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a b s t r a c t

The knowledge of the characteristics of seawater is important for designers and engineers to design 
and construct a desalination plant with low operational problems. Therefore, establishing a database 
for Kuwait’s seawater characteristics is considered a crucial tool for researchers seeking to develop 
and improve desalination technologies for future applications. Because of this fact, this project 
was proposed to analyze the physical, chemical, and biological characteristics of Kuwait’s seawa-
ter at Subiya, Doha, Shuwaikh, Shuaiba, and Az-Zour, and other two locations that belong to the 
Kuwait Institute for Scientific Research (KISR) as Doha Research Plants (DRP) used as the intake for 
desalination/distillation research activities. A database on Kuwait’s seawater characteristics at the 
proposed locations was established. Then,the suitability of the proposed locations for future desali-
nation activities was investigated depending on four fouling indices. The results obtained from the 
investigation of fouling indices were compared to the result obtained from experimental testing. 
This paper will summarize the results of the analysis and the experimental work and explore the 
best location for desalination activity in Kuwait and KISR.
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1. Introduction

Water characteristics are the key to understanding 
the chemical and the biological reactions associated with 
desalting processes. Changes in seawater characteris-
tics over time could lead to performance deterioration, as 
increase in operating cost, corrosion and scaling problems, 
and finally the damaging of the expensive parts of the 
desalination plants. To avoid these problems, the designers 
of desalination plants should have the knowledge of possi-
ble changes in the feed water characteristics for a long term. 
The establishment of a database for seawater characteristics 
is very important and should be considered strongly before 
constructing any new desalination plant in Kuwait. It will 
help decision makers in the government and particularly of 
the Ministry of Electricity and Water (MEW), to select a suit-
able location for the future expansion of new desalination 

plants. Before constructing a desalination plant and spend-
ing a huge amount of money, the established data must be 
considered. Operational problems can be avoided,and the 
variation in the plant’s performance can be minimized if the 
established data were considered. The characteristics of sea-
water have a direct effect on the design parameters of the 
desalination plant and can affect the operating equipment 
and the maintenance expenses. Furthermore, the estab-
lished database is required to bridge the information gap 
in Kuwait’s seawater characteristics, which is crucial for 
future research activities in seawater desalination. 

Information on the characteristics of the feed water is 
necessary to control scaling and fouling problems and to 
select appropriate membrane and appropriate pretreat-
ment and post-treatment methods [1–3]. Furthermore, this 
information is very important for successful desalination 
projectsin Kuwait. It is well known that the first factor 
affecting the performance of Kuwait’s Multi-Stage Flash 
(MSF) desalination plant is the seawater characteristics of 
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the feed water at the intake [4]. There are many parameters 
could affect the characteristics of Kuwait’s sea water and 
result of temporary or long-term changes in these character-
istics [5]. The high-temperature seasonal variations; global 
warming; and dumping a large quantity of brine water to 
the sea and contamination of seawater with oil are factors 
that could change the seawater quality [6–11]. Thus, each 
desalination plant must be designed based on the seawa-
ter characteristics at the intake location [12–14]. Therefore, 
establishing a database for Kuwait’s seawater characteris-
tics was considered a crucial tool for researchers seeking to 
develop, adapt, and improve desalination technologies for 
future applications. This knowledge is also very important 
for designers and engineers who are involved in the con-
struction of desalination plants [15–18].

The most obvious example is the effect of high total 
suspended solids (TSS) on the Subiya Desalination Plant in 
Kuwait, where the high TSS in the feed water results in seri-
ous operating problems,the damage of equipment,and high 
consumption of antiscalant, anti-foams, and other chemical 
additives required for pretreatment. Moreover, the high TSS 
in feed water increases the operating expenses and reduces 
the productivity of the Subiya Desalination Plant. Thus, the 
database of the Gulf’s seawater characteristics is essential 
to produce an exact design of the desalination plant and to 
control its operating parameters under the prevalent con-
ditions in this region, and its availability to researchers, 
designers/manufacturers, and operators is the basis for 
the proper innovation, construction, and operation of new 
plants.

Therefore, this study considered as an attempt to 
explore the full characteristics of Kuwait’s seawater, espe-
cially those necessary for designing desalting/distilled 
systems. The seawater characteristics were measured at the 
two locations that belong to KISR, and these two locations 
were distinguished as the source of seawater for all future 
research activity related to desalination in KISR. Further-
more, the characteristics of Kuwait’s seawater at the intake 
of six Kuwaiti desalination plants were also considered, 
and a database was established on Kuwait’s seawater char-
acteristics using a geographic information system (GIS) for 
all researchers in the desalination field. Then, the suitability 
of the selected location for desalination activities was inves-
tigated. 

1.1. The design characteristics for desalination activities:

The main chemical characteristics,which were required 
for the proper design of desalination/ distillation system, 
were pH, hardness, dissolved oxygen (DO), total dissolved 
solids (TDS), alkalinity, organic chemicals, inorganic ions 
(sodium, chloride, carbonate, sulfate, potassium, bromine, 
zinc, aluminum, iron, barium, boron, nickel, mercury, cop-
per, silver, cobalt, and fluoride), or cations and anions in 
seawater. However turbidity, color, odor, silt density index 
(SDI), temperature, and TSS are related to the physical char-
acteristics of seawater. The biological characteristics usually 
refer to aquatic life such as bacterial slimes, alga, living cell, 
plankton, and viruses found in water and organic matter. 
The indications mostly used for biological characteris-
tics are total organic carbon (TOC), the biological oxygen 
demand (BOD), total bacterial count (TBC), fecal Coliform 

bacterial (FCB) and, chemical oxygen demand (COD). 
Table 1 summarizes the parameters, which were selected 
and included in the data base since they are essential for 
designing a desalination system and required for studying 
the suitability of the selected location for desalination/dis-
tillation activities.

The SDI is an important operating parameter for all 
membrane desalination systems, and it helps the operator 
avoid colloidal fouling problems. In multi-stage flash (MSF) 
distillation plants, it is well known that the condenser tem-
perature in the rejection section will increase if the tem-
perature of feed water increases. That will also increase the 
temperature of the brine in the recovery section. Thus, the 
temperature is a design parameter in the thermal desali-
nation plant [19,20]. Furthermore, the temperature of 
feed water is usually involved in the design calculations, 
because it affects the performance ratio, gain output ratio, 
operating cost, and heat exchanger area. The performance 
of membrane desalination processes such as nanofiltration 
(NF), micro filtration (MF), ultra filtration (UF) and reverse 
osmosis (RO), was a function of feed water temperature. As 
the temperature of feed water increased, the water viscos-
ity decreased,membrane permeability increased, and the 
productivity increased. However, the productivity will be 
decreased if the temperature exceeds a critical temperature 
value [21]. The main advantage of the seawater beach well 
over the surface seawater intake is the steady feed water 
temperature produced on the beach well, while the surface 
seawater intake produces a varied surface seawater tem-
perature [22].

The concentration of DO is a major indicator of water 
quality and plays an important role in the rate of corrosion 
of metals when they are exposed to seawater. In MSF plants, 
scavenger is added to reduce the DO and thereby reducing 
the risk of corrosion. 

Organic matter refers to substances that contain carbon 
and hydrogen. The concentration of TOC used in seawater 
desalination plants as indication of organic matter in feed 
water, which is considered as an indication of fouling and 
clogging problems in membrane desalination. Although, 
the concentration of organic matter in seawater is usually 
very low (about 1–3 mg/l) [3], it must be considered before 
designing any desalination/ distillation system, since 
organic fouling is one of the major concerns in desalina-
tion industry. High fouling rate either increases the operat-
ing osmotic pressure to recover the decrease in flux rate or 

Table 1
Chemical, physical, and biological characteristics of seawater 
samples

Parameters 

Chemical Cl–, SO4
– – HCO3

–, NO3
–,CO3

– –, Br, F–, PO4
– – –

Na+, Mg++, Ba++ , K+, Ca++ , Fe+++, Mn++, Al+++, 
Sr++ Cu++, Zn++, Pb+, Cd+, Cr+, Hg+, total 
hardness (TH), silica (SiO2),
Ammonia (NH4), and CO2

Physical TSS, TDS, conductivity, pH, temperature, 
and turbidity SDI5/SDI15

Biological BOD, COD, TBC, FBC and, TOC
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decreases the production of permeate, which consequently 
lead to a high operation cost, less productivity, membrane 
replacement,and high maintenance cost. 

There are a lot of inorganic ions that are important to 
any desalination/distillation system such as sodium (Na+); 
magnesium (Mg++); barium (Ba++); potassium (K+); calcium 
(Ca++); iron (Fe+++); manganese (Mn++); aluminum (Al+++); 
strontium( Sr++ ); copper (Cu++); zinc (Zn++); lead ( Pb+); 
cadmium (Cd+); chromium (Cr+); mercury (Hg+); chloride 
(Cl–), sulfate (SO4

–,), silica (SiO2), and fluoride (F). Although 
most of these inorganic ions exist in seawater in very low 
concentrations as barium, strontium and silicate, they play 
an important role in fouling and scaling problems in the 
desalination system [23,24].

The concentration of inorganic trace metal in the drink-
ing water, recently, has gained special attention due to its 
adverse effect on human health and its lower percentage 
rejection by the RO system such as boron (B) and lead (Pb) 
[25]. The concentration of boron in the Arabian Gulf has 
been reported to range from 6.1 to 4.9 mg/l [26]. The World 
Health Organization (WHO) established a guideline for 
boron in drinking water to be less than 2.4 mg/l in 2017 [27]. 
The method of desalination can affect the boron concentra-
tion in the product water, where the water produced by ther-
mal desalination is usually free of boron, while membrane 
desalination produces water with a high concentration of 
boron since most of the old modules of RO membranes have 
a very low rejection to boron (50 to 90%) [28]. Furthermore, 
at a high concentration of fluoride, calcium fluoride scaling 
is expected. The salinity level in seawater can be increased as 
the concentration of sodium, and chloride ions are increased 
in seawater, and the level of salinity will affect the percentage 
of rejection in membrane processes. Barium can form barium 
sulfate scaling when its concentration exceeds only 1 ppm 
in Kuwait’s seawater [29], barium sulfate scaling can cause 
flux decline and potentially severe membrane damage [23]. 
Therefore, analyzing such ions is essential for predicting scal-
ing indices and specifying operational parameters as well as 
proposing suitable treatment methods as scale inhibitors or 
an acid additional.

2. Methodology

This project analyzed all the physical, chemical, and bio-
logical parameters required for a proper design/operation of 

desalination/distillation system. The methodology consisted 
of collection the of samples followed by an analysis in accor-
dance to the international standards for quality control/
quality assurance (QA/QC), to obtain reliable data ensuring 
data accuracy, precision, representativeness, and complete-
ness [30]. The use of written standard operating procedures 
(SOPs) for collection, preservation, transport, and storage of 
the samples; the calibration of the equipment; and the per-
formance of each analysis are a part of the general QA/QC 
aspects followed during the sampling and the analysis [31].

