Carbon Dioxide Nucleation as a Novel Cleaning Method for Sodium
Alginate Fouling Removal from Reverse Osmosis Membranes
desalination

Dissertation by
Heba Alnajjar

In Partial Fulfillment of the Requirements
For the Degree of
Doctor of Philosophy
May, 2017

2

King Abdullah University of Science and Technology
Thuwal, Kingdom of Saudi Arabia

3

EXAMINATION COMMITTEE PAGE

The Dissertation of Heba Alnajjar is approved by the examination committee.

Committee Chairperson: Prof. Peng Wang
Committee Co-Chair: Prof. Noreddine Ghaffour
Committee Members: Prof. TorOve Leiknes, Prof. Zhiping Lai, Prof. Gary Amy

4

© May, 2017
Heba Alnajjar
All Rights Reserved

5

ABSTRACT

Carbon Dioxide Nucleation as a Novel Cleaning Method for Sodium Alginate
Fouling Removal from Reverse Osmosis Membranes desalination
Heba Alnajjar
The use of Reverse osmosis (RO) membranes have been significantly
increasing in water desalination, and the main operational obstacle in RO
desalination plants is membrane fouling. Among other solutes, dissolved
biopolymers, such as polysaccharides can lead to severe membrane fouling
especially with the addition of calcium ions because of the complexation
formation between the surface of membrane and foulants materials. However,
this complexation can also take place in the feed bulk, resulting in foulants
aggregates formation. Although there are some physical techniques that can
maintain the membrane performance without reducing its lifetime, only
chemical cleanings are still commonly used in RO plants. In this study, a
novel cleaning method is proposed to restore the membrane performance by
removing the deposited foulants without reducing the membrane lifetime. The
cleaning method is based on using water saturated with dissolved CO2 gas,
and its principle is based on producing spontaneous CO2 bubbles due to local
pressure difference leading to nucleation of bubbles throughout the
membrane surface, especially at nucleation sites, which improve the cleaning
efficiency. Alginic acid sodium salt was used as a model of polysaccharides
foulants in presence of different concentrations of NaCl and calcium ions
aiming to enhance membrane fouling, and then CO2 cleaning solution
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efficiency, in terms flux recovery (FR), was tested under different operating
conditions and compared to other cleaning methods. Average FR of 20%±3,
25%±3 and 80%±3 for MilliQ water, a cleaning solution at pH4, and CO2
solution at 6 bar, 0.17 m/s, and 23 ̊C ±0.2 for 6 minutes were obtained,
respectively. The efficiency of this novel cleaning method was also compared
to direct osmosis overnight, and the average flux was comparable (about
60%±3), though that the cleaning time was significantly different. Various
calcium concentrations (0-10 mM) were added in the alginate solution to study
the fouling behavior in terms of the potential for bulk complexation to form
cake alginate layer on the membrane surface rather than a gel layer, and the
role of CO2 bubbles nucleation to remove foulants was investigated. This
cleaning method can be considered as an alternative more environmentally
friendly technique in RO application.
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CHAPTER 1
INTRODUCTION

1.1

Background

Water covers approximately 70% of the planet surface area, but 97.5% of this
large amount is saline water. As a result, the fresh water represents the
remaining 2.5% only, yet 80% of it is not accessible for population as it is
available in the form ice in the icecaps or combined as soil moisture, and the
remaining small quantity of fresh water is supporting all Earth life (ElDessouky & Ettouney, 2002a). Figure 1.1 shows the world population which
rapidly increased over years, and the percentage of world's population who
suffers from serious water shortages is about 40% at present, as well as this
percentage is expected to increase more over years because of the rapid
increase of population. As a result, the major solution to provide the
sustainable source of fresh water is seawater desalination because of these
reasons, among others: 1) the arid zones and the extent of desert, and Great
Sahara is the most famous desert, which runs from Saudi Arabia to Morocco.
In addition, Arabian Gulf region does not have any single Natural River; 2) the
world population is consciously increasing; 3) there are limited sources for
natural water; and 4) the changes in life style. Furthermore, the most of the
world population, which is about 70%, live close to saline water sources of
seas or oceans which supports desalination as potential solution to supply
fresh water to these region, and for many countries, it can be considered that
water desalination is the only possible, practical, and economical solution,
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such as Mediterranean and Arabian Gulf States (El-Dessouky & Ettouney,
2002a).

