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Abstract

Background: Various suspended organic and inorganic contaminants including biological deposits, different types of algae and
barnacles and causative factors of water turbidity result in irreparable damages to pretreatment systems and membranes in reverse
osmosis systems.
Objectives: In this study, the effect of injection of disinfectant materials such as calcium hypochlorite on the reduction of silt den-
sity index (SDI) value at the inlet of reverse osmosis system has been investigated.
Methods: In this research, correlations between fundamental parameters in pretreatment system such as turbidity, chlorine injec-
tion, residual chlorine content and SDI values were thoroughly analyzed and evaluated at one of the desalination plants located in
Persian Gulf.
Results: The results indicated that there is a close link between the amount of chlorine injection and SDI inlet value. By adjusting
the nephelometric turbidity unit values in specific ranges of 35 - 55, 55 - 80 and 80 - 150 and oxidation reduction potential in the
ranges of 280 - 680, 315 - 680 and 420 - 680 mV, favorable SDI value of inlet water was obtained.
Conclusions: SDI control via chlorine injection increased the lifetime of cartridge filters at reverse osmosis input units and reduced
the operation costs significantly.
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1. Background

Nowadays, global water consumption, dwindling wa-
ter resources, and high-quality water scarcity in many
world regions have considerably highlighted the demand
for developing alternative means for freshwater resources
(1, 2). One of the effective approaches is to desalinate the
abundant sea water resources. Seawater desalination sys-
tem using reverse osmosis (RO) is one of the most domi-
nant desalination processes despite the complexity of de-
sign and high maintenance costs (3, 4). RO is used to re-
move a large portion of contaminants from water by push-
ing water under pressure through a semi-permeable mem-
brane.

Entry of contaminants into the RO systems is one of the
critical issues which causes a dramatic impact on RO mem-
branes’ performance. These undesirable contaminats and

deposits cuase RO membrane fouling, which simultane-
ously increases the maintenance operation costs (1, 2).

Moreover, reduced water qulaity, short lifetime of
membranes, and high chemical injections and energy con-
sumption are the consequences of presence of contam-
inants and membrane fouling (5-7). Types of contami-
nants are basically categorized as soluble minerals, sus-
pended inorganics and organic and biological pollutants
(6, 8, 9). Each of these pollutants results in serious dam-
ages to membranes of RO systems. Hence, characterization
of these pollutants on the one hand and applying effective
measures to remove them on the other hand are of great
importance.

The water salinity of Persian Gulf is extremly higher
than the other seas. The Persian Gulf salinity varies from
36% to 44% and slightly increases with depth. Total dis-
solved solids (TDS) value of Persian Gulf water in some re-
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gions exceeds 45000 mg/L, which results in natural crys-
tallization of the dissolved salts and scaling (2). Therefore,
different types and amounts of contaminants including
suspended organic and biological pollutants, biodeposits,
barnacles and inorganic pollutants pass through the filters
and enter RO systems (10, 11). Additionally, red tide attacks
are considered as the most intense attacks in this region,
which contribute to membrane damage. Figure 1A and B
indicates some of the contaminants for the currently stud-
ied site. As can be seen, organic and inorganic pollutants,
biological deposits, barnacles, and green, and red and blue
red tides cause biological growth and deposition in water-
intake systems, pumping stations, pre-treatment units, RO
membranes, and their water passage paths.

Most RO plants have post-treatment filtration or disin-
fection systems. Disinfection is one of the dominant pre-
treatment methods which is highly useful for destroying
microorganisms (2). There are various types of disinfection
methods in which UV lamps (electrical method) and chlori-
nation (chemical method) are two of the most commonly
employed methods. Chlorine is one of the effective chem-
ical disinfectants added to water to dissociate and oxidize
microorganisms (12, 13). The efficacy of chlorine is depen-
dent on the pH of water, chlorine concentration, and expo-
sure time (14). There are different chlorine species (2) such
as hypochlorite, chloroamines, and chlorine dioxide. One
of the factors that affects the injection amount of chlorine
is silt density index (SDI). SDI and turbidity (nephelometric
turbidity unit [NTU]) are important indictors of low levels
of suspended contaminants, which should be monitored
and controlled regularly for membrane performance.

In the present study, the removal of organic contami-
nants has been studied through disinfection pretreatment
method using calcium hypochlorite. The correlation be-
tween turbidity, SDI and the residual chlorine (ORP) has
been studied as well. Besides, the effects of SDI control via
chlorine injection on the lifetime of cartridge filters and fi-
nal operation costs was studied.