The methodology for sample collection was explained 
below: 

•	 Trace metals may adsorb onto the walls of glass contain-
ers or leach from the glass container,so polyethylene con-
tainers were used in the sampling processes for chemical 
and physical analysis. Whereas,three liters of surface sea-
water samples were collected from surface seawater in 
the in take of desalination plants at a constant time every 
week using two polyethylene containers and one glasses 
container, each container with 1-liter capacity. The poly-
ethylene containers for chemical and physical while the 
glass container for biological analysis.

•	 A seawater composite samples were collected from the 
surface seawater at the intake of Shuwaikh, Shuaiba, 
Az-Zour, Doha East, Doha West, Subiya, and two fur-
ther seawater samples were collected from the intake of 
Doha Research Plant’s beach well (DRPBW) and KISR’s 
Shuwaikh site. The surface seawater samples were col-
lected from the surface at a low depth not exceeding 
0.5 m from the middle of the flowing stream at the intake 
structure of desalination plants (Table 2). Whereas, a 
mixture of grape samples was collected from different 
locations of the intake structure and pooled together in 
one container to provide one sample since we concern 
about the average water quality of surface seawater at 
the intake structure.

•	 The sample bottles were cleaned one day before sam-
pling process, with diluted acid then the sample bottles 
were soaked several times with deionized water but not 
sterilized, to minimize the effect of interferences espe-
cially for trace metal analysis.

•	 The glass container cleaned with diluted acid then 
baked in an oven at 150°C for 48 h to be sterilized before  
collecting sampling for biological analysis. 

Table 2
The number, location, and frequency of water samples to be collected

Sample number Location Sampling frequency Type of water sample

1 Intake of Subiya Power Station Once a weak Surface seawater
2 Intakes of Doha East Power Station Once a weak Surface seawater
3 Intakes of Doha West Power Station Once a weak Surface seawater

4 Intakes of Shuwaikh Power Station Once a weak Surface seawater
5 Intake of Az-Zour Power Station Once a weak Surface seawater
6 Intake of Shuaiba Power Station Once a weak Surface seawater

7 Doha Research Plant BW (DRPBW) Once a weak Beach well water
8 KISR Beach well Shuwaikh (SHBW) Once a weak Beach well water

DRP: Desalination Research Plant; KISR: Kuwait Institute for Scientific Research
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•	 Before sampling, a label affixed to the sample contain-
ers; the label includes all information required as sam-
ple number, the name of collector, date, time and place 
of collection.

•	 All of the sampling bottles were rinsed two times with 
the water collected.

•	 The containers were filled completely for most required 
analysis, while for biological analysis space was left 
for aeration and mixing in the sampling containers. 
Then all the samples were mixed thoroughly to ensure 
homogeneity.

•	 The container, which aimed for trace metal analysis, 
was acidified with nitric acid to a pH below 2.0 to min-
imize precipitation and adsorption on container walls.

•	 The glass container for biological and bacteriological 
analysis was placed immediately in the dark and at a 
low temperature to retard any bacteriological activities 

•	 Residual chlorine, pH, temperature, and turbidity were 
measured in the location immediately after sampling 
because these parameters will change during storage 
and transportation.

•	 Sampling was completed carefully to ensure that the 
analytical results represent the actual sample compo-
sition. After collecting water samples, all the samples 
were mixed thoroughly to ensure homogeneity

•	 The collected samples are immediately preserved in 
melting ice and submitted to the laboratory within 
three hours. All the required chemical, physical and 
bacteriological parameters were analyzed immediately 
after receiving the samples containers.

•	 The samples, which intended for chemical analysis was 
first, filtered to remove all the suspended matter and 
reduce the percentage of error to increase accuracy and 
precision. 

•	 Duplicate samples, repeat measurements and blank 
samples from the deionized water were prepared inde-
pendently and were analyzed randomly along with oth-
er samples, to assess the precision of the chemical anal-
ysis relative to the variation in sample preparation and 
sampling processes. The blank samples were acidified 
and handled in the same way as the normal samples.

•	 Water samples were collected in pretreated high-densi-
ty polyethylene bottles;Then the collected samples were 
filtered through a Millipore filter of 0.45 μm pore diam-
eter to remove all suspended contaminants. 

Thus, more than forty seawater samples were collected 
from each representative site at the intake of the power 
plant. The collected samples were analyzed directly for bio-
logical parameters such as BOD, COD, TBC, FBC, and TOC, 
at the Water Research Center (WRC) laboratory, which 
belongs to KISR. A mobile SDI unit was fabricated to mea-
sure the SDI at the location directly as shown in Fig. 2. 

Other physical and chemical characteristics were ana-
lyzed at the DRP laboratory. If these samples could not 
be analyzed directly, it was preserved by refrigeration or 
acid addition. The collected characteristics were managed 
and maintained in the database, and processed in tables 
and figures whenever needed. The collected database was 
used as a support tool for KISR’s research activities related 
to desalination and to investigate the suitability of differ-

Fig. 1. The location of desalination power plants in Kuwait.
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ent locations for constructing a desalination system. The 
suitability of the proposed location for future desalination 
research activities was investigated, using four fouling indi-
ces at each location as inorganic fouling, through calculat-
ing Stiff and Davis saturation index (S&DSI ) and scaling 
potential of calcium sulfate (CaSO4), barium sulfate (BaSO4), 
strontium sulfate (SrSO4), calcium fluoride (CaF), and silica 
(SiO2). Other fouling indices were also investigated in this 
study as colloidal fouling, biofouling, and organic fouling. 
Thus, the potential of each location to fouling and biofoul-
ing problems were estimated using four fouling indicators. 

The result of the investigation was compared to the result 
obtained from the experimental test, which is fouling test 
using the water samples collected in this study (Fig. 1). 

3. The experimental section

3.1.  Fouling test

The degree of fouling was measured through experi-
mental work using a fouling test unit (FTU). 

The FTU used in this experimental work is shown in 
Fig. 3 and consists of two tanks, namely, feed tank and per-
meate tank, with a total working volume of 20 L. Feed water 
was stored in the feed tank and then enters the circulation 
loop using a diaphragm pump. The diaphragm pump will 
sustain the circulation of the flow rate in the circulation loop 
to the nanofiltration module. The nanofiltration module 
contains a new nanofiltration membrane at the beginning 
of each experiment. The circulation loop contains a pres-
sure gauge to measure the pressure and a pressure valve 
to adjust the transmembrane pressure in the nanofiltration 
module. The flow of the permeate was measured using an 
electronic balance based on the operating hour as shown in 
equation one below. 

J
V

A t
=

∆
∆

� (1)
Fig. 2. The silt density index unit.

Fig. 3. Schematic figure of the fouling testing unit at DRP. 



M. Salman et al. / Desalination and Water Treatment 139 (2019) 70–87 75

where A is the membrane area, which is equal to 0.0266 m2 
and ∆V is the volume of the permeate obtained from the 
relation between the density and the weight of the collected 
permeate. 

As a baseline for the experimental work, the feed solu-
tion was distilled water (DI). Initially, the membrane was 
soaked with DI water for one hour, flux was measured at 
constant pressure, and the pressure depended on the type 
of the membrane used. Then, the permeate water was col-
lected in the permeate tank for one operating hour. The ini-
tial membrane flux (Jw1) was calculated using Eq. (1) to be 
used as a base for water flowing without fouling. 

Then, the feed solution was replaced with water sam-
ples from different desalination plants’ intake such as 
Az-Zour, Doha East, DRP BW, Shuwaikh, and Subiya. The 
unit was operated for at least three operating hours to foul 
the membrane. After fouling the membrane, using the real 
seawater solutions for 3 h, the unit was operated with DI 
again to flush all of the precipitated salts on the membrane 
surfaces for one hour,and the final recovered flux was mea-
sured as (Jw2). Then the flux recovery ratio (FRR) was cal-
culated using equation two below. FRR is measurements 
between the membrane flux after fouling to the membrane 
flux without fouling. Always higher FRR indicates an easy 
cleaning propensity of the membrane and low potential for 
fouling problem. So, FRR is an indication of low fouling 
characteristics.

FRR
J
J

w

w

%( ) = ×2

1

100 � (2)

4. Result and discussion

The suitability of the proposed sample locations for 
establishing desalting systems was investigated, based on 
the degree of the fouling potential expected at the selected 
locations. It is well known that fouling is the most persistent 
problem in desalination systems and the fouling potential is 
divided into four categories. The first type of fouling is the 
inorganic fouling or the precipitation of scaling compounds 
as CaSO4, BaSO4, SrSO4, CaF, and SiO2, which can be pre-
dicted based on the concentration of the scaling ions in the 
feed water using the ion product (IP), solubility product 
(KSP), and S&DSI. 

The second type of fouling is the colloidal fouling, 
which is the accumulation of suspended particles (sili-
cate, ferric oxide, and iron oxide) on the membrane sur-
faces and inside the membrane pores, forming a cake 
layer, clay, and flock. The main indicators, which are 
used to characterize the colloidal fouling in feed water 
are SDI, TSS, silica, turbidity, ferric oxide, iron oxide,and 
aluminum oxide colloidal. Biofouling is the third type 
of fouling and is noticed when there is a multiplication 
of microorganisms such as fungi, algae, yeast, and bac-
teria that will result of layers of biofilms accumulation 
and clog the membrane pores. TBC and fecal coliform are 
considered as good indicators for biofouling or microbial 
content. The fourth type of fouling is the organic fouling, 
which occurs due to the adsorption of natural organic 
compounds (NOC) on the membrane surfaces, causing 
gel formation. Folic acid, protein, polysaccharides, and 

polyacrylic polymer are examples of natural organic mat-
ters. TOC, BOD, nitrate, ammonia, phosphate, and COD 
measurements are the useful indicators of organic foul-
ing. Therefore, the suitability of the selected locations for 
membrane desalination activities was investigated based 
on these four fouling categories. The average of chemi-
cal, physical, and biological characteristics of all selected 
locations shown in Table 3. 

The chemical analysis of KISR’s beach well at Shuwaikh 
(SHBW) shows that the water in this beach well is not of 
seawater quality, where it has a low conductivity less than 
14000 mg/l, which is considered as of ground water quality 
and not as of seawater quality. Thus, it excluded from the 
comparison between the selected locations.

4.1. Inorganic fouling 

The inorganic fouling is related to the precipitation of 
scaling compounds on membrane surfaces such as CaSO4, 
CaCO3, BaSO4, SrSO4, CaF2, and SiO2 scaling. The ion prod-
uct (IP) of scaling compounds will be calculated in the brine 
stream at different concentrations and conversions,whereas 
IP will be compared to the KSP of each scale. The calcu-
lations will clarify the percentage of precipitation (i.e., the 
percentage of inhibition) expected for each scaling based 
on the seawater characteristics. The possibility of calcium 
carbonate precipitation will be predicted based on CO2 and 
S & DSI. S & DSI is a seawater index used to predict the 
scaling tendencies of calcium carbonate [29]. The result of 
the study lists a variety of proposed conversions and calcu-
lates the expected inhibition for each scaling at a proposed 
conversion. The percentage inhibition was calculated as 
shown below in Eq. (3), where the KSP is a function of ionic 
strength and temperature.

% inhibition = (KSP (I, temp) – IP (I)/KSP (I, temp))*100 �  (3)

4.1.1. Calcium sulfate scaling

The results of calculations related to calcium sulfate scal-
ing at ambient temperature and differently proposed con-
versions for all of the proposed locations shown in Fig. 4. 

