds as the gravity GMF type, but they
are contained in vertical, or horizontal steel pressure
vessels, Figs. 18(a) and (b), respectively.

These pressure types GMF were used mainly in small
and medium SWRO desalination plants, usually less than
20,000 m?*/d (5.3 MGD) although some large capacity plants
use this type. Examples of large SWRO plants using pressure
GMF are given by [10]:

e Al Dur SWRO plant (Bahrain) of 63 MGD,
e Barcelona SWRO plant (Spain) of 53 MGD,

Fig. 18(b). Horizontal pressure granular media filters [13].

Perth I SWRO plant (Australia) of 38 MGD,
e Fujairah Il SWRO plant (UAE) of 37 MGD,
e El Coloso SWRO plant (Chile) of 12 MGD.

The pressure type GMFs are prefabricated steel struc-
tures. When compared with gravity type, the pressure types
have lower volumes and sizes (and smaller foot print) and
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Fig. 18(c). 200 m*/d ML/d Barcelona SWRO Plant using both pressure and gravity GMF preceded by DAF [13].

thus lower production costs per unit filtration capacity. This
is clear from the fact that pressure type GMF have 25-45
m/h surface loading, compared with that of gravity loading
of 8-15 m/h. Moreover, it is easier to fill prefabricated ves-
sels with media filters layers in shorter times than building
concrete tanks to contain the filer’s media. The gravity filters
need to be covered in order to avoid sunlight that induces
algal growth.

Concerning removal of algae species, the pressure-type
GMF is operating at pressures higher than that which breaks
the algae cells. Again, the breaking of algae cells releases
cytoplasm into SW with high content of easily biodegradable
polysaccharides, which can trigger accelerated membranes
biofouling. This problem is solved by using DAF before the
GMF and by using a GAC media layer (activated carbon
layer-cap) on the surface of the filters to remove some of the
polysaccharides and other organics in SW. This is usually
occurred in the summer and during AB, and when the TOC
in SW exceeds 2 mg/L.

Voutchkov [10] gave an example for pressure type GMF
of single stage with down-flow dual media operating large
capacity SWRO plant as follows:

e Number of filter vessels is 620, and each has diameter of
1.2-6 m (typically 3 m), length of 2.5-15 m (typically 6 m),
and depth of filter bed 0.6-0.9 m;

e Filtration rate (at desalination plant intake design flow);
— All filters in service: 12-25 m/h, and
— Two filters out of service: 30 m/h,

— For two stage media filtration, the first, coarse media
stage using single or dual media down flow, air-water
backwash; filtration rate is 15-25 m/h when all filters
are operated and 30 m/h when two filters are out of
service.

e Head loss across the filter vessel;

— Total head loss across the filter media 15-30 m (average
20 m), and net head loss available for filtration 7.5-15m,
and average filter cell run length 24-48 h.

e Anthracite or sand filter media;
— Anthracite layer depth is 0.4-1 m, effective size is 1-2
mm (typically 1.5 mm), and UC is less than 1.5. Sand
layer depth is 0.4-1 m, effective size is 0.4-0.6 mm,
and UC is less than 1.5.
e Air-water filter backwash system;
— Backwash rate: maximum 60 m/h, and average 45-55
m/h, and duration (total air plus water) 20-30 min
(includes filter cell draining and fill-up).

It is clear that, before GMF, the feed SW should go
through some processes such as sand removal, sedimenta-
tion and DAF. It is noticed here that the 200 m®/d Barcelona
SWRO Plant (Spain) uses both pressure and gravity GMF
preceded by DAF, as shown in Fig. 18(c).

Voutchkov [10] reported low TOC removal rate (15%-—
20%) when the media filter layer depth is 1.0-1.4 m. The
removal rate can reach 25% if the filter media layer is
increased up to 2 m. The TOC removal rate can be increased
to 40%-50% if a carbon cap is installed on the top of the
media filter. Concerning the removal of algae, most of algae
species larger than 100 pum are retained by the top anthra-
cite layer. Micro- and pico algae are not well removed by
conventional sand media of sizes 0.4-0.6 mm; hence, a third
layer of finer filter medium is to be installed. In general,
algae removal can typically vary between 20% and 90%
depending on the media size. The effluent quality of GMF
can be highly changed over time, with reported removal
efficiencies of 48%-90% for algae and 17%-47% for biopoly-
mer (algal-released organic macromolecules) [10]. Dixon
et al. [25] reported that GMF can have up to 90% algae cells
removal efficiency when optimized. Biopolymer removal
may be up to 47%. Concerning bacteria and viruses, GMF
typically removes 99% of pathogens. Removal of marine
bacteria may occur at a lower rate because these organ-
isms are of smaller size than human pathogens and may
pass through the filters. Coagulants have to be monitored
and optimized by using jar tests in the event of AB, when
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applied. Filter clogging can occur in case of poor coagulant
dosing and insufficient flocculent time.

