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a b s t r a c t
This study examined synthetic brackish water with inorganic foulants at concentrations similar to 
those in Kuwait brackish water. The concentration of silica was varied, and the effect of the change 
in the silica concentration on reverse osmosis (RO) membrane fouling was examined. Higher 
silica concentrations resulted in higher membrane fouling, and irreversible fouling increased 
dramatically when the silica concentration was increased beyond the solubility limit. Furthermore, 
the effect of the feed pH on the fouling of RO membranes by silica was also investigated. Maintaining 
a feed pH between 5 and 7 gave the lowest fouling. Finally, in general, an acidic cleaning solution 
led to better membrane recovery than a caustic cleaning solution. For two-step cleaning, the order 
of the cleaning steps was found to be highly important. Significant membrane recovery could be 
achieved with an initial caustic cleaning stage followed by an acidic cleaning stage.
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1. Introduction

With the growing world population, the need for water 
for drinking, agriculture, and industry is rapidly increas-
ing beyond that contained in the limited number of fresh 
water sources. The water shortage problem is strongly felt 
in arid regions of the world. Water scarcity is driving the 
quest to improve current water desalination technology and 
innovation. One of the most promising desalination tech-
nologies is reverse osmosis (RO). With rapid advancements 
in RO technology, the costs of constructing and operating 
RO desalination plants have been lowered. RO desalination 
solutions for sea and brackish water are gaining popularity 
worldwide [1]. One of the greatest advantages of RO desali-
nation technology over conventional multi-flash distillation 

technology is the reduced energy use [2]. For countries such 
as Kuwait that depend entirely on seawater desalination, 
it is sensible to implement RO desalination technology to 
produce fresh water. A large amount of oil can be saved 
by using RO technology, which consumes less energy than 
traditional multi-flash distillation technology [2].

In recent years, brackish water has been increasingly 
used for potable and agricultural purposes after treatment 
with RO desalination systems [3,4].

Nevertheless, the use of brackish water as a feed source 
for RO desalination systems is hindered by scale fouling 
with low-solubility salts, such as carbonates, sulfate miner-
als, and silica, that are present in brackish water [5–7].

The most pronounced disadvantage of RO technology is 
fouling of the membrane, which results in production losses 
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and the need to change the membrane, which account for 
the largest operational costs in RO desalination plants.

Silica is considered to be one of the main RO mem-
brane foulants and is very difficult to remove due to the 
irreversible nature of silica fouling [8,9]. Silica is naturally 
present in both amorphous and crystalline forms, which 
have different solubilities in water. Amorphous silica has 
a high solubility of 100–120 mg/L at 25°C and neutral pH, 
while crystalline silica has a low solubility of approxi-
mately 5–6 mg/L. Silica fouling of RO membranes can occur 
by one of two mechanisms: colloidal silica polymerizes in 
a bulk precipitate on the membrane surface, or individual 
monomeric silica polymerizes on the membrane surface 
[10]. Schulz et al. [11] reported severe membrane fouling 
and large reductions in hydraulic reversibility for artificial 
water containing model natural organic matter (humic acid, 
sodium alginate, and bovine serum albumin) and inorganic 
colloids (silicon dioxide and α-aluminum oxide) compared 
with the membrane fouling and hydraulic reversibility 
observed in experiments conducted with inorganic colloidal  
water only.

To overcome the fouling problem, carefully planned, 
and operated pretreatment and cleaning systems should be 
implemented. Because water quality is dependent on loca-
tion, customized pretreatment, and cleaning systems should 
be adapted to the quality of the water being treated.

1.1. Chemical cleaning

Different materials can foul RO membranes, reduce the 
efficiency of RO membranes, or damage RO membranes. 
The main categories of fouling materials are inorganic 
foulants (i.e., particles and collides), organic foulants, and 
biofoulants.

The cleaning systems for each type of foulant are dif-
ferent [12,13]. Different fouling materials can be controlled 
with different chemicals; for example, carbonate-based 
foulants can be controlled by reducing the feed pH to 4–6, 
and sulfate-based foulants can be controlled with inorganic 
phosphate antiscaling [14].

Chemical cleaning solutions work differently for differ-
ent organic and inorganic foulants. In general, acid-based 
cleaning solutions are used for inorganic foulants, and 
caustic solutions are used for organic foulants. Caustic and 
chelating agents have been very successful in recovering the 

original flux of RO membranes fouled by organic materials 
[15]. Cleaning with ethylenediaminetetraacetic acid (EDTA) 
has been shown to be very effective in removing calcium- 
alginate scale from the surface of RO membranes, recovering 
95% of the original flux [16].

In this study, the effects of changing the silica concen-
tration and the feed pH on RO membrane fouling were 
investigated. Moreover, the performance effects of different 
cleaning solutions (chemicals and chemical concentrations) 
and cleaning order were studied.

2. Experimental procedure and methods

A Sterlitech Corporation CF042 crossflow filtration cell 
(Sterlitech Corporation, Kent, WA) was used in this study to 
perform all the filtration experiments (Fig. 1).