From Fig. 4, it is clear that Shuiaba desalination plant 
has very low inhibition for CaSO4 scaling even at ambi-
ent temperature followed by DRPBW, While there is four 
locations show similar good inhibition for CaSO4 scal-
ing,which are Shuwaikh, Doha West, Doha East, Subiya 
and Az-Zour desalination plants. The chemical compo-
sition of seawater at the intake of Shuaiba desalination 
plant show that the inhibition percentage for calcium sul-
fate precipitation was only 30% at 10% conversion and 
decreased as the conversion increased. So,calcium sulfate 
was expected to precipitate even though the conversion 
was only 5% and without increasing the temperature. 
Furthermore, the conversion in MSF desalination plant 
in the Arabian Gulf was not more than 10 to 15%. The 
scaling potential of seawater at DRPBW with regard to 
calcium sulfate is the next worst situation, whereas the 
calcium sulfate scaling is expected to precipitate imme-
diately at an ambient temperature and conversion above 
50%, while The inhibition for CaSO4 scaling was 50% only 
at 10% conversion and decreased to 30% inhibition at 
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30% conversion and continued to decrease as the conver-
sion increased. From Fig. 4, it can be seen that Shuwaikh, 
Doha West, Doha East, Subiya, and Az-Zour are the best 
with regard to CaSO4 scaling where the percentage inhi-
bition for calcium sulfate was 70% at 10% conversion and 
decreased to reach 55% inhibition at 30% conversion. 
Finally, it can be concluded that the scaling potentials for 
CaSO4 

 at ambient temperature for seawater at Shuwaikh, 
Doha east, Doha West, Az-Zour, and Subiya were similar 
and close to each other. However, the worst location is 
Shuiaba Desalination Plant due to the high concentration 
of sulfate in Shuiaba (5086 mg/l) compared to its concen-
tration at other locations such as DRPBW (3430 mg/l).

4.1.2. Strontium sulfate scaling

Fig. 5 shows the scaling potential of strontium sul-
fate at the selected locations at different conversions. The 

Table 3
The average analysis of all chemical and physical parameters of seawater at the intake of the selected desalination plants

  Subiya Doha East Doha West Shuwaikh DRPBW Az-Zour Shuaiba

Temperature (°C) 24.72 24.92 24.77 24.90 25.06 25.07 24.6
pH 8.06 8.13 7.96 8.05 7.27 8.08 8.1
Conductivity (mS/cm) 62.58 62.15 60.96 63.25 58.35 61.80 61.8
Turbidity (NTU) 6.26 2.90 1.87 2.88 1.03 2.05 1
TSS (mg/L) 3.24 2.00 1.20 1.70 0.75 2.05 1.7667
TDS (mg/L) 50024 43582 51370 57109 45534 47524 51106
Aluminum (mg/l) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Cadmium (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Chromium (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Copper (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Manganese (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Lead (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Zinc (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Potassium (mg/L) 415.32 465.71 470.63 493.32 343.26 449.77 870
Strontium (mg/L) 6.58 6.94 6.59 6.60 14.75 6.49 7.36
Iron (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Mercury (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Sodium (mg/L) 14535 14188 13757 14814 13978 14013 19238
Sulphate (mg/L) 3827.8 3740.8 3628.81 3551.1 3351.4 3623.2 5086
Fluoride (mg/L) 2.03 3.12 3.21 3.61 4.76 1.80 4.3
Silica (mg/L) 0.25 0.21 0.29 0.45 2.11 0.14 0.4
Barium (mg/L) <1 <1 <1 <1 <1 <1 <1
Chloride (mg/L) 27815 27312 25453 27033 24972 25346 35050

Bicarbonate (mg/L) 132.47 135.20 131.00 147.07 128.55 141.21 141.5
Calcium (mg/L) 470.36 470.47 501.33 465.33 735.76 500.26 900
Magnesium (mg/L) 1641.74 1682.18 1633.55 1703.21 1281.76 1643.62 2496
Total hardness (mg/L) 8073.11 8178.43 8230.86 8471.10 6815.85 8042.30 12768
COD (mg/L) 82.31 84.77 82.92 90.52 89.71 81.97 89
BOD (mg/L) <1 <1 <1 <1 <1 <1 <1
Total count (CFU/ml) 1.54E+4 3.75E+03 3.80E+03 5.15E+03 4.44E+03 4.71E+03 3.42E+03

Fecal coliforms (CFU/100 ml) 00 0.0 0.12 00 00 0.00 0

Fig. 4. The percentage inhibition of calcium sulfate at different 
conversions using different types of seawater from different in-
takes of desalination plants in Kuwait.
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lowest potential for SrSO4scaling was found in Shuwaikh 
seawater. Since the concentration of strontium was the 
lowest among the other locations, where the concen-
tration of strontium at Shuwaikh was 6.58 mg/l, and 
the concentration at DRP BW was 14.61 mg/l, the high 
potential for the scaling of strontium sulfate was at DRP 
BW. Az-Zour showed a scaling potential similar to DRP 
BW where the percentage inhibition was only 30% at 10% 
conversion and decreased to zero inhibition (immediate 
precipitation) at only 35% conversion and ambient tem-
perature. However, the Subiya, Doha East, Doha West, 
and Shuaiba have the similar and acceptable potential 
for strontium sulfate scaling, where the percentage inhi-
bition was about 70% at 10% conversion and decreased to 
zero at 60% conversion.

4.1.3. Barium sulfate scaling 

Fig. 6 shows the scaling potential of barium sulfate at 
different conversions at different locations. It is clear from 
Fig. 6 that all of the locations have a high potential for bar-
ium sulfate even though at very low conversion. Although 
the concentration of barium is very low when compared 
to the concentration of calcium or carbonate, its effect is 
very strong on scaling potential, whereas the concentra-
tion of barium does not exceed 0.05 mg/l (<1) in all of the 
locations. The highest concentration of barium recorded 
is 0.0166 mg/l at Shuiaba, and the lowest values were 
0.0082 and 0.009 mg/l recorded at Shuwaikh and Az-Zour, 
respectively. 

From Fig. 6 it is clear that the highest potential for bar-
ium sulfate scaling was expected at DRPBW, and the lowest 
potential for barium sulfate was found at Shuwaikh and 
Az-Zour desalination plant The percentage inhibitions at 
shuwaikh, and Az-Zour locations were similar, whereas 
the inhibition was 60% at 10% conversion and decreased 
to immediate precipitation at 60% conversion. However, 
the percentage of inhibition for barium sulfate is only 20% 
and decreased to zero inhibition at only 25% conversion 
for Shuiaba. While at DRPBW the inhibition was zero even 
though at ten percentage conversion. This implies Shu-
waikh and Az-Zourare the best locations about barium 
sulfate scaling followed by Doha West and Doha East, espe-
cially at membrane desalination processes where the pres-
sure is increased to 60 bar, and BaSO4 scaling is expected 
even at low operating temperature. 

4.1.4. Calcium fluoride scaling

The scaling potential of calcium fluoride is very low 
as shown in Fig. 7, whereas the percentage inhibition is 
greater than 90% even though at 90% conversion. Since the 
concentration of fluoride is very low in seawater at all of 
the investigated locations, So there is no danger from cal-
cium fluoride at all selected locations. The maximum con-
centration of fluoride was recorded at DRP BW, which was 
4.27 mg/l, and the lowest value was recorded at Az-Zour, 
which was 1.84 mg/l. Thus, all of the investigated locations 
are suitable with regards to calcium fluoride scaling, and no 
risk from this type of scaling is expected at room tempera-
ture desalination systems.

4.1.5. Calcium carbonate scaling

Calcium carbonate scaling is strongly related to the pH 
of feed water; the lower the pH, the lower the potential 
for calcium carbonate scaling, since the pH of seawater is 
a design and operating parameter in desalination plants, 
especially for an acid treatment system. The amount of car-
bonate (CO3

–) or bicarbonate (HCO3
–) present in seawater 

changes with the pH values. At lower pHs, there is greater 
alkalinity in the form of HCO3

–, and at higher pHs, alkalin-
ity is in the form of carbonate [20]. Many gases in the atmo-
sphere were reported to affect the pH of seawater as carbon 
dioxide, and sulfur dioxide was emitted from power desali-
nation plants [6]. The natural pH of seawater in the Arabian 
Gulf (8–8.3) was always adjusted to 5.5–6.5 [22,29,32] by the 
addition of acid in the pretreatment stages to avoid the scal-
ing of calcium carbonate as in the reactions below. 

HCO  + H H CO+ 
2 33

− ↔  �  (4)

H CO  CO H O2 3 3 2↔ +−2 �  (5)

Usually, surface seawaters have lower alkalinity than 
beach well water samples. High levels of alkalinity indi-
cate the presence of strongly alkaline industrial waste. Also, 
alkalinity is significant in determining the suitability of 
water for desalination activities, whereas the alkalinity in 
seawater is used in the calculations of S & DSI as an indi-
cation of calcium carbonate scaling in the membrane and 
thermal desalination systems. 

Fig. 5. The percentage inhibition of SrSO4 at different conver-
sion. Fig. 6. The percentage inhibition of BaSO4 at different conver-

sion.
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Fig. 8 shows the scaling potential of calcium carbonate 
at different conversion and normal pH at different loca-
tions. It is clear from the figure that the potential for cal-
cium carbonate is very high at all of the locations even at 
minimum conversion, which implies that pretreatment for 
calcium carbonate is required, whatever the desalination 
method used, even though at ambient temperature. DRP 
is the only location that shows low inhibition for CaCO3, 
about 4% inhibitions at 10% conversion, decreased to imme-
diate precipitation at 35% conversion. Thus, all the locations 
are expected to suffer from calcium carbonate scaling, and 
the reduction of pH by acid treatment is necessary, or anti 
scalant treatment is required.

About pH Table 3 shows that DRP has the lowest pH 
value, which implies that DRP will require the lowest quan-
tity of acid treatment since it had the lowest normal pH fol-
lowed by Doha West, Subiya, Al-Zour, Shuaiba, and Doha 
East desalination plants.

4.1.6. Silica scaling

Silica (SiO2) content in seawater usually varies between 
0.1 and 2.7 mg/l in Kuwait’s seawater, but in some places, 
the concentration can reach up to 100 mg/l [33]. Silica has 
a direct relation to silica scaling in RO systems. The con-
centration of silica at DRPBW was the highest among other 
desalination plants (2.7 mg/l), and the concentration of sil-
ica increased to about 3.28 mg/l in the RO brine at DRPBW 
with 35% conversion. Silica level must be kept below 
0.005 mg/l in very high-pressure applications as in boiler 
and turbine applications [34]. Fig. 9 shows a summary of 
all types of inorganic fouling at 10% conversion. Fig. 9 also 
shows the potential for silica scaling, and it is clear that all of 
the desalination plants in Kuwait showed a high inhibition 
for silica scaling, whereas almost all of the locations showed 
more than 95% inhibition for silica scaling. So no treatment 
is required for silica scaling in all the selected locations. 