5.3.2. Low pressure membrane filtration: MF/UF

Low-pressure micro-porous microfiltration (MF) and
ultrafiltration (UF) membranes can be used for feed SW
filtration, in place of, or with GMF. The MF and UF can
be pressure-driven or vacuum-(submerged-)driven, as
shown in Figs. 19(a) and 19(b), respectively. The pore size
is 0.1-0.4 um for MF, and 0.001-0.02 pm for UF mem-
branes. The filtration membranes can be an organic type of
hollow fiber and plate configuration or a ceramic type of
tube or plate configurations. Fig. 15 shows components
of the 136,368 m®d Shuwaikh (Kuwait) SWRO plant.
Particulate, colloidal and some organic foulants contained
in shallow SW are successfully removed by using pressur-
ized (Norit) UF of 60-77 L/m?h hydraulic loading in the

Fig. 19(a). Module of the UF pretreatment system at the Southern
Seawater Desalination Plant in Perth, Australia [10].

Fig. 19(b). Vacuum-driven UF system [13].

pretreatment [10]. In addition, MF membranes are used for
feed SW pre-treatment in Oman 20,000 m*/d SWRO plant,
Fig. 20(a). In this plant, feed SW is taken from shallow lagoon
open intake of 4 m depth and is screened, continuously
chlorinated before reaching pumping station and directly
supplied to MF membranes filtration system, then directed
to the RO units without a break tank. This MF system uses
Pall Microza UNA-620A, Fig. 20(b), high crystalline crys-
talline polyvinylidene difluoride (PVDF) membranes, with
less than 0.1 pum pore sizes, and outside—inside filtration
mode. This system was challenged in September 2013 by an
AB event, resulting in SW of very high levels of SDI _ > 35,
and high AB values > 5.8 million cells/L [10]. Consequently,
the self-cleaning strainers were partially clogged, a high
trans-membrane pressure (TMP) was required due to unex-
pected SW conditions, and biological fouling on the down-
stream SWRO units was found due to the high level of DOC
that was not removed by the MF pretreatment.

The advantages of using MF and UF, compared with
GMEF, are the lower footprint, constant high effluent quality
(lower SDI), see Fig. 21, higher retention of large MW organ-
ics and lower overall chemical consumption. MF and UF are
more effective in removing particulate and colloidal matter
from SW than GMF [26].

The UF and MF, when compared with GMEF, are also
superior in microbial removal, give less residuals to handle
and are easier to operate. The UF and MF give the SWRO
membrane longer life and the potential to operate at higher
flux. Thus, less SWRO membranes needed with less replace-
ment and lower cleaning costs. The UF is more reliable in
producing low fouling potential SWRO feed SW, even during
an AB event.

Fig. 22(a) shows the 300,000 m?*/d SWRO Perth II plant
using Siemens pressurized UF membranes (Memcor CP 960)
treating shallow open water, using out-in flow type, 2 trains x
(4 + 1) units with 912 elements per unit, nominal pore size of
0.04 um, flux (average/peak) = 52/65 Lmh, and with no chem-
ical addition [13]. Fig. 22(b) shows a schematic diagram of
submerged vacuum UF system, and Fig. 22(c) shows vacu-
um-driven UF system manufactured by GE Zenon system.
The largest SWRO plant using vacuum-driven pre-treatment
is the 300,000 m?*/d Adelaide, Australia, which has 2 x 14
cells x 900 units/cell, nominal pore size = 0.04 um, flux (aver-
age/maximum) = 52/65 L/m?/h, and no chemical addition.

The UF is increasingly used as substitution for GMF in
many large SWRO pretreatment plants in the last decade.
Examples of plants with this type of membrane filtration are
given in Table 7 [10].

The main performance parameters of the UF filtration
process are as follows:

¢ Membrane flux: volume of treated water per unit mem-
brane area in liters/h per square meters (L/m?.h);

e TMP: difference between the feed pressure and the fil-
trate pressure across the membrane in bar; and

* Membrane permeability: the membrane flux divided by
the TMP difference (L/m*h.bar).

Typical fluxes of water in pressurized UF units range
40-80 L/m?*h, while typical TMP in UF SW pretreatment
ranges 0.2-1.0 bar. The pressurized UF can have TMP
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Fig. 20(a). Simplified PFD of Majis 20MLD plant [38].