Figure 1.1: The increase of world population over years (El-Dessouky &
Ettouney, 2002a)

Figure 1.2 shows that in the last decade, the growth of desalination capacity
rapidly increased because of the water demand increases, and the
desalination cost significantly reduces because of many recants and
significant advances have been done in declination technologies, especially in
the reverse osmosis (RO) process. Some areas in the Arabian Gulf states
100% they rely on the desalinated water for industrial supplies and domestic
(Ghaffour, Missimer, & Amy, 2013).
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Figure 1.2: Thermal and membrane desalination capacities (Ghaffour et al.,
2013) in the last 30 years.

Desalination technologies can be grouped into thermal and membrane based
desalination, and the most widely used desalination techniques are RO and
multi-stage flash (MFS) (Fritzmann, Löwenberg, Wintgens, & Melin, 2007). It
can be considered that the main desalination technique which is currently
dominating the global market (RO represents 65% approximately of the total
desalination capacity as shown in Figure 1.3 and it is expected to dominate in
the next decade is RO because of many recent and important improvements
in the RO systems which makes it the most economical desalination process
at commercial level (Ghaffour et al., 2013).
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Figure 1.3: Desalination capacities by technology (Ghaffour et al., 2013).

Table 1.1 shows the difference between thermal and membrane desalination
technologies in terms of energy consumption and water cost. For a similar
plant capacity, larger footprints and more costly materials and equipment are
required for thermal processes than the SWRO process. In addition, thermal
processes consume higher amounts of electrical and thermal energy than RO,
which needs electricity energy only, and more chemicals are required to
control scaling, corrosion and foam in thermal processes due to their
operation at high feed temperatures. However, thermal distillate is of higher
quality than the RO product. Also, thermal processes can desalinated high
salinity feeds without the need for extensive pretreatment.
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Table 1.1: Water cost and energy consumption for thermal and membrane
based desalination in large plants (Ghaffour et al., 2013)

Desalination costs are decreasing for all technologies, especially in RO in the
last decade. The reduction in RO treatment cost is due to the growth rate,
plant capacity, competition with other technologies, and the wide
improvements in RO systems in terms of better process designs, membranes
and materials, and lower energy consumption, mainly due to the development
of highly efficient energy recovery devices (Ghaffour et al., 2013).
The principle of RO membrane desalination is based on filtering feed water
through semi-permeable membrane to produce permeate water and leave
behind the concentrated brine solution by applying high pressure to
overcome the osmotic pressure (El-Dessouky & Ettouney, 2002a).
The RO process can be limited by the increase of osmotic pressure resulting
from concentration polarization, as well as RO membrane performance can
be reduced by other factors, such as scaling or/and (bio)fouling. During RO
filtration, colloidal, dissolved, or biological matter will accumulate on the
surface of membrane leading to the fouling layer formation which reduces the
transfer of overall mass across the surface of membrane, hence membrane
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performance decreases due to decreasing the membrane rejection while
increasing pressure loss along the membrane. Fouling can be grouped into
four categories, mainly 1) scaling or chemical fouling which is resulted from
the salts precipitation on the membrane surface, 2) physical or inorganic
fouling which is resulted from particles deposition on the surface of
membrane, 3) biofouling which is represented by the organisms accumulation
on the surface of membrane to form a biofilm layer, which significantly
decreases the permeate flux and results in the membrane deterioration, 4)
organic fouling which is resulted from organic matter deposition on the surface
of membrane and can interact with the membrane. One of the most foulant is
founded in surface water filtration is Natural organic matter (NOM), and NOM
can be comprised into three parts, namely hydrophobic (such as humic
substances), hydrophilic (such as polysaccharides and proteins, etc.), and
trans-philic (Zularisam, Ismail, & Salim, 2006). It was also reported that
polysaccharides prefer to adsorb to high-pressure membranes (Herzberg,
Kang, & Elimelech, 2009; Q. Li & Elimelech, 2004b).
The most foulants was founded (El-Dessouky & Ettouney, 2002c; van den
Brink, Zwijnenburg, Smith, Temmink, & van Loosdrecht, 2009) to play a
greatly role in membrane fouling is polysaccharides because of the wide of
their molecular weight as compared to others extracellular polymeric
substances (EPS) constituents, and sodium alginate was commonly used as
representative model of polysaccharides.
Several research reported that permeate flux can be reduced at higher ionic
strength, lower pH, and higher concentration of divalent cation (Braghetta,
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Sciences, & Engineering, 1995). It was also showed by (van den Brink et al.,
2009) that the membrane fouling can be enhanced to great extent by the
addition of calcium ions, resulting from the induction of alginate gel layer at
the surface of membrane. As a result, organic fouling is a serious problem in
RO plants in spite of extensive pretreatment process and cannot be totally
avoided. Therefore, frequently membrane cleaning is necessary to remove
the deposited foulants from the surface of membrane, and membrane
cleaning will be applied if feed pressure loss increases by 15%, permeate flux
decreases by 10%, or salt rejection decreases by 10% in RO plants
(Fritzmann et al., 2007).
Presently, chemical cleaning is the most widely and inevitable technique used
to clean membrane, especially in RO membrane application, and the chemical
agent selection is critical and depends on the type of foulant (José Miguel
Arnal, García-Fayos, & Sancho, 2011; Y. M. Kim, S. J. Kim, et al., 2009). In
addition, It was reported that acidic solution can be used to remove scalants
especially alkaline scaling while basic solution can be used to remove
organics from RO membrane surface (Ngene et al., 2010). Table 1.2 shows
the summary of suitable cleaning agents that are selected for removal
different types of foulants.
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Table 1.2: Most suitable cleaning solutions for certain different foulants for
DOW FILMTEC Membranes (Lubetkin & Blackwell, 1988).