About inorganic fouling, DRPBW and Az-Zour desali-
nation plant have a moderate potential for strontium sul-
fate precipitation, where the % inhibition for SrSO4 is less 
than 35%. However, all of the other locations have a similar 
potential with regards to silica scaling, CaSO4, and CaCO-
3except Shuaiba, which has a high potential for CaSO4 and 
BaSO4 Although high inhibitions for CaSO4 and BaSO4 char-
acterized the seawater at the intake of Az-Zour desalination 
plant, for SrSO4 it had a moderate inhibition. So, Az-Zour 

can be considered suitable for thermal desalination more 
than membrane desalination. Shuwaikh has super inhi-
bition for three type of scaling which is CaSO4, SrSO4,and 
BaSO4, which implies that shuwaikh is Suitable for both 
thermal desalination and RO desalination regarding inor-
ganic fouling. Doha West, Doha east and Subiya have a high 
inhibition (greater than 60%) for CaSO4 and SrSO4 and a 
moderate inhibition of BaSO4 (greater than 30% inhibition). 
Thus, the best locations with regards to inorganic fouling 
are Shuwaikh followed by Doha West, Doha East, Az-Zour, 
and Subiya. However, the worst condition with regards to 
inorganic fouling is at DRPBW, where it could result in the 
severe scaling of CaSO4, BaSO4,and SrSO4

4.2. Colloidal fouling

All particles in feed water, such as fine, coarse, sand, 
gravel, algae, silt, clay, silica, aluminum oxide, ferric oxide, 
aluminum hydroxide, and any non-dissolved organic and 
inorganic particles, could result in colloidal fouling. These 
particles can be suspended in the bulk solution or precipi-
tated on the surface of the desalinated equipment forming 
a cake layer. The precipitated particles will clog the pore of 
any membrane system and reduce productivity [35,36].

The colloidal fouling depends on the type of feed water, 
whereas the fouling in wastewater is usually due to organic 

Fig. 7. The percentage inhibition of CaF2 at different conversion.

Fig. 8. The percentage inhibition of CaCO3 at different conver-
sion.

Fig. 9. Summary of inorganic fouling at 10% conversion. 
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matter and residual iron colloids [37]. Groundwater com-
monly rich in iron, and lake and river water typically have 
a high content of silica [38]. Seawater usually has a high 
fouling potential due to the suspended clay, silica, sand, silt, 
and inorganic scaling [39].

The colloidal fouling in the RO system is usually pre-
cipitated on the membrane surfaces, while in the forward 
osmosis (FO) systems; the precipitation of colloidal foul-
ing is reported to precipitate in the feed channel. The main 
factors, which could control the colloidal fouling in mem-
brane processes, are the size of the foulant; the aggregation 
of foulant; the adhesion of foulant to membrane surfaces; 
the roughness of the membrane surface, and the membrane 
hydrophobicity [40–42].

The precipitation of suspended particles will result in 
different adverse effects on the desalination system’s per-
formance such as reducing the productivity of RO system, 
reducing the performance of thermal desalination systems,in-
creasing the chemical consumption, increasing the pitting 
corrosion, increasing the silicate scaling, and then increasing 
the operational cost in any desalination system [43].

The main sensitive tools used to predict the potential 
for colloidal fouling are TSS, SDI, turbidity, silicate, iron, 
aluminum concentration, and feed inlet pressure. How-
ever, reducing the pH of feed water, applying a hydraulic 
cleaning and increasing the cross flow rate to eliminate the 
effect of a cake layer, and reducing the pH of feed water 
were proposed as solutions for colloidal fouling [44]. More-
over, these indices often fail to predict the extent of colloidal 
fouling in real seawater membrane systems, due to the dif-
ferences in the pH of feed water, membrane pore size, and 
the applied pressure; type of the precipitated colloid; and 
the complex of fouling mechanisms [45]. Thus, new indi-
ces were emerged recently in desalination to estimate the 
potential for colloidal fouling such as surface hydrophilic-
ity, water contact angle, total surface tension, Lifshitz-Van 
der Waals (LW) surface tension, and zeta potential [40]. 

4.2.1 SDI

SDI is an old operating parameter for all desalination 
systems and gains a high priority in the RO system to min-
imize the risk of colloidal fouling (Fig. 10) [46]. Most man-
ufacturers proposed that feed water with SDI less than five 
could result in low fouling problems [47]. While feed water 
with an SDI higher than five will force the operators of the 
desalination plant to apply extra expensive pretreatment 

methods such as sand filtration, coagulation, and floccu-
lation, which result in higher operating expenses [21,48]. 
A modify fouling index (MFI) a new emerged test recently 
modified from the old SDI testing (Fig 10) The MFI index 
was proposed to predict the potential for colloidal fouling 
accurately. MFI was calculated from the gradient of the 
filtrate volume over filtration time. Moreover, this index 
was corrected to standard reference conditions using a 
0.45-µm filter paper membrane [49]. Boerlage in 2004 pro-
posed another two new indices, which are MFI-UF and 
MFI-NF. The main difference between these two indices 
and the old one is using a UF membrane and an NF mem-
brane in the filtration process [50]. Ju et al., in 2014, tested 
the efficiency of these two indices in predicting the colloi-
dal fouling using different colloidal sizes and found that 
MFI-UF is the best test, which can be used to predict the 
colloidal fouling even though the colloidal size is very low 
[51]. A new more accurate index was proposed by Jeong et 
al. in 2015, which is the MFI-UF10 test. This test combines 
the blocking index test and the assimilable organic carbon 
(AOC) analysis.

However, the collected seawater samples at all of the 
selected locations were very turbid, which resulted in a 
non-measurable SDI; only the seawater at DRPBW has a 
measurable SDI. Thus, investigation of the colloidal fouling 
potential will mainly depend on the turbidity, TSS, and sil-
ica measurements as shown in Figs. 11, 12, and 13. 

4.2.2. Turbidity 

The turbidity of the water is a measurement of the 
degree of cloudiness or clearance of water. The turbidity 
of seawater is usually affected by both dissolved and the 
suspended particles that can scatter light. Organic and inor-
ganic particles,such as phytoplankton, zoo plankton, clay 
particles, sand, silt, fine, organic matter, algae, and micro-
scopic organisms, are the main reason for seawater tur-
bidity. Turbidity can be used to evaluate the efficiency of 
the desalination system and considered as a key for water 
quality, especially in drinking water system. Turbidity is 
usually used in desalination systems if the measurements 
of SDI or TSS are difficult or the quantities of the suspended 
particles are very high as in Subiya location in special and 
Arabian Gulf in general, whereas the high turbidity of the 
Arabian Gulf usually represents a significant challenge for 
the reverse osmosis (RO)system designer. Fig. 11 shows 
the turbidity of seawater at the intake of selected different 
desalination plants in Kuwait. 

Fig. 11 shows that the turbidity measurements at 
DRPBW are the most stable and the lowest among other 
desalination plants. That’s because DRPBW samples were 
collected from beach well at Doha Research Plant.

Furthermore, Fig. 11, also show that Az-Zour and Doha 
West have the lowest turbidity of surface seawater intake 
of desalination Plant after excluding DRPBW since it is a 
beach well and not open surface intake. The clearance of 
beach well seawater samples and the stability of turbidity 
values over different seasons was referred to the natural 
filtration associated with beach well water. And it well is 
known that all the beach well samples always have low and 
stable turbidity, SDI, and low TSS when compared to open 
surface intake samples. 

 Feed supply 2 bar 

Pressure Regulator Ball Valve 
Pressure Gauge 

Millipore Filter Holder 

Graduated Cylinder500 ml 

Fig. 10. Schematic diagram of the old SDI unit.
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Moreover, it is reported that the main source of tur-
bid particles of the Kuwait Bay,including Sulaibikhat Bay, 
El-Esheirij Industrial Area, intake of Doha Power Plants, 
and Shuwaikh area, is Shatt Al-Arab discharges, whereas 
Shatt Al-Arabisthe only source for many organic and 
inorganic particles dissolved or suspended in the Kuwait 
Bay [52]. That is why the turbidity, salinity, silica, and dis-
solved organic matter of Kuwait’s seawater at Az-Zour 
and Al-Shuaiba is usually lower than that of the seawater 

located at the intake of desalination plants in the Kuwait 
Bay or the north western side of the Arabian Gulf such as 
Shuwaikh and Doha Power Station.

The turbidity of seawater at the intake of Doha West 
was very low when compared to the turbidity of seawater 
at other locations in the Kuwait Bay. Al-Ghadban et al., in 
2005, refer to the good mixing of seawater at Doha West 
intake, which results from the northwestern counter-clock-
wise water circulation of the Arabian Gulf and the coastal 
currents in the Kuwait Bay [53]. The result obtained in 
this investigation agrees with the study that conducted by 
Al-Shammari et al., in 2013 [54]. Where they investigated 
the characteristics of the surface sediment in Sulaibikhat 
Bay, Kuwait, and found that, the south side of the Sulai-
bikhat Bay, which is close to Shuwaikh Port and Al-Ghazali 
outfall,is characterized with high TOC, high concentra-
tion of hydrogen sulfide, and usually associated with the 
decomposition of organic matter and high variation of tur-
bidity. As it was shown in Fig. 11, there is a big variation of 
turbidity at the intake of Subiya Desalination Plant.

The variation may be due to the location of Subiya 
Desalination Plant at the outfall of Shatt Al-Arab. This 
variation in water quality was the result of big operational 
problems in Subiya Desalination Plant. The variation in the 
water turbidity can cause failure and force the operator to 
apply expensive and costly pretreatment methods to avoid 
such variations and keep the feed water quality stable. 
Although the beach well will provide a reliable and better 
quantity and quality of water, it cannot be considered an 
economical choice for large capacity desalination plant due 
to its limitation in productivity. Beach well can be consid-
ered as an optimal choice for small capacity desalination 
plant only. Thus, the best location with regards to turbidity 
for between the desalination plants which have open sur-
face intake structure is Doha West,Az-Zour Desalination 
Plant followed by Doha East Desalination Plant. 

4.2.3. TSS

TSS is a measurement for all settable and non settable 
particles that are larger than 2 microns in size. However, 
any particle that has a size less than 2 microns considered 
as dissolved particles. Most TSS is composed of inorganic 
materials such as sand, gravel, silt, clay, bacteria, and algae. 
TSS provides an empirical estimation of water quality in 
different water treatment systems such as membrane biore-
actor (MBR); RO; UF; MF; bipolar membrane (BPM); pres-
sure retarded osmosis (PRO); and FO. TSS is used in water 
treatment systems to calculate the efficiency of the filtration, 
coagulation, and flocculation processes. The high TSS can 
reduce the effectiveness of the chlorination process in a 
thermal desalination plant. Furthermore, TSS can limit the 
penetration of sunlight to the deep layers of the ocean and 
therefore affect the rate of the photo synthetic process. Fig. 
12 shows the TSS of seawater samples at the intake of the 
selected locations of different desalination plants in Kuwait. 
From Fig. 12, it is clear that the lowest TSS value measured 
at DRPBW is 0.75 mg/l, and the highest TSS values are 
found at Subiya seawater. However, the TSS for all of the 
other locations was below 4.0 mg/l. The best location with 
regard to TSS is DRPBW followed by Doha West then Doha 
East then Az-Zour and. A high value of TSS experienced 

Fig. 11. The turbidity of seawater at the intake of different de-
salination plants in Kuwait. 