Fig. 20(b). Microza hollow fiber UNA modules [38].

exceeding the 1.0 bar, and most of them operate at 2.5 bar.
The vacuum-driven (submerged) UF have TMP less than 1
bar (typically 0.7 bar) because of the potential collapse the
membrane fibers by for excessive vacuum.

The UF membrane filtration process is followed by
periodic backwashing, cleaning, and testing. Backwashing
is to be done periodically to remove solids filtered out of
the source water accumulated on the feed side of the mem-
brane surface, and by using filtered water or concentrate.
Backwashing can be started when the TMP reach a certain
value indicating low flux or low quality filtrate. Air-water
backwash is applied in sequence and is mainly intended to
remove particulates from the UF without using cleaning
chemicals. Over time, organic deposits and biofilms are
accumulated on the UF membranes, such that chemically
enhanced backwash (CEB) becomes necessary. In CEB, the
membranes are soaked in chlorine and sometimes other

Process
Water tank

6000 m®

=y SWRO == B\WRO

=##=Conventional
=@=Membrane

Months

Fig. 21. The effluent SDI of membrane pretreatment compared
with GMF along months. Adapted from [13].

cleaning chemicals (acids, alkalines, or sodium bisulfite)
for several minutes and then backwashed. When the TMP
increases to a certain pre-set limit, that means that back-
washing did not remove all foulants, so the UF module
is taken offline and cleaned with combination of low-pH
solution of citric or sulfuric acid followed by a high-pH
solution of sodium hydroxide and sodium hypochlo-
rite to reduce the TMP to a reasonable level. This clean-
ing is done every 1 to 3 months. The cleaning chemicals
are re-circulated through the membranes for a period of
8-24 h, and then the membranes are flushed and returned
to normal operation.

Fouling of MF/UF membranes occurs in SWRO pretreat-
ment systems, particularly due to the increase of NOM pres-
ent in SW during AB. Algae cells release EOM, resulting in
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Fig. 22(a). Perth I - Memcor pressurized pretreatment system [13].

Membrane Modules

Microscreens

Discharge

significant increases in fouling rate and indicating the need
for additional membrane cleaning. As some fractions of algae
EOM are much smaller than typical UF membrane pore sizes,
the potential of organic transmission onto downstream pro-
cesses is also a serious concern. Adding coagulation and
DAF prior to UF or MF are very effective to minimize fouling
during AB [39, 40].

Resosudarmo et al. [40] indicated significant better foul-
ing performance by adding coagulation or DAF prior to UF
compared with standalone UF. They experimented with SW
with addition of 25,000 cells/mL Tetraselmis algae. The results
shown in Fig. 23 indicate significant lower TMP at the end of
10-h filtration after the addition of coagulant. When DAF was
added prior to UF, membrane fouling during this period was
negligible; TMP increased by less than 2 kPa over 10 h [40].

Cleaning
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Fig. 22(c). The GE Zenon CP960 vacuum UF system [13].
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Table 7

Examples of SWRO pretreatment systems using membranes filtration

Capacity, m*d Location Intake type UF type Flux, L/m*>h
350,000 Shuwaikh, Kuwait Shallow SW open intake source Pressurized 60-77
300,000 Adelaide, Australia Deep SW open intake source Vacuum
300,000 Perth, Australia Shallow SW open intake source Pressurized 40-50
232,000 Qingdao, China SW open intake source Pressurized

96,000 Palm Jumeirah, UAE SW open intake source Pressurized 60-80
150,000 Beckton, UK Saline river open intake source Pressurized
96,000 Fukuoka, Japan SW from subsurface intake Pressurized
90,000 Kindasa, SA Near-shore open intake and preceded by GMF  Pressurized 80-100
36,000 Yuhuan, China Open intake Vacuum
50 - 90 - )
UE W biopolymers
45 / 80 1 ghumics
== eCpagulation + UF
a0 4 / 70 4 @building blocks
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Fig. 23. Effect of inline coagulation and DAF on virgin UF mem-
brane fouling [40].

Cell count analysis of DAF permeate showed that 90% of
algae cells were removed prior to UF, and no algae was pres-
ent in the membrane permeate.

The rejection rate of organics in the algae feed solution
was significantly higher with the use of coagulation and
DAF, when compared with stand-alone UF as shown in
Fig. 24. The stand-alone UF was able to remove only 40% of
biopolymers, and 20%-30% of smaller organics consisting of
humic substances, building blocks and low MW acids. This
was expected with the large membrane pore size (0.04 um).
When coagulation and DAF are added, significant improve-
ments occurred as shown in the Fig. 24.