However, the use chemicals in membrane cleaning can sometimes damage
the materials of membranes, resulting in reducing the membrane lifetime,
leading to reducing the membrane performance and efficiency. In addition,
chemicals have some environmental issues related to the waste disposal, and
they will also add costs of transporting dangerous chemicals, handling,
cleanup, waste cleaned water, and waste energy. It was also reported by
(José Miguel Arnal et al., 2011b) that in the large plant, 5-20% of operating
costs were related to procedure of membrane cleaning.
As it was reported that organic fouling and biofouling are the most widely
types of fouling founded in RO systems, and the use of high pH is the most
effective cleaners for these types of foulants materials. It was observed that
the rejection of the composite polyamide membrane (CPA5) was not changed
in spite of using high pH value at 13. However, the mechanical strength of
membrane greatly decreased. It can be concluded that the performance of
RO membranes will lose at very high pH value because the limitations of the
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polyester backing support, which is common to most RO membranes, at
these conditions (Andes et al., 2013).
Thus, an intensive research is still ongoing to develop and to emerge new
cleaning methods, which are more efficient, low cost, less hazardous, and
more environmentally friendly. Physical cleaning methods seem to be very
promising membrane cleaning techniques (Qin, Oo, Kekre, & Seah, 2010b;
Sweity, Oren, Ronen, & Herzberg, 2013). Furthermore, the combined physical
methods with chemicals simultaneously can achieve greater membrane
cleaning efficiencies (Ebrahim, 1994) (Arnal et al., 2011).
Air flushing method is particularly applied in low-pressure membranes, such
as microfiltration (MF) and ultrafiltration (UF) membranes, however, the use of
air flushing for cleaning was little in high-pressure membranes (Cornelissen et
al., 2007). Air flushing method generates two phases of flow that will remove
the external foulants and then reduce the cake layer deposited on the surface
of membrane. The presence of air bubbles will increase the turbulence inside
the system and that will enhance the performance of membrane due to the
increase of the solute separation efficiency and hence the permeate flux. The
efficiency of this method depends on the type of gas because it was observed
that the mixture of water/CO2 gives better cleaning compared to the mixture of
water/N2 (I. S. Ngene et al., 2010).
It was used physical cleaning with the addition of chemical agents
simultaneously to improve the membrane cleaning efficiency, however, this
cleaning combination is not commonly used for membrane cleaning especially
for RO systems. The cleaning process can be consisted from the actions of
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physical cleaning and chemical cleaning but not in the same time, when one
or more chemical agents was used for membrane cleaning, forward flushing
with permeate can be applied between chemical cleanings (Ebrahim, 1994).
In addition for spiral wound membranes cleaning, there were very few works
investigated the combination of chemical and physical methods.
It was reported by (J. Arnal, Garcia-Fayos, Sancho, & Verdu, 2009a) that the
combination of air flushing (hydraulic action) and different chemical agents
was simultaneously tested for membrane cleaning of UF membranes, and
hydrogen peroxide, sodium hypochlorite, sodium hydroxide, and deionized
water were used in these experiments as the chemical solutions. It was
observed that the cleaning efficiency of membrane was dramatically
increased and improved in comparing also with air flushing cleaning without
using chemical solutions when using air bubbles simultaneously with chemical
solutions.
In the last years, osmotic cleaning for RO membranes became more
attractive, and there is new development of osmotic cleaning called direct
osmosis-hyper saline (DO-HS) technique. The advantage if this technique is
that it doesn’t require shutdown of RO operation (Qin, Oo, Kekre, & Seah,
2010b). Hypersaline solution (HS) is used to induce osmotic backwash by
injecting high concentration of salt solution (mainly NaCl) into the feed
channel in the form of plus.
The principle of DO-HS technique is using the osmosis phenomenon to flow
water from the permeate side to the feed side by using high salinity of about
20% NaCl solutionto the feed water over around 10 to 15 seconds during the
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RO operation (Qin et al., 2010a). Hypersaline solution will enhance to reverse
water in RO systems to be from the permeate side to the feed side, and the
reversible flow will help dislodging foulants and scalants on the surface of
membrane and will enhance reducing the layer of concentration polarization
(CP), as shown in Figure 2.28. This technique is particularly used to remove
colloidal matter and biofilm material. The combination of high ionic strength