Fig. 12. TSS of seawater at the intake of different desalination 
plants in Kuwait. 

Fig. 13. The concentration of silica at the intake of different de-
salination plants in Kuwait. 
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at shuwaikh seawater, which may be due to the discharge 
from industrial areas of Shuwikh and El-Esheirij, which 
increases the turbidity and the pollutants at the Shuwaikh 
site, in addition to the discharge at Shuwaikh outfall.

High TSS was reported to induce the alkalinity of sea-
water or result in an increase in the precipitation of CaCO3 
scaling [55]. TSS also affects the adsorption of oil in seawater 
[56]. Coagulation-flocculation is usually applied to separate 
the suspended solids or the colloidal fouling by adding a 
coagulant aid such as aluminum chloride, ferric chloro-sul-
fate, or ferric chloride. Recently, a polymeric coagulant was 
used in coagulation instead of a chemical coagulant aid, 
where a small concentration of polymeric coagulants,such 
as 0.2 mg/l, can complete the coagulation process instead 
of using a high concentration of chemical coagulant aids 
such as 30 mg/l. Sedimentation and filtration also remove 
the suspended solids, through gravity filtration using silica 
sand, crushed coal, and garnet media. 

4.2.4. Silica 

The lowest concentration of silica was recorded at the 
intake Az-Zour, Doha East, Doha West then Shuwiakh 
Desalination Plant, whereas the average concentration of 
silica at Az-Zour was 0.14 mg/l. The concentration of sil-
ica in the seawater at the intake of Doha West and Doha 
East was very low with stable values when compared to 
the variation of silica concentration at Subiya (Fig. 13). The 
highest concentration of silica was recorded at DRPBW 
(2–2.5 mg/l), followed by Shuwaikh seawater, which has 
an average silica concentration between 0.7 to 0.48 mg/l. 

Even though the TSS and the turbidity are very low 
at DRPBW, the potential for silica scaling is expected to 
be higher than that of other locations due to the high con-
centration of silica. That implies that the beach well is not 
always better than the surface seawater with regard to col-
loidal fouling. Silica plays a major role in membrane fouling 
especially when RO is used for treating wastewater [57]. A 
high concentration of silica in seawater feed water contrib-
utes to silica scaling. However, silica scaling in groundwater 
desalination is a significant issue, where high silica concen-
tration will limit the recovery of the RO system,whereas to 
reduce the risk of silica-scaling, pH will be increased, which 
will increase the risk of calcium carbonate and magnesium 
hydroxide scaling [33]. Finally, it is clear that, with regards 
to colloidal fouling that, Az-Zour, Doha West, and Doha 
East are the lowest locations in the potential for colloidal 
fouling. A high potential for colloidal fouling is expected 
at the intake of Shuwaikh and Subiya Desalination Plants. 

4.3. Biofouling

The main reason for biofouling is the gradual accumu-
lation of waterborne organisms on the membrane surfaces 
such as bacteria(e.g., cholera, typhoid, and coliform organ-
isms), viruses (e.g., hepatitis A and poliomyelitis), algae, 
colonies, protozoa(e.g., Cryptosporidium, amebae, and 
giardia), microorganisms, microbes, and animals. These 
organisms were reported to survive under high operating 
temperatures up to 110°C and a pH values between 0.5 and 
13 [58]. That is why different types of desalinated systems 
are suffering from biofouling problems. The accumulation 

of these organisms on the membrane surface will form a 
harmful biofilm, which is considered as the second big 
problem in the RO systems. Biofouling has many adverse 
effects on the RO membrane systems Biofouling is result 
of blocking the pore of the membrane surface by biological 
slims which declining the permeate flux and forming a cake 
layer at the membrane surfaces. The cake layer and the bio-
logical slims will degrade the membrane materials, increase 
the roughness of the membrane surfaces, required imply-
ing more chemical cleaning and reduce the life of RO mem-
branes. That will result in increasing the operating cost and 
lowering the quality of produced water. Many serious bio-
fouling problems were reported in the Middle East regions, 
due to the high potential for microorganism growth. Bio-
fouling is usually a common problem in all membrane fil-
tration systems such as RO, UF, MF, NF, forward osmosis 
(FO), membrane distillation (MD),MBR; however, thermal 
desalination plants such as ME, MSF, and thermal vapor 
compression (TVC) are always exposed to less biofouling 
problems. Vrouwenvelder et al., in 2000 and 1998 [59,60], 
observed that membrane biofouling is the major opera-
tional problem in 12 out of 13 NF and RO membrane sys-
tems, which imply that biofouling problem dominated all 
membrane systems and it is very difficult to be controlled. 

Thermal desalination plants are also prone to biofoul-
ing problems, where biofouling was observed inside the 
condenser tubes, which will cause a reduction in the heat 
transfer, and thereby plant efficiency. Plant designee com-
pensates for this decrease by enlarging surface areas, which 
mean more capital cost (winters, 1995). Thus, monitoring or 
characterizing the feed water using more advanced organic  
indices is required to reduce biofouling problems. Recently, 
many indices were linked to biofouling such as TBC, fecal 
coliform bacteria (FCB), TOC, AOC, particular organic car-
bon (POC),and the dissolved organic carbon (DOC) [61–
63]. These measurements were considered as useful tools 
for estimating the potential for fouling and biofouling in 
the desalinated system since it can measure the level of a 
nutrient in the feed water [62]. TBC and FCB usually repre-
sent the bacteriological population in different membrane 
systems and are used as indicators for monitoring fouling 
intensity in many membrane systems such as MF, UF, and 
submerged membrane bioreactor [63,64].

AOC is a sensitive tool to predict the biofouling prob-
lems, where a concentration of only 80 µg/l of AOC of feed 
water in desalinated systems will result in high amounts 
of biofilm, high bacteria population, and severe biofoul-
ing problems. So, a concentration of AOC below ten µg/l 
was recommended to prevent biological fouling [65–66]. 
Moreover, the normal concentration of TOC in the surface 
seawater is usually less than 10 mg/l, and in groundwa-
ter, it is less than 2 mg/l. The membrane manufacturer 
recommended considering a pretreatment when the con-
centration of TOC exceeds only 3 mg/l in the feed water 
to the desalination system. However, other researchers 
recommended a more restricted concentration, below 
0.5 mg/l TOC, to avoid fouling and biofouling problems 
[61]. Baig and Kutbi (1998) proved that an average concen-
tration of 3.5 mg/l TOC in the feed water of the RO plant 
in Al-Jubail, Saudi Arabia, resulted in severe fouling and 
biofouling problems and reported that TOC is related to 
both organic fouling and biofouling. TOC measurements 
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are related to both DOC and POC in water samples, where 
as the only difference in the measurements of DOC and 
POC is filtering the water samples through a filter paper of 
0.4 and 0.7 µm pore diameter separately. However, DOC is 
used as an indication of fouling and biofouling in thermal 
desalination plants, since DOC material usually absorbs 
and adheres to the interior surfaces of heat exchanger 
tubes, which are considered as suitable surfaces for the 
biofouling microorganism population in thermal desalina-
tion plants. Adenosine triphosphate (ATP) is another new 
emerging indicator used to estimate the microbiological 
population and consequently the potential for biofouling 
in desalinated systems [62,67]. At DRPBW, the available 
indicators are TBC, TOC, and FCB, which are used to esti-
mate the potential for the biofouling of different seawater 
samples at the intake of different desalination plants in 
Kuwait including beach well at DRP. 

Table 3 shows that the result of FCB at all the of selected 
locations is zero, which implies that FCB will be excluded 
from the analysis of biofouling potential. Therefore, the 
potential for biofouling will depend on the result of TOC 
and TBC.

4.3.1 TBC 

Usually, TBC is used in evaluating the efficiency of 
various treatment processes and for checking the quality 
of finished water in a desalination system. Fig. 14 shows 
that Subiya has the highest potential for biofouling since 
the TBC was in the range of 104 CFU/ml, while the other 
locations had similar potential for biofouling as the TBC 
for all of them were in the range of 103. Shuwaikh seawater 
also shows a higher potential for biofouling than the other 
locations. Seawater at the intake of Doha West, Doha East, 
Shuaiba, and Az-Zour desalination plants show the lowest 
potential for biofouling. The chlorination of seawater is the 
most common method used to control RO membrane bio-
fouling, with a concentration of 0.5–1.0 mg/l of free chlorine 
maintained in the entire pretreatment line. New innovative 
membranes emerged recently in desalination, which has a 
high resistance to biofouling and was introduced by many 
authors, as the zwitterionic polymer membrane and the 
silver nanoparticles impregnated polyether sulfone (PES) 
membrane [68,69]. 

4.3.2. TOC

TOC measurements are very important parameters used 
to investigate the suitability of any location for desalination 
activity, whether it is membrane desalination or thermal 
desalination since it is strongly related to the organic mat-
ter content, which is responsible for fouling and biofouling 
problems in desalination systems. 

Furthermore, it is well known that during the disinfec-
tion processes, and when the feed water contains a high 
content of TOC or organic matter, the chlorine will react 
with the organic content and form chlorinated organic com-
pounds, which are cancer-causing compounds and named 
as disinfection by-products. To reduce the chance for dis-
infection by-products formation, the TOC content in feed 
water must be controlled. Table 4 shows the TOC analysis at 
the intake of selected desalination plants in Kuwait. 

The highest value analyzed for TOC is in the seawa-
ter at the intake of Shuwaikh Desalination Plant, which is 
2.12 mg/l. That because the Shuwaikh Desalination Plant 
is located close to the Shuwaikh harbor that discharges raw 
water and treated water from the sewage treatment plant as 
well as the sewage from the pumping station [70]. Further-
more, petrochemical industries in the Shuwaikh Industrial 
Area are considered as a source of organic material such 
as oils. In addition to Al- Ghazali, the sewage discharges 
and the storm water outfalls of Sulaibikh at Sports Club, 
hospital, and Kuwait University are heavily loaded with 
nutrients and sanitary wastes, which result in increasing the 
TOC of seawater at the intake of the Shuwikh Desalination 
Plant. The lowest TOC values were experienced in Az-Zour 
(1.31 mg/l), followed by the seawater at the intake of Doha 
West (1.627 mg/l) and Doha East (1.8915 mg/l). 

Thus, based on TBC and TOC analysis, it was found that 
Az-Zuor, followed by Doha West and Doha East are the best 
locations with regards to biofouling, where as Subiya and 
Shuwaikh are the worst cases with regards to the potential 
for biofouling. 

5. Organic fouling

The main reason for the organic fouling is the pres-
ence of OM in feed water such as carbohydrates, protein, 
polysaccharides, amino acids, lipids, fatty acids, pheno-
lics, polyhydroxyaromatics, polyhydroxylbutyrates, nat-
ural macromolecules, and colloids, sewage and industrial 
particulates, soil organic matter, living phytoplankton and 
other plant materials. Although the content of OM in sea-
water is usually very low when compared to the content 
of inorganic compounds, the organic fouling is harder to 
control than inorganic fouling. OM is classified into two 
types of organic matters, namely, biodegradable organic 
matter (BDOM) and a non biodegradable organic matter 
(NBDOM). It is well known that microorganisms in feed 
water can only oxidize the BDOM and release energy, 
which is used for the growth and reproduction of micro-
organisms. So, both TOC and BDOM can be used to esti-
mate the potential for fouling in desalination systems [71]. 
The amount of oxygen consumed during the oxidization of 
BDOM is called the BOD. BOD is another indicator, which 
can be used to evaluate the potential for fouling in desalina-
tion systems. COD is similar to the BOD indicator; the only 
difference is that COD includes oxidization of all BDOMs as 

Fig. 14. The average TBC of seawater samples at the intake of 
different desalination plants in Kuwait. 
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well as NBDOM organic materials using a strong chemical 
oxidizing agent. Both COD and BOD are indicators used 
to characterize the organic content in feed water in desali-
nation and wastewater treatment plants [72]. COD value is 
recommended to be below 10 mg/l of feed water to RO or 
NF system to prevent fouling problems [73].