Although fundamental parameters of raw inlet water
such as SDI, turbidty, and ORP play a key role in operating
and maintenance of membranes of reverse osmosis, very
few studies have been carried out to investigate the corre-
lation between them.

2. Objectives

The aim of the current study was to identify the corre-
lations between SDI, turbidty and ORP parameters in order
to optimize the amount of chlorine injection.

Table 1. Concentrations of Used Chemical Solutions

Chemical Solutions Average Dosing (PPM) Average Dosing,
kg/Mon

Calcium
hypochlorite (65%)

4.5 3137

Poly aluminum
chloride

3 2091

Polyacrylamide 3 2091

3. Methods

3.1. Chemical Solutions

Detailed concentrations of the used chemical solu-
tions are given in Table 1. Calcium hypochlorite is used
as a disinfectant to inactivate pathogenic microorgan-
isms. Calcium hypochlorite 65% chlorine (hypochlorite)
by weight is normally dissolved in water to form a solu-
tion. The amount of injection depends on the amount of
organic and biological contaminants of raw water and SDI
value of the RO units. Poly aluminum chloride (PAC) is
used as a coagulant to enhance particulates collection by
lowering repulsive interactions between particles. Accord-
ing to the results of Jar test, the amount of coagulant solu-
tion can be estimated. Polyacrylamide as a coagulant aid
solution with the trade name of Ulteraclear (RSCO27232) is
injected into raw water based on the optimal conditions in
the Jar test.

3.2. Control Parameters Determination

Inlet turbidity is a measure of the degree to which
water loses its quality and transparency because of sus-
pended particulates. The turbidity of raw water is mea-
sured by the turbidity apparatus (AQUALYTIC, AL250T-IR
model) through nephelometric light method.

Silt density index (SDI) is a parameter characterizing
the fouling propensity of water, which is one of the fun-
damnental parameters in RO membrane processes (15).
Based on ASTM D 4189-95 (16), SDI analysis evaluates the
quantity of matter in water based on the time required to
filter a volume of the feed water through a 0.45-µm filter at
a constant pressure of 20.86 KPa (30 PSI) (9, 16). In fact, SDI
is the percent drop per minute in permeate flux through
the filter, which is an average of 15 minutes. The maximum
value of SDI 15 to predict the fouling capacity is less than 5,
and its optimum value is less than 3 (17, 18). The measure-
ment of SDI values is carried out by the AQUALYTIC appara-
tus of the SDI meter model for a period of 15 minutes using
the following formula:

SDI15min =
1−

(
ti
tf

)
T

× 100
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Figure 1. Input contaminants to A, membranes; B, disc filters systems

Where ti is the initial time in seconds required to fill
the 100-mL sample for the first time. tf is the final time
in seconds required to fill the 100-mL sample for a second
time after 15 minutes. T denotes the time of 15 minutes for
the exit flow between first and second sampling times.

The oxidation reduction potential (ORP) is a measure
to identify the degree of oxidation/reduction of materi-
als. The ORP value changes show the amount of injected
or residual chlorine (after injection) and the usual reac-
tion time (19). The amount of injected chlorine is mea-
sured every two hours by the ORP meter online machine
(JUMO brand), based on millivolt. The amount of residual
chlorine in terms of mg/L is measured by the MD200 LOVI-
BOND machine using a spectrophotometric method with
DPD specification.

In a three-month study, with the stabilization of the
desalination system, the process data and the above-
mentioned variables were systematically recorded. The
data bank contains 378 data. Some of the processed data
are presented in Table 2.

Pressure difference is the difference in pressure mea-
sured before and after for equipment such as filter car-
tridges and membranes, which indicates the obstacle level
against water passage and is measured by a pressure gauge
based on bar unit.

3.3. Description of the Operation Process

The operation process includes water-intake unit, pre-
treatment unit, and RO systems. The pre-treatment unit
includes clarifiers, gravity sand filtering, high pressure fil-
ter, and filter cartridges. First of all, chemical solutions in-
cluding chlorine disinfectant and coagulants are injected
into the water. Then, water enters the clarifier to remove
the suspended particles and water turbidity. The turbid-
ity reduction efficiency in clarifier is more than 80%. To
efficiently eliminate the causing factors of turbidity and

Table 2. Typical Process Data

Nephelometric
Turbidity Unit (NTU)

Qxidation Reduction
Potential (ORP)

Silt Density Index
(SDI)