compounds with surfactants, detergents, chelates, and effervescents were
used in both of bench scale in laboratory and pilot plant for membrane
cleaning (S. P. Chesters, 2015). In addition, it was observed that high ionic
strength solution reversed the RO flow from permeate to feed driven by
natural osmosis, and the low permeate flow rate was generated by this
process was enough to remove the difficult layers of foulants, such as biofilm
and colloidal clay particularly. Therefore it was concluded that this technique
had reduced the frequency of membrane cleaning by 4-6 times a year in RO
plant.
Some effervescent reagents were tested by dissolving the reagents powder in
the permeate water of RO system to make up the solution of cleaning, and it
was observed that these reagents generated bubbles in the cleaning solution
due to gas involved. Bubbles assisted to increase the reagents surface area
to the surface of foulants and to agitate the deposited foulants during cleaning
process. It was also observed in different industries that the characterization
of bubbles in terms of size, distribution, and high concentration provided
further agitation of variety deposits from the surface of RO membranes (S. P.
Chesters, 2015). The effect of cleaning takes place when shear flow is
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generated due to the bubbles expand and collapse near boundaries, and
these concepts can be easily applied in membrane cleaning and cost
effectively for RO systems. Furthermore, there are some other alternative
methods to recover the performance of RO membranes, which include
electromagnetic fields (EMF), air scouring using compressed air, and
ultrasonic fields. The most of these techniques are already applied and
conducted for low-pressure membranes (MF/UF), and any of these new
cleaning techniques are not applied and conducted for RO membranes (S. P.
Chesters, 2015).
The novel cleaning technique using saturated CO2 solution seems to be very
promising technique in RO membrane application in the coming years. The
principle of this new cleaning technique relies on spontaneous production of
CO2 bubbles in the whole membrane feed channel due to local pressure
difference and the presence of the nucleation sites on the membrane surface
which enhances the cleaning efficiency. The implementation of this technique
will reduce the chemicals treatment amount that are required during the
membrane filtration, and hence the reduction of the membrane lifespan will be
minimized. The concept of using water saturated with CO2 gas in RO
membrane/spacer was introduced and studied for biofilm removal as well as
CaCO3 scalant removal, and intensive study is recommended to understand
and develop this new cleaning technique. Therefore in this research, the main
objective is to investigate the use CO2 bubbles in RO membrane cleaning for
organic foulants removal. In this study, organic foulants are represented by
the use of alginic acid sodium salt as model for polysaccharides of
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extracellular polymeric substances (EPS) and NOM. This research seeks to
elucidate and give more understanding of the new cleaning technique by
studying the behavior of CO2 nucleated bubbles under different operating
conditions. Various cross flow velocities of CO2 solution, duration time of
cleaning, and different pressures of CO2 solution were used and results are
discussed in details. Furthermore, it is our aim to compare the effectiveness of
this new method with other currently used cleaning methods, such as clean
water forward flush, acidic solution at pH4, as well as direct osmosis. In
addition, this new cleaning technique plays the combination roles of chemical
(due to low pH) and physical (due to the nucleation of CO2 bubbles), and the
physical side plays the most significant role in RO membrane cleaning as
observed for the alginate foulants removal. The efficiency of different cleaning
methods to remove the alginate foulant layer was studied and quantified by
the measurement of the permeate flux decline through RO membrane.
This study purpose is to clarify the mechanism of the alginate foulant
deposition on the surface of RO membrane and evaluate the new cleaning
efficiency to agitate and remove the alginate gel/cake layers deposited on the
membrane surface. The effect of calcium ions on the alginate fouling was
investigated as well by the determination of the decline in the permeate flux
and then the cleaning efficiency under such severe fouling conditions. It was
also investigated the chemistry of the feed water with the addition of different
concentrations of calcium ions by analyzing dissolved organic carbon (DOC)
and zeta potential and size distribution measurements to study the dominating
mechanisms of calcium-alginate complexation whether occurs in the feed bulk
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or at the surface of membrane, and its effect on the membrane fouling during
RO filtration.
1.2