Recently, COD and BOD are used to evaluate the per-
formance of the process of electrochemical oxidation elec-
trodes, which is the treatment process for high salinity brine 
water [74]. Although both BOD and COD are good indica-
tors to estimate the potential for organic fouling in desalina-
tion systems, new indices emerged in desalination, because 
of the long incubation time required for the measurements 
of BOD and COD indicators. DOC, POC, natural organic 
matter (NOM), and dissolved organic matter (DOM) all 
are new indicators used to estimate the fouling potential in 
desalination systems.

POC is a measurement of carbon content in feed water 
and usually refers to both living and nonliving organisms in 
seawater, which retain from filtration using a 0.45-µm filter, 
whereas DOC is a measurement of carbon content in DOM 
and usually expresses, the non-living organisms, which can 
pass through a 0.45-µm filter [75]. POC value usually rep-
resents 10% of the TOC [76,77]. 

Monitoring POC in desalination systems proves to 
reduce the biofouling on MF by 50%. A concentration of 1 
to 20 mg/l DOC indicates feed water with a low fouling 
potential [62].

Furthermore, it was recommended to measure the DOC 
on a routine basis to control the performance of the coag-
ulation-flocculation process, backwash system, ozonation, 
cleaning with a chemical reagent, and activated carbon fil-
tration in desalination systems [39,78–83]. Recently, a new 
innovative indicator is introduced in seawater desalination 
to characterize the fouling potential, which is the membrane 
surface elasticity. The elasticity can measure or express the 
adhesion forces between organisms and the membrane sur-
faces, which is a good indicator to predict the organisms’ 
population [84]. TOC, COD and BOD, ammonia, phosphate 
and nitrateare all biological indices and are selected to eval-
uate the different seawater samples with regards to organic 
fouling. Table 3 shows that the BOD values for all of the 
selected locations are less than one (Table 3); so, BOD indi-
cator is excluded from the evaluation processes. 

5.1. COD

Fig. 15 shows the COD for seawater samples at the 
selected locations. From Fig. 15, it is clear that the seawater 
at the intake of Az-Zour (81.97 mg/l) is the lowest in COD 

values followed by Subiya (82.31 mg/l), and then Doha West 
(82.92 mg/l), Doha East (84 mg/l), Shuiaba (89.0 mg/l), 
DRP BW (89.7 mg/l), and finally Shuwaikh seawater (90.52 
mg/l). That implies that the highest content of organic mat-
ter is expected at Shuwaikh seawater intake and the highest 
potential for biofouling is expected at Shuwaikh. The best 
location related to organic fouling is Az-Zour site. 

5.2. Nitrate, phosphate, and ammonia 

Nitrate, phosphate, and ammonia in seawater are con-
sidered as nutrients and are present as a result of the large 
population of algae in seawater, which is the main reason 
for clogging desalination equipment, especially the screen 
mesh and the pumping station. Furthermore, the growth of 
algae in the feed water will result in the deterioration of the 
water quality and an increase in the TSS and turbidity of 
water. The algae growth will increase the content of TOC 
and membrane biofouling rate. 

Ammonia (NH4) in water is an indicator of possible 
bacterial population, algae multiplications,and sewage con-
tamination. So, NH4 is an important parameter to detect the 
algae blooms in the feed water to desalinated systems and 
to maintain a constant production in membrane water sys-
tems. The natural levels of NH4 in ground water and surface 
seawater are usually below 0.2 mg/L [85–86].

It is well known that the levels of nitrate (NO3); nitro-
gen (N); phosphate(PO4

3–); trace metal as cobalt (CO2+), iron 
(Fe3+), and molybdenum (Mo2+); Fe2+ (iron); and manga-
nese (Mn2+) concentrations are the limiting factors for algae 
growth in seawater [87–89]. From Table 5 it is clear that the 

Table 4
TOC Concentration at the intake of different desalination plants in Kuwait

TOC (mg/l) 6/11/2016 2/11/2016 14/11/2016 21/11/2016 Average

Subiya 3.58 1.48 1.701 1.557 2.0795
Az-Zour 1.281 1.13 1.464 1.404 1.31975
Al-Shuwaikh 2.26 2.096 2.005 2.12033
Doha West 1.701 1.554 1.6275
Doha East 1.829 1.954 1.8915

Fig. 15. The COD analysis of seawater at the selected locations of 
desalination plants.
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concentration of ammonia is very low at the intake of all 
selected desalination plants, and the locations are consid-
ered clean from any wastewater pollution. Doha East has 
the lower concentration with regard to nitrate followed 
by Doha West and Az-Zour Desalination Plant. Subiya, 
Shuaiba, and DRPBW show the highest concentration of 
nitrate, which are 4.84, 4.83, and 4.20 mg/l.

The concentration of ammonia is very low at all of the 
desalination plants and lower than 0.01 mg/l. However, 
the concentration of phosphate is very low in Doha West, 
Shuiaba, and Az-Zour desalination plant. Higher values 
were found at Subiya, DRP BW, and Shuwaikh Desalina-
tion Plant. From the previous results of COD, TOC, nitrate, 
phosphate, and ammonia, it is clear that Doha West is the 
best with regards to organic fouling, followed by Doha East 
and Az-Zour. Shuwaikh Desalination Plant can be consid-
ered as the worst with regard to organic fouling. 

6. DO and TDS

DO is usually measured at the inlet and the outlet of 
the deaerator in thermal desalination plants for checking its 
efficiency. DO is also measured at the condensate pump for 
checking any leakage. The concentration of DO in the sea-
water depends on the salinity and temperature and varies 
with the depth of the seawater. DO is a useful tool in mate-
rial selection during the design stages. It is well known that 
as the concentration of DO increases, the potential for cor-
rosion problems increases. DO is an essential parameter for 
calculating the required dosing of anti-corrosion chemicals 
in thermal desalination plants. Furthermore, it is an indica-
tion of the biological activities in seawater and used in the 
measurements of BOD and COD. 

From Table 6 it is clear that the lowest value with regards 
to DO is at Az-Zour, which implies that a lower rate of cor-
rosion is expected at this desalination plant and the lowest 
biological activities are also expected at Az-Zour Power Sta-
tion, followed by Doha East, Doha West, Shuwaikh, Subiya, 
and finally DRP BW.

TDS is a measure of the combined content of all dissolved 
inorganic and organic substances in the water. TDS for sea-

water differs from one location to another. The Arabian Gulf 
sea water is characterized by the highest salinity based on 
the highest values of TDS. TDS plays an important role in 
increasing the operating pressure required to overcome the 
natural RO in a desalination system. The osmotic pressure 
required for desalinating seawater at a TDS of 35,000 mg/l is 
about 2700 kJ, while the osmotic pressure required for a TDS 
of 3000 mg/l is only about 230 kJ. TDS is also considered as a 
monitoring parameter in the membrane systems. The highest 
TDS at the intake of a selected desalination plant was at Shu-
waikh Desalination Plant, followed by Doha West, Shuaiba, 
Subiya, and Az-Zour. DRP PW has the lowest TDS values 
among the selected desalination plants. Thus, DRP BW is the 
best location with regard to TDS and has the lowest osmotic 
pressure required for desalinating seawater using the mem-
brane desalination method. 

7. The result of fouling test

The degree of fouling was measured through experi-
mental work and the result obtained was compared to the 
result obtained from analyzing different fouling indices.  
Table 7 shows the FRR of the different water samples at the 
selected locations.

From Table 7, it is clear that Az-Zour is the best location 
followed by Doha West,Doha East followed by DRPBW. 

Table 5
The analysis of ammonia, nitrate, and phosphate at the intake of the selected locations

Subiya Doha East P.S. Doha West P.S. Shuwaikh P.S. DRP BW Az-Zour Shuaiba

Nitrate (mg/L) 4.84 1.26 2.09 3.58 4.20 3.26 4.83
Ammonia (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Phosphate (mg/L) 0.293 0.129 0.091 0.124 0.201 0.100 0.090

Table 6
The DO, temperature, pH, and TDS of selected desalination plants in Kuwait

  Subiya Doha East Doha West Shuwaikh DRP BW Az-Zour Shuaiba

DO 4.93 4.03 4.50 4.51 5.23 3.81 –
Temperature (°C) 24.72 24.92 24.77 24.90 25.06 25.07 24.6
pH 8.06 8.13 7.96 8.05 7.27 8.08 8.1
TDS (mg/L) 50024 43582 51370 57109 45534 47524 51106

Table 7
The FRR of different water samples using the fouling testing 
unit

Intake Jw1 Jw2 FRR (%)

Al-Zour 18.8 16.9 89.9
Doha West 18.8 15.9 84.57
Doha East 22.5 16.5 73.3
DRPBW 26.3 18.8 71.4
Shuwaikh Power Station 22.5 15.4 68.4
Subiya Power Station 18.8 12.4 65.9
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Shuwaikh and Subiya are the worst locations with regards 
to fouling indices. 

8. Conclusion

The selected locations were investigated based on many 
parameters, and the result of all indices showed that Az-Zour 
is the best location followed by Doha West, Doha East, and 
then Shuaiba Desalination Plant with regards to organic foul-
ing, colloidal fouling, and biofouling. However,with regards 
to inorganic fouling, Shuwaikh is the best followed by 
Doha West, Doha East, then Az-Zour and Subiya. However, 
the worst condition with regards to inorganic fouling is at 
DRPBW. Since organic fouling, colloidal fouling, and biofoul-
ing are very difficult to control. While inorganic fouling can 
be controlled more easily by antiscalant and acid treatment, 
Thus, it is recommended to install a new desalination plant 
at Az-Zour desalination power plant followed by Doha West 
then Doha East desalination power plant and finally Shuaiba 
desalination power plant. Furthermore,it is recommended 
t o keep away from Subiyah and Shuwaikh location., Since 
they are the worst locations with regards to biofouling and 
organic fouling because they are close to the Shatt Al-Arab 
outfall, shuwaikh industrial area and Al-Ghazali outfall 
which increases the organic content in the seawater and 
could result of fouling and biofouling problems.

References

[1]	 E. Garcia-Castello, J. Garcia-Garrido, A.D. Rodriguez-Lopez, 
N. Laguarda-Miro, J. Pascual-Garrido, Designing a desalina-
tion plant for a tourist city located in the Mediterranean Span-
ish coast, Desalination, 203 (2007) 189–198.

[2]	 M. Krivorot, A. Kushmaro, Y. Oren, J. Gilron, Factors affecting 
biofilm formation and biofouling in membrane distillation of 
seawater, J. Membr. Sci., 376 (2011) 15–24.