69 616 4.9

58 380 3.7

54 360 3.8

48 370 3.5

41 350 4.3

55 280 4.9

68 510 4.5

65 570 4.2

56 530 4.3

63 510 3.9

67 540 3.7

65 501 3.4

68 370 3.6

67 495 4.8

65 540 4.3

RO pollutants, the water enters the gravity sand filter at
a rate of 8 m/h. NTU value of less than 1 can be reached
when the water passes through the pressure sand filters.
Filtration rate in these sand filters is more than 17 m/h. Af-
terwards, water enters the filter cartridges to control the
amount of SDI. Filter cartridges are polypropylene cylindri-
cal filters with a pore diameter of 5 and 1 microns, which
prevent the entry of fine particles to membranes. There-
fore, the SDI value is dependent on the performance of
the pre-treatment system and chemical injections. The
RO unit production capacity is 2000 m3/day and has 154-
SWFilmtec membranes. The schematic diagram of the pro-
cess is shown in Figure 2.
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Figure 2. Schematic diagram of the process

4. Results

4.1. Analysis of Raw Water Inlet

Typical water quality measurements made at 34.5°C
are provided in Table 3. In order to determine the sever-
ity of organic pollution of the input water, tests includ-
ing biochemical oxygen demand (BOD) and chemical oxy-
gen demand (COD) were performed four times by the wa-
ter and wastewater company based on the Standard Test
Method (2012) (20, 21). COD is defined as the total quan-
tity of oxygen required to oxidize all organic materials, and
BOD is defined as the amount of oxygen required by bacte-
ria while decomposing organic matter (22). COD values are
always greater than BOD values. The results demonstrated
that the high values of BOD and COD in raw water are due
to the presence of organic and biological pollutants.

4.2. Correlation Between Control Indices

Figure 3 shows the variations of seawater turbidity
(NTU) and SDI at a constant value of injected chlorine (470
mV). The values of turbidity are divided by 10. Identical re-
duction in turbidity values can be seen while the SDI value

Table 3. Raw Water Analysis

Factor Name Amount Unit

COD 27 PPM

BOD 19 PPM

pH 7.75 -

Turbidity 35 NTU

Temperature 34.5 °C

TDS 45000 mg/L

Abbreviations: BOD, biochemical oxygen demand; COD, chemical oxygen de-
mand; NTU, Nephelometric Turbidity Unit; TDS, Total dissolved solids.

altered insignificantly. Indeed, the SDI value measure-
ments at constant chlorine injection revealed no changes
at high or low levels of turbidity.

Figure 4 displays the variation of ORP and SDI val-
ues. First of all, the operation conditions for the varia-
tion trends of the ORP and SDI values were studied. The
amounts of ORP were divided by 100 to draw the SDI and
ORP data in a graph. The ORP values were increased with in-
creasing SDI, representing the operation conditions of the
system. It can be concluded that the operator by observing
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Figure 3. Variations of nephelometric turbidity unit and silt density index value at A, constant amount of chlorine injection; B, after linearization
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Figure 4. The variations of oxidation reduction potential and silt density index val-
ues under the operation conditions

the ascending order of SDI, increases the amount of ORP
through increasing the amount of injected chlorine.

Figure 5 demonstrates the variations of SDI and ORP
values at certain intervals. The values of ORP are divided
by 100. ORP measurement presents the concentration of
chlorine oxidants and its trend related to the degree of oxi-
dation/reduction. Remarkable fluctuation of SDI values ac-
companied with raise in the ORP values can be observed.

4.3. Pressure Differences in Filter Cartridge

Changes in pressure differences of filter cartridge are
given in Table 4 in two conditions. First, pressure differ-
ence was measured for cases without particular SDI con-
trol via chlorine injection and SDI values of 3 to 5. The re-
sults indicate that pressure difference of filter cartridge is
about 0.2 bar at the initial stages of operation, while after

15 days of operation, this difference reaches to 0.5 bar. Sec-
ond, pressure difference was measured for cases with par-
ticular SDI control via chlorine injection and SDI values of
less than 3. Figure 6 shows the variation of pressure dif-
ference for both cases. As can be noted, for particular SDI
control via chlorine injection, the increase of pressure dif-
ference occurs in a longer time. The results show that pres-
sure difference of filter cartridge is about 0.2 bar at the ini-
tial stages of operation, and after 45 days of operation, this
difference reaches to 0.5 bar.