A new Dow FilmTec BW30 membrane (Dow FilmTec, 
Minneapolis, MN) was used in each experiment to ensure 
that irreversible fouling from previous experiments did 
not affect the membrane performance. The preparation 
procedure for each new membrane required soaking the 
membrane in deionized water overnight to remove any 
impurities from the manufacturing, packaging, and ship-
ping processes. After soaking, the new membrane was 
installed in the filtration cell, and the system was run with 
deionized water for 3 h at constant pressure and tem-
perature (20 bar and 22°C ± 1°C) to avoid any membrane 
compaction phenomena. Deionized water (EasyPure) was 
used to avoid altering the physical properties of the mem-
brane. The deionized water was then replaced with 3 L of 
artificial brackish water (ABW) for each run. The ABW for 
the laboratory experiments was prepared by dissolving 
sodium metasilicate (Na2SiO3·9H2O) in 3 L of deionized 
water. The solution pH was then adjusted to approximately 
7 using HCl and NaOH solutions. Calcium chloride, mag-
nesium chloride, and sodium chloride were then added 
to simulate real brackish water. All chemicals used for 
preparing the ABW were of analytical grade (Table 1).

The system was maintained under a constant pressure 
of 20 bar by adjusting the membrane cell outlet needle 
valve. The temperature of the feed water was controlled 
using a custom-made ice-cooling outer bath with a tem-
perature controller. The permeate from the RO filtration cell 
was collected in a graduated cylinder, which was placed on 
a digital balance. The data were continuously logged to a 

Fig. 1. CF042 crossflow filtration cell setup.
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computer using the data acquisition software ComDebug 
from Windmill Software Ltd.

Then, the effect of changing the ABW feed pH on 
the permeate flux was studied. The ABW flux experi-
ments were prepared by dissolving sodium metasilicate 
(Na2SiO3·9H2O) in 3 L of deionized water. The solution pH 
was then adjusted to approximately 7 using HCl and NaOH 
solutions. Calcium chloride, magnesium chloride, and 
sodium chloride were then added to simulate real brackish 
water. The final pH was adjusted according to the experi-
mental requirements using HCl and NaOH solutions.

The flux and membrane resistance were calculated 
using the following equations:

J Q
Am

=  (1)

where J is the flux (m/s), Q is the permeate flow (m3/s), and 
Am is the surface area of the membrane (m2).

R P
J

=
∆
µ 

 (2)

where R is the resistance (1/m), ΔP is the transmembrane 
pressure (Pa), µ is the dynamic viscosity (Pa s), and J is the 
flux (m/s).

Scanning electron microscopy (SEM) and energy disper-
sive X-ray spectroscopy (EDAX) analysis were performed 
on the surface of the used membranes using a JSM-6010LV 
InTouchScope, JEOL, Japan.

3. Results and discussion

3.1. Effect of silica concentration on the permeate flux

The effect of changing the silica dioxide concentra-
tion on membrane fouling was examined. Using the ABW 
described in Table 2, the concentration of silica dioxide was 
changed for each experiment to assess its effect on RO mem-
brane fouling.

In general, the flux decreased as the concentration of 
SiO2 increased (Fig. 2). The greatest reduction from the 
initial flux was observed for the experiment with an SiO2 
concentration of 262 mg/L. The high reduction was due to 
the deposition of precipitated silica on the membrane sur-
face when the solubility limit was reached. This high silica 
concentration is typically reached at the end RO membrane 
elements of the brackish water desalination system oper-
ating on 70%–80% recovery of feed water. At this high sil-
ica concentration, the membrane permeate flux is greatly 
reduced, and the membrane resistance increases (Fig. 3). 
Moreover, the cost of operating the brackish water desali-
nation system increases to a point where it would become 
economically unviable.

3.2. Effect of changing feed pH on membrane flux

Several studies have concluded that reducing the feed 
pH increases the permeate flux [17–19]. Lowering the pH 
of the feed ABW increases the solubility of salts. Increasing 
the solubility of salts reduces the chance of the salts reach-
ing supersaturation and reduces the precipitation and 
crystallization of salts on the membrane surface.

In this study, the ABW feed pH was found to have 
a large effect on silica fouling. Maintaining a lower pH 
between 5 and 7 for the ABW feed reduced silica fouling 
and increased the permeate flux. Experiments conducted 
at a high pH (9–10) resulted in a poor permeate flux and a 
large increase in membrane resistance fouling (Fig. 4).

3.3. Efficiency of cleaning chemicals

3.3.1. One-stage cleaning

In this study, an acidic cleaning system and a caustic 
cleaning system, that is, a hydrochloric acid solution and 
a sodium hydroxide solution, respectively, were tested for 

Table 1
Artificial brackish water composition

Chemical Concentration (mg/L)

Sodium metasilicate 333.33–1,333.33*
Calcium chloride 1,000
Magnesium chloride 400
Sodium chloride 2,666.67

*Concentration of sodium metasilicate was different in each 
experiment.