[3]	 H.K. Shon, S.H. Kim, S. Vigneswaran, R. Ben, A.S. Lee, J. Cho, 
Physico chemical pretreatment of seawater: Fouling reduction 
and membrane characterization, Desalination, 238 (2009)10–21.

[4]	 B.G. Jabboury, M.A. Darwish. Performance of gas turbine 
co-generation power desalting plants under varying operat-
ing conditions in Kuwait, Heat Recovery System & CHP., 10(3)
(1990) 243–253. 

[5]	 M.U. Beg, T. Saeed, S. Al-Muzaini, K.R. Beg, M. A1-Bahlou1, 
Distribution of petroleum hydrocarbon in sediment from 
coastal area receiving industrial effluents in Kuwait, Ecotox-
icol. Environ. Safety, 54 (2003) 47–55. 

[6]	 S.W. Fowler, Non-oil industry. In the Gulf: Ecosystem Health 
and Sustainability Book. Edited by N.Y. Khan, M. Munawar, 
and A.R.G. price, Leiden: Michigan State Publishers, Univer-
sity Press, 2002, pp. 157–172.

[7]	 A. Husain, W. Sawaya, A. Al-Sayegh, J. Al-Amiri, J. Al-Sager, 
T. Al-Sharrah, R. Al-Kandari, M. Al-Foudari, Screening level 
assessment of risks associated with dietary exposure to 
selected heavy metals, polycyclic aromatic hydrocarbons, and 
radio nuclides in Kuwait, Human Ecol. Risk Assess., 9(4) (2003) 
1075–1087.

[8]	 B. Gevao, M.U. Beg, A.N. Al-Ghadban, A. Al-Omair, M. 
Helaleh, J. Zafar, A spatial distribution of polybrominated 
diphenyl ethers in coastal marine sediment receiving indus-
trial and municipal effluents in Kuwait, Chemosphere, 62 
(2006) 1078–1086.

[9]	 C. Zeri, H. Kontoyiannis, A. Giannakourou, Distribution, 
fluxes and bacterial consumption of total organic carbon in a 
populated Mediterranean Gulf, Con. Shelf Res., 29 (2009) 886–
895.

[10]	 H.A. Al-Saadi, M.A.H. Saad, R.A. Hadi, N.A. Hussain, Further 
investigation of some environmental characteristic of north-
west Arab-Gulf, Oceanography, 43 (1976) A3.

[11]	 S. Al-Muzaini, P.G. Jacob, Marine plants of the Arabian Gulf, 
Environ. Int., 22(3) (1995) 369–376.

[12]	 K.M. Sassi, I.M. Mujtaba, Effective design of reverse osmo-
sis-based desalination process considering wide range of salin-
ity and seawater temperature, Desalination, 306 (2012) 8–16.

[13]	 A.M. Hassan, A.M. Farooque, A.T.M. Jamaluddin, A.S. 
Al-Amoudi, M.A.K. Al-Sofi, A.F. Al-Rubaian, N.M. Kither, 
I.A.R. Al-Tisan, A demonstration plant based on the new 
NF-SWRO process, Desalination, 131 (2000) 157–171.

[14]	 A.M. Hassan, M.A.K. Al-Sofi, A.S. Al-Amoudi, A.T.M. Jama-
luddin, A.M. Farooque, A. Rowaili, A.G.I. Dalvi, N.M. Kither, 
G.M. Mustafa, I.A.R. Al-Tisan, A new approach to membrane 
and thermal seawater desalination processes using nanofiltra-
tion membranes (Part 1), Desalination, 118 (1998) 35–51.

[15]	 M.A. Darwish, F.M. Al-Awadi, A.M. Darwish, Energy and 
water in Kuwait. Part I. A sustainability view point, Desalina-
tion, 225 (2008) 341–355.

[16]	 M. Al-Otaibi, Options for managing water resources in 
Kuwait, Arabian J. Sci. Eng., 30(2005) 56–68.

[17]	 MEW, Statistical Year Book. Ministry of Electricity and Water, 
State of Kuwait, 2008.

[18]	 MEW, Statistical Year Book. Ministry of Electricity and Water, 
State of Kuwait, 2010.

[19]	 A. Emad, Understanding the operation of industrial MSF 
plants Part I: Stability and steady-state analysis, Desalination, 
143 (2002) 53–72.

[20]	 M.A.K. Al-Sofi, A.M. Hassan, G.M. Mustafa, A.G.I. Dalvi, 
M.N.M. Kither, Means and merits of higher temperature oper-
ation in dual-purpose plants, Desalination, 125 (1999) 213–222.

[21]	 Z.K. Al-Bahri, W.T. Hanbury, T. Hodgkiess, Optimum feed 
temperature for seawater reverse osmosis plant operation in 
an MSF/SWRO hybrid plant, Desalination, 138 (2001)335–339.

[22]	 M. Abdel-Jawad, S. Ebrahim, Beach well seawater intake as 
feed for an RO desalting system, Desalination, 99 (1994) 57–71.

[23]	 S.F.E. Boerlage, M.D. Kennedy, I. Bremere, G.J. Witkamp, J. 
P.V.D. Hoek, J.C. Schippers, The scaling potential of barium 
sulphate in reverse osmosis systems. J. Membr. Sci., 197 (2002) 
251–268.

[24]	 R.Y. Ning, J.P. Netwig, Complete elimination of acid injection 
in reverse osmosis plants, Desalination, 143 (2002) 29–34.

[25]	 A. Farhat, F. Ahmad, N. Hilal, H.A. Arafat, Boron removal in 
new generation reverse osmosis (RO) membranes using two-
pass RO without pH adjustment, Desalination, 310 (2013) 50–59.

[26]	 R. Al-Rasheed, S. Al-Sulami, G. Hasan, Survey of boron levels 
in seawater desalination plants in Saudi Arabia. IDA World 
Congress-Maspalomas, Gran Canaria- Spain October 21–26, 
2007. IDAWC/MP07-164.

[27]	 W.H.O. organization, Boron in drinking-water, background 
document for development of who guidelines for drink-
ing-water quality(2017), (http://apps.who.int/iris/bitstream
/10665/254637/1/9789241549950-eng.pdf.Thefourthedition 
is incorporating the first addendum, ISBN 978-92-4-154995-0, 
WHO Library Cataloguing-in-Publication Data.

[28]	 M. Busch, W.E. Mickols, S. Jons, J. Redondo, J. De Witte, Boron 
removal in sea water desalination only from feed water, Inter-
national Desalination Association BAH03039.(2011) 

[29]	 M. A1-Shammiri, M. A1-Dawas, Maximum recovery from 
seawater reverse osmosis plants in Kuwait, Desalination, 110 
(1997) 37–48.

[30]	 SMEWW 1020A, Quality assurance, Standard method for the 
examination of water and wastewater, American Public Health 
Association, American Water Works Association and Water 
Environment Federation, 22nd ed., 2012, pages 1–6.

[31]	 SMEWW 1020B, Quality control, Standard method for the 
examination of water and Waste water, American Public 
Health Association, American Water Works Association and 
Water Environment Federation, 22nd ed., 2012, pages 1–7.

[32]	 M. Abdel-Jawad, S. Ebrahim, F. Al-Atram, S. Al-Shammari, 
Pretreatment of the municipal wastewater feed for reverse 
osmosis plant, Desalination, 109(2) (1997) 211–223.



M. Salman et al. / Desalination and Water Treatment 139 (2019) 70–8786

[33]	 N.A. Milne, T. OReilly, P. Sanciolo, E. Ostarcevic, M. Beigh-
ton, K. Taylor, M. Mullett, A.J. Tarquin, S.R. Gray, Chem-
istry of silica scale mitigation for RO desalination with 
particular reference to remote operations, Water Res., 65 
(2014) 107–133.

[34]	 E.A. Rashed, M.M. Elshafei,M.A. Hiekl, M.E. Matta, K.M. 
Naguib, On-line dosing of Ammonium Biflouride for reduc-
tion of silica scaling on RO membranes. HBRC J., 12(2) (2016) 
205–211.

[35]	 N. Mccave, Size spectra and aggregation of suspended parti-
cles in the deep ocean, Deep Sea research part A, Oceanog. 
Res. Paper, 31(4) (1984) 329–352.

[36]	 J. Kim, M.J. Park, M. Park, H.K. Shon, S.H. Kim, J.H. Kim, Influ-
ence of colloidal fouling on pressure retarded osmosis, Desali-
nation, 389 (2016) 207–214.

[37]	 J.M. Ochando-Pulido, M.D. Victor-Ortega, A. Martinez-Ferez, 
Membrane fouling insight during reverse osmosis purification 
of pretreated olive mill wastewater, Separ. Purif. Technol., 168 
(2016) 177–187.

[38]	 M. Nairand, D. Kumar, Water desalination, and challenges: 
The Middle East perspective: a review, Desal. Water Treat., 1 
(2012) 12.

[39]	 M. Monnot, S. Laborie, C. Cabassud, Granular activated car-
bon filtration plus ultrafiltration as a pretreatment to seawater 
desalination lines: Impact on water quality and UF fouling, 
Desalination, 383 (2016) 1–11. 

[40]	 L. Zhao, F. Wang, X. Weng, R. Li, X. Zhou, H. Lin, H. Yu, B. Q. 
Liao, Novel indicators for thermodynamic prediction of inter 
facial interactions related with adhesive fouling in a mem-
brane bioreactor, J. Colloid Interface Sci., 487 (2017) 320–329.

[41]	 N.M. Mazlan, P. Marchetti, H.A. Maples, B. Gu, S. Karan, A. 
Bismarck, A.G. Livingston, Organic fouling behavior of struc-
turally and chemically different forward osmosis membranes 
– A study of cellulose triacetate and thin film composite mem-
branes, J. Membr. Sci., 52 (2016) 247–261.

[42]	 M. Haddad, L. Bazinet, O. Savadogo, J. Paris, Electrochemical 
acidification of kraft black liquor: Impacts of pulsed electric 
field application on bipolar membrane colloidal fouling and 
process intensification J. Membr. Sci., 524 (2017) 482–492.

[43]	 M. Xie, S.R. Gray, Silica scaling in forward osmosis: From solu-
tion to membrane interface, Water Res., 108 (2017) 232–239.

[44]	 Y. Lan, K. Groenen-Serrano, C. Coetsier, C. Causserand, 
Fouling control using critical, threshold and limiting fluxes 
concepts for cross-flow NF of a complex matrix: membrane 
bioreactor effluent, J. Membr. Sci., 524 (2016) 288–298.

[45]	 D.M. Warsinger, J. Swaminathan, E. Guillen-Burrieza, H.A. 
Arafat, J.H. Lienhard, Scaling and fouling in membrane dis-
tillation for desalination applications: A review, Desalination, 
356 (2015) 294–313.

[46]	 A. Mosset, V. Bonnelye, M. Petry, M.A. Sanz, The sensitivity of 
SDI analysis: From RO feed water to raw water, Desalination, 
222 (2008) 8–16.

[47]	 M. Wilf, K. Klinko, Effective new pretreatment for seawater 
reverse osmosis, Desalination, 117 (1998) 323–331.