5. Discussion

5.1. Correlation Between Turbidity and SDI

Based on the results of turbidity and SDI variations ob-
tained (Figure 3) at a constant value of injected chlorine,
reduction in turbidity values can be seen while the SDI
value altered insignificantly. Concentration and particle
size could be the main reasons for this phenomenon be-
cause SDI is indicative of the amount of submicron par-
ticulates present in water, while turbidity is a measure of
water clarity (2). According to the pre-treatment system of
the studied sampling site, the turbidity level of water af-
ter passing through the pressure sand filters of dual me-
dia filtration (DMF) reaches to less than 1 NTU due to the
removal of suspended colloidal particles. However, sub-
micron particles of organic and biological matters still re-
main suspended in raw water, which determine the SDI val-
ues. Rachman et al. (23) also showed that particle size and
concentration play a key role in SDI quantification. In ad-
dition, Mosset et al. (15) made the point that an increase
in turbidity may not be directly represented in SDI values,
and SDI measurements could be affected by numerous pa-
rameters including temperature, pH and membrane wet-
ting despite low turbidity.
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Table 4. Changes in Pressure Differences of Filter Cartridge

Water Intake Description Number Monthly Consumption
Number

Unit Cost, $/kg Monthly Cost, $ Cost, $/CUM

Chlorine injection with SDI
value between 3-5

Filter cartridge (1 µm) 256 512 2.5 1280 0.0052

Chlorine injection with SDI
value less than 3

Filter cartridge (1 µm) 256 171 2.5 427 0.0017
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Figure 6. Variations of pressure differences

5.2. Correlation Between SDI and ORP Values

The results showed that with increasing ORP values as
a result of chlorine injection, SDI values decrease signif-
icantly. As the chlorine oxidants increase, hypochlorous
and hydrochloric acids are produced, which play an inte-
gral role in oxidizing microorganisms. The residual effect
of free chlorine inhibits the re-growth of microorganisms
(2). In particular, Simon et al. (24) revealed that adenosine
triphosphate (biomolecule present in all living microor-
ganisms) and total cell count (bacterial abundance) are sig-
nificantly diminished by using sodium hypochlorite dis-
infectants. In this regard, reducing the amount of submi-

cron particles in water changes the SDI value. In the lin-
earization, turbidity and chlorine injection are considered
as the independent variables, while SDI value is the depen-
dent variable. It is found that at a constant turbidity level
at higher injection times, the amount of SDI is less than the
amount of chlorine injected with a small amount.

According to the results, the following equations are
obtained:

SDI = 5.2774 × 10
−2

NTU + 1.7696 × 10
−3

ORP + 1.1303 × 10
−2

35 < NTU ≤ 55, 280 ≤ ORP ≤ 680, R = 0.982, N = 170

SDI = 2.2933 × 10
−2

NTU + 4.229 × 10
−3

ORP + 6.2168 × 10
−3

55 < NTU ≤ 80, 315 ≤ ORP ≤ 616, R = 0.990, N = 167

SDI = 6.1639 × 10
−3

NTU + 6.4976 × 10
−3

ORP + 2.3247 × 10
−3

80 < NTU ≤ 150, 420 ≤ ORP ≤ 630, R = 0.993, N = 37
By adjusting the NTU values in specific ranges of 35 - 55,

55 - 80, and 80 - 150 and ORP in the ranges of 280 - 680, 315
- 680, and 420 - 680 mV, the desirable SDI value of inlet wa-
ter can be obtained. Using the obtained correlations as a
result of measuring turbidity and SDI values of inlet raw
water, the optimum amount of injectable chlorine (ORP)
can be achieved. The obtained relations could be useful to
optimize the operation of these units with the same pre-
treatment systems and superficial raw water sources.
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An in-depth analysis of water intake shows high-
quality water product as a result of successful implemen-
tation of the pretreatment operation based on the require-
ments of the World Health Organization (WHO) and ISIRI
1053.

Based on the results of Table 4, in the case of con-
trolling via chlorine injection, due to the decrease of sus-
pended particles and SDI value, the implement load for car-
tridge filtration greatly reduces resulting in its longer life-
time. Consequently, the operation cost is decreased to 66%
and desirable SDI value is obtained.

5.3. Conclusions

The experience of several years of operation at the
desalination site showed that chlorine disinfection injec-
tions greatly reduces the SDI value of raw water in the RO
unit due to removing suspended organic and biological
matters as the main sources of contamination. In this re-
gard, chlorine injection showed a distinct effect on reduc-
ing the causing factors of high SDI values. Besides, these
injections contribute to water turbidity reduction. There is
no direct correlation between SDI and turbidity in low tur-
bidity water. Complete removal of water turbidity may not
necessarily be associated with low SDI value. Sometimes
in these water sources, for water with turbidity less than 1,
high SDI values (more than 5) can be measured. SDI control
via chlorine injection increased cartridge filters’ lifetime
and reduced the operation costs.
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