Table 2
Characteristics of the ABW

Parameter Experiment # 1 Experiment # 2 Experiment # 3 Experiment # 4

Meta (mg/L) 334.47 669.63 1,001.50 1,335.47
CaCl2 (mg/L) 1,000.80 1,000.93 1,000.87 1,001.93
MgCl2 (mg/L) 401.50 400.63 402.67 400.50
NaCl (mg/L) 2,668.03 2,671.67 2,693.33 2,668.30
TDS (g/L) 3.17 3.78 3.84 4.10
NaCl (%) 12.4 14.8 15.0 16.0
EC (mS) 6.35 7.56 7.68 8.20
pH 7.00 7.09 6.93 7.10
SiO2 (mg/L) 79.0 154.0 210.0 262.0
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cleaning silica-fouled RO membranes. Strong mineral acids 
such as HCl can solubilize deposits, dissolve them, and 
redisperse foulants back into the bulk solution [20]. In caustic 
cleaning, the electrostatic repulsion and solubility of silicates 
are increased by NaOH because the silicate ionic strength is 
increased [21].

In general, the performance of the acidic cleaning sys-
tem was better than that of the caustic cleaning system. 
The acidic cleaning system cleaned the fouled membrane at 
different fouling levels, achieving a high recovery of more 
than 80%. The caustic cleaning system gave worse results 
at high membrane fouling levels (Fig. 5). Visual inspection 
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Fig. 2. Membrane flux vs. SiO2 concentration in ABW feed experiments.
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of the SEM images and foulant EDAX mass% concentration 
analysis show that the concentration of foulant attached 
on the RO membrane surface cleaned with HCl is lower 
than the concentration of foulant covering the RO mem-
brane surface cleaned with NaOH (Fig. 6), with values of 
20.73 ± 0.30 and 27.63 ± 0.65 (Table 3), respectively.

3.3.2. Two-stage cleaning

Two two-stage cleaning systems were investigated in 
this study – acidic cleaning for 30 min followed by caustic 
cleaning for 30 min and caustic cleaning for 30 min followed 
by acidic cleaning for 30 min – to determine if changing the 
cleaning order affects the efficiency of the two-stage cleaning 
process.

The best cleaning result was obtained with the two-stage 
cleaning system in which the first stage was a caustic solu-
tion and the second stage was an acidic solution (Table 4). 
The mass% concentration of foulants was lower after caus-
tic-acidic cleaning than after acidic-caustic cleaning, with 
values of 0.48 ± 0.03 and 9.71 ± 0.38, respectively (Table 3). 
The SEM images show that the concentration of foulant 
attached on the RO membrane surface cleaned with caus-
tic-acidic system is lower than the concentration of foulant 
covering the RO membrane surface cleaned with acid-
ic-caustic system (Fig. 7).

Increasing electrostatic repulsion and solubility of 
the silicates in the fouling layer coupled with the swell-
ing effect of first-stage caustic cleaning of the membrane 
surface resulted in higher mass transfer for the second 
acidic cleaning stage, thus increasing the overall cleaning 
effect [22].

4. Conclusion

Silica is one of the most damaging foulants to RO 
membranes used for brackish water desalination and is 
very difficult to remove. The silica concentration found in 
real brackish water samples collected from the Wafra area 
south of Kuwait ranged from 34 to 45 mg/L. A brackish 
water desalination system operating at 70%–80% recovery 
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Fig. 5. Recovery efficiency of one-stage cleaning systems involving acidic or caustic cleaning solutions.
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Fig. 6. SEM images of the RO membrane surface after (a) caustic and (b) acidic cleaning.

Table 3
EDAX analysis of the RO membrane surface after cleaning

Cleaning system Si concentration (%mass)

Single cleaning
Caustic 27.63 ± 0.65
Acidic 20.73 ± 0.30

Dual cleaning
Acidic-caustic 9.71 ± 0.38
Caustic-acidic 0.48 ± 0.03
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would exceed the saturation level of silica (approximately 
120 mg/L) at the last RO membrane element in the desali-
nation system, causing irreversible damage to the RO 
membrane.

The brackish water feed pH was found to have a strong 
effect on silica fouling. Operating a brackish water desali-
nation system with a feed pH between 7 and 5 would 
greatly improve the permeate flux and reduce silica fouling.

Finally, acidic cleaning was found to be more effective 
than caustic for cleaning the RO membrane and removing 
silica fouling. The best two-stage cleaning system to remove 
silica scale and recover the RO membrane was determined 
to be an initial caustic solution cleaning stage followed by 
an acidic solution cleaning stage. The first caustic cleaning 
stage increased the electrostatic repulsion and solubility of 
the silicates in the fouling layer, and the swelling effect of the 
caustic cleaning increased the mass transfer for the second 
acidic cleaning stage, resulting in higher overall cleaning 
performance.
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