[48]	 H. Winters, Biofouling- its history and how it affects today’s 
desalination industry. Proceedings of IDA World Congress on 
Desalination and Water Sciences, Abu-Dhabi, UAE, (1995) PP: 
255–264.

[49]	 S.F.E. Boerlage, M.D. Kennedy, M.P. Aniye, E. Abogrean, Z.S. 
Tarawneh, J.C. Schippers, The MFI-UF as a water quality test 
and monitor, J. Membr. Sci., 211 (2003) 271–289.

[50]	 S.F.E. Boerlage, M. Kennedy, Z. Tarawneh, R. De Faber, J.C. 
Schippers, Development of the MFI-UF in constant flux filtra-
tion, Desalination, 161 (2004) 103–113.

[51]	 Y. Ju, S. Hong, Nano-colloidal fouling mechanisms in seawater 
reverse osmosis process evaluated by cake resistance simula-
tor-modified fouling index nanofiltration, Desalination, 343 
(2014) 88–96.

[52]	 F. Al-Yamani, Importance of the freshwater influx from the 
Shatt-Al-Arab River on the Gulf marine environment. Protect-
ing the Gulf’s Marine Ecosystems From Pollution, Springer, 
(2008) 207–222 (book).

[53]	 A. Al-Ghadban, A. El-Sammak, Sources, distribution, and 
composition of the suspended sediments, Kuwait Bay, North-
ern Arabian Gulf, J. Arid Environ., 60 (2005) 647–661.

[54]	 H. Al-Shemmari, A.M. Al-Dousari, L. Talebi, A.N. Al-Gh-
adban, Mineralogical characteristics of surface sediment in 
Sulaibikihat Bay, Kuwait, Kuwait J. Sci., 40 (2013) 159–176. 

[55]	 E. Wurgaft, Z. Steiner, B. Luz, B. Lazar, Evidence for inorganic 
precipitation of CaCO3 on suspended solids in the open water 
of the Red Sea, Marine Chem., 186 (2016) 145–155.

[56]	 L. Sorensen, AG. Melbye, A.M. Booth, Oil droplet interaction 
with suspended sediment in the seawater column: Influence of 
physical parameters and chemical dispersants, Marine Pollut.
Bull., 78(1–2) (2014) 146–152.

[57]	 K. Kimura, S. Okazaki, T. Ohashi, Y. Watanabe, Importance 
of the co-presence of silica and organic matter in membrane 
fouling for RO filtering MBR effluent, J. Membr. Sci., 501 (2016) 
60–67.

[58]	 Y.C. Woo, J.J. Lee, L.D. Tijing, H.K. Shon, M. Yao, H.S. Kim, 
Characteristics of membrane fouling by consecutive chemical 
cleaning in pressurized ultra filtration as pre-treatment of sea-
water desalination, Desalination, 369 (2015) 51–61. 

[59]	 J.S. Vrouwenvelder, S.A Manolarakis, H.R. Veenendaal, D. 
van der Kooij, Biofouling potential of chemicals used for 
scale control in RO and NF Membranes, Desalination, 132 
(2000) 1–10. 

[60]	 H.S. Vrouwenvelder, J.A.M. van Paassen, H.C. Folmer, J.A.M.H. 
Hofman, M.M. Nederlof,  D. van der Kooij, Biofouling of mem-
branes for drinking water production, Desalination, 118 (1998) 
157–166.

[61]	 L.C. Weinrich, N. Haas, M.W. Le Chevallier, Recent advances 
in measuring and modeling reverse osmosis membrane foul-
ing in seawater desalination: a review, J. Water Reuse Desal., 3 
(2013) 85–101.

[62]	 S. Jeong, R. Vollprecht, K. Cho, T. Leiknes, S. Vigneswaran, H. 
Bae, S. Lee, Advanced organic and biological analysis of dual 
media filtration used as a pretreatment in a full-scale seawater 
desalination plant, Desalination, 385 (2016) 83–92. 

[63]	 L. Deng, W. Guo, H.H. Ngo, H. Zhang, J. Wang, J. Li, S. Xia, Y. 
Wu, Bioresour. Technol., 221 (2016) 656–665.

[64]	 W. Yu, N.J.D. Graham, Application of Fe(II)/K2MnO4 as a 
pre-treatment for controlling UF membrane fouling in drink-
ing water treatment, J. Membr. Sci., 473 (2015) 283–291.

[65]	 T. Majeed, S. Phuntsho, S. Jeong, Y. Zhao, B. Gao, H.K. Shon, 
Understanding the risk of scaling and fouling in hollow fiber 
forward osmosis membrane application, Proces Safety Envi-
ron. Protect., 104 (2016) 452–464.

[66]	 T. Yp, J.M. Qiujm, The impacts of the AOC concentration on 
biofilm formation under higher shear force condition, Biotech-
nology, 15 (2004) 155–167.

[67]	 V. Liebers, D. Bachmann, G. Franke, S. Freundt, H. Stubel, 
M. Düser, B. Kendzia, M. Böckler, T. Brüning, M. Raulf, 2015, 
Determination of ATP-activity as a useful tool for monitoring 
microbial load in aqueous humidifier samples, Int. J. Hygiene 
Environ. Health, 218(2) (2015) 246–253.

[68]	 P. Biswas, R. Bandyopadhyaya, Biofouling prevention using 
silver nanoparticle impregnated polyethersulfone (PES) mem-
brane: E. coli cell-killing in a continuous cross-flow membrane 
module, J. Colloid Interf. Sci., 491 (2017)13–26.

[69]	 M.L.M. Tirado, M. Bass, M. Piatkovsky, M. Ulbricht, M. Herz-
berg, V. Freger, Assessing biofouling resistance of a polyamide 
reverse osmosis membrane surface-modified with a zwitteri-
onic polymer, J. Membr. Sci., 520 (2015) 490–498.

[70]	 S. Al-Muzaini, M. Beg, K. Muslamani, M. Al-Mutairi, The qual-
ity of marine water around sewage outfall, Water Sci. Technol., 
40 (1999) 11–15. 

[71]	 O.E. Ahmed, S.A. Mahmoud, M.M. El Nady, Organic sources 
in the Egyptian seawater around Alexandria coastal area as 
integrated from polycyclic aromatic hydrocarbons (PAHs), 
Egypt. J. Petroleum., 26 (2017) 819–826.

[72]	 J. Klein, R. Gibbs, Graphical method for calculating biochem-
ical oxygen demand, J. Water Pollut. Control Fed., 51(9) (1979) 
2257–2266.



M. Salman et al. / Desalination and Water Treatment 139 (2019) 70–87 87

[73]	 S.K. Nataraj, K.M. Hosamani, T.M. Aminabhavi, Nanofiltra-
tion and reverse osmosis thin film composite membrane mod-
ule for the removal of dye and salt from the simulated mixture, 
Desalination, 249 (2009) 12–17.

[74]	 M. Zhou, L. Liu, Y. Jiao, Q. Wang, Q. Tan, Treatment of high 
salinity reverse osmosis concentrate by electrochemical oxi-
dation on BDD and DSA electrode, Desalination, 277 (2011) 
201–206.

[75]	 M. Schulz, A. Soltani, X. Zheng, M. Ernst, Effect of inorganic 
colloidal water constituents on combined low-pressure mem-
brane fouling with natural organic matter (NOM), J. Membr. 
Sci., 507 (2016) 154–164.

[76]	 A. Leenheer, J.-P. Croué, Peer reviewed: Characterizing aquatic 
dissolved organic matter, Environ. Sci. Technol., 37(1) (2003) 
18A–26A.

[77]	 Spyres, G.M. Nimmo, P.J. Worsfold, E.P. Achterberg, A.E.J. 
Miller, Determination of dissolved organic carbon in seawater 
using high-temperature catalytic oxidation techniques, Trac, 
Trends in Analytical. Chemistry, 19 (2000) 498–506. 

[78]	 A.R. Margolin, L.J.A. Gerringa, D.A. Hansell, M.J.A. Rijken-
berg, Net removal of dissolved organic carbon in the anoxic 
waters of the Black Sea, Marine Chemistry, 183 (2016) 13–24.

[79]	 J.N. Hakizimana, B. Gourich, C. Vial, P. Drogui, A. Oumani, J. 
Naja, L. Hilali, Assessment of hardness, microorganism and 
organic matter removal from seawater by electro coagulation 
as a pretreatment of desalination by reverse osmosis, Desali-
nation, 393 (2016) 90–101.

[80]	 Z. Yan, B. Liu, F. Qu, A. Ding, H. Liang, Y. Zhao, G. Li, Control 
of ultra filtration membrane fouling caused by algal extracel-
lular organic matter (EOM) using enhanced Al coagulation 
with permanganate, Separ.Purif. Technol., 172 (2017) 51–58.

[81]	 E.W. Tow, M.M. Rencken, J.H. Lienhard V, In situ visualization 
of organic fouling and cleaning mechanisms in reverse osmo-
sis and forward osmosis, Desalination, 399 (2016) 138–147. 

[82]	 M. Park, T. Anumol, J. Simon, F. Zraick, S.A. Snyder, Pre-ozo-
nation for high recovery of nanofiltration (NF) membrane 
system: Membrane fouling reduction and trace organic com-
pound attenuation, J. Membr. Sci., 523 (2017) 255–263.

[83]	 G. Han, J. Zhou, C. Wan, T. Yang, Tai-S. Chung, Investigations 
of inorganic and organic fouling behaviors, anti-fouling and 
cleaning strategies for pressure retarded osmosis (PRO) mem-
brane using seawater desalination brine and wastewater,Water 
Res., 103 (2016) 264–275.

[84]	 L.C. Powell, N. Hilal, C.J. Wright, Atomic force microscopy 
study of the biofouling and mechanical properties of virgin 
and industrially fouled reverse osmosis membranes, Desali-
nation, 404 (2017) 313–321.

[85]	 R. Ben-Asher, O. Lahav, Electro oxidation for simultaneous 
ammonia control and disinfection in seawater recirculating 
aquaculture systems, Aquac. Eng., 72 (2016) 77–87.

[86]	 S. Huang, N. Voutchkov, S.C. Jiang, Investigation of environ-
mental influences on membrane biofouling in a Southern Cal-
ifornia desalination pilot plant, Desalination, 319 (2013) 1–9.

[87]	 M. Chen, H. Tang, H. Ma, T.C. Holland, K.Y. Simonng, S.O. Sal-
ley, Effect of nutrients on growth and lipid accumulation in 
the green algae Dunaliellatertiolecta, Bioresour. Technol., 102 
(2011) 1649–655.

[88]	 D.A. Caron, M.E. Garneaua, E. Seuberta, Me.D.A. Howarda, 
B.L. Darjanya, A. Schnetzera, I.A. Cetinic, G. Filteauc, P. Lau-
rid, B.Jonesa, S. Trussell, Harmful algae and their potential 
impacts on desalination operations off southern California, 
Water Res., 44 (2010) 385–416.

[89]	 A. Sakka, L. Legendre, M. Gosselin, B. Leblanc, B. Delesalle, 
N.M. Price, Nitrate, phosphate and iron limitation of the phy-
toplankton assemblage in the lagoon of Takapoto Atoll, Aquat. 
Microb. Ecol., 19 (1999) 149–161.