Unbroken algal cells are effectively (100%) removed
by either the MF and/or UF membranes (absolute barrier
to these cells); however, portions of broken cells may pass
through the membranes [41-43]. Minimal breakage of algal
cells has been reported due to the pressure applied to the UF
influent, and even less for dinoflagellate cells (more common
in seawater) that have armored siliceous cells (Theca plates of
armored dinoflagellates are cellulose based, while diatoms
have silicate cell coverings).

Villacorte [44] and Villacorte et al. [45] analyzed the
removal of algae cells using UF, and showed that AOM can
cause severe organic fouling of the UF, leading to higher
rate of backwash. The TEP component of AOM can also

UF coagulation +UF  DAF

DAF + UF

Fig. 24. Rejection performance of virgin UF membranes [40].

increase the irreversible component of fouling, leading to
a shortening of membrane lifetime. Pre-coagulation can
shorten the time between backwashes for UF. They con-
cluded that coagulant overdosing causes fouling down-
stream in the RO process, particularly if the UF has many
broken fibers or rolled seals.

Guastalli et al. [33] compared the performance of DAF
preceding GMF or UF, and operating in parallel as shown
in Fig. 14, in terms of particles and dissolved OM removal.
They concluded that both processes have high elimination
of particulate and microbial contaminants. Both treatments
have effluent of low turbidity (<0.1 NTU and SDI, < 2). UF
achieved 100% algae removal, while GMF achieved almost
60% algae cells removal.

Dixon et al. [25] summarized the fate of algae species
from their entrance to the SWRO plant to the final prod-
uct as shown in Fig. 25. They indicated that chlorination
can lyse algae and produce AOM, causing fouling to the
filtration and membranes; DAF removes more than 90%
of cellular biomass and reduce fouling; GMF removes fur-
ther 90% cells; UF removes almost 100% of all algae cells;
and any extra cellular toxins will be removed by the RO
membranes.
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Fig. 25. A summary of cellular biomass, AOM toxin removal through typical SWRO plant [25].

6. Conclusion

Feed SW pretreatment for thermal desalination plants AB Algal bloom
is simple and consists of screening and chemical addition to ~ AOC Assimilable organic carbon
avoid scaling, when compared with the complex pretreatment ~ AOM Algal organic matter
of SWRO desalination systems. The main function of SWRO  BW Brackish water
pretreatment is to avoid membranes fouling (inorganic/ CA Cellulose acetate
organic, colloidal and biological fouling). It is required to  CEB Chemically-enhanced backwash
remove over 99% of all suspended solids in SW and to reduce ~ DAF Dissolved air flotation
the content of the much finer silt particles by several orders  DQOC Dissolved organic carbon
of magnitude. Achieving such important objectives requires  EC Electrical conductivity
using proper subsurface intakes and the best pretreatment EQOM Extracellular organic matter
processes. These processes include chlorination, fine screen-  Eps Extracellular polymeric substances
ing, coagulation, flocculation, sedimentation, conventional or ~ fa Fulvic acid
low-pressure membrane filtration, de-chlorination, and car- GaAC Granular activated carbon
tridge filters. Since most of the GCC countries including Qatar  Gcc Gulf Cooperation Council
have begun to deploy SWRO desalination plants, it hasbecome  GMF Granular multimedia filter
necessary to optimize the pretreatment system, which is very g Humic acid
site-specific, to deal with the harsh conditions of the feed SW  11aB Harmful algae blooms
from the gulf. Such urgent pretreatment technologies are key 1o Intracellular organic matter
elements for SWRO des.ahnatlgn., espec1ally.1n the countries of LC-OCD Liquid ~ chromatography-organic
shallow shore water, high salinity (45,000 in the east and up detection
to 57,000 mg/L), coupled with high summer temperatures (up g Micro filtration
to 50°C) and a high potential to have AB incidents. This paper  y ryy Molecular weight
illustrates several processes used for SWRO pretreatmentand  \p Nanofiltration
the need for pilot test rigs to optimize these processes in view -~ Natural organic carbon
of increasing occurrence of ABs in the recent years. NTU Nephelometric Turbidity Unit

OM Organic matter
PA Polyamide
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TDS
TEP
THM —
TOC —
TSS
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UF
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—  Silt density index

Specific UV absorbance

—  Seawater

Sea water reverse osmosis
—  Total dissolved solids

—  Transparent exopolymer particles
Trihalomethane

Total organic carbon

—  Total suspended solids
Total tri halo methane

—  Ultrafiltration

—  Ultraviolet

World Health Organization
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