Need for research

Although reverse osmosis (RO) membrane is considered as the main
desalination technique worldwide for water treatment, organic fouling problem
is the major challenge in RO system, resulting in the reduction of the
membrane performance and lifetime due to the increase of trans-membrane
pressure, decrease of permeate flux, and increase of salt passage caused by
the accumulation of natural organic matters (NOM) at the surface of
membrane. NOM is comprised into two main parts which are hydrophobic,
such as humic substances and hydrophilic, such as polysaccharides. It was
reported by (Herzberg et al., 2009; Q. Li & Elimelech, 2004b) that the
significant role for causing the membrane fouling is because of
polysaccharides compounds, and these compounds prefer adsorbing to high
pressure membranes, leading to the gel layer formation, which is a dense and
sticky layer, especially in the presence of calcium ions. Alginate is an acidic
polysaccharide, which produced by bacteria, micro-algae, and macro-algae,
and sodium alginate compound is commonly used as a model for
polysaccharides. As a result in this research, alginic acid sodium salt was
selected to foul RO membrane.
In spite of applying an effective pretreatment of RO feed water to reduce the
fouling potential, membrane fouling cannot be totally avoided, and thus
frequently cleaning is always important step for foulants removal from the
surface of membrane. Although there are some physical techniques that can
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maintain the membrane performance without reducing the membrane lifetime
comparing to the chemical cleanings, only the use of chemical cleanings are
still commonly in NF/RO industry (Fritzmann et al., 2007) because physical
techniques are more complex to be applied and for the equipment design. In
practice, the membrane lifetime is significantly influenced by chemical
cleaning frequency. In addition, the membrane replacement cost is about from
20% to 25% of the total capital cost (Ghaffour et al., 2013; Zularisam et al.,
2006). Therefore, the main goal of this research is to introduce and study a
novel cleaning method consisting of using dissolved CO2 solution that is
based on physical cleaning by producing spontaneous CO2 bubbles when a
difference in pressure is created. In addition, the membrane cleaning is relied
on the nucleation of CO2 bubbles on the membrane surface for the deposited
foulants removal from the surface of the membrane. Furthermore, this
physical cleaning technique, which is based on using the formation of CO 2
bubbles in the whole feed channel of membrane, will reduce the use of
chemicals for cleaning and will also increase the membrane lifetime, and
hence will decrease the replacement costs. As a result, the use of CO2
bubbles in RO membrane cleaning can be considered as an alternative and
environmental friendly cleaning method which will be deeply investigated
experimentally in this research. In addition, RO membrane needs to be fouled
at first in order to test the cleaning efficiency of CO2 bubbles, as a result in
this project, sodium alginate foulants solution was selected as a
representative model of polysaccharides/EPS and NOM to foul the membrane
and then test the cleaning efficiency in terms of flux recovery after fouling.
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Another goal of this research is to study sodium alginate fouling behavior in
RO membrane in presence of NaCl and with the addition of different calcium
concentrations to understand more how CO2 bubbles could be effective under
severe fouling conditions, which can also be useful to understand the
interaction between this new cleaning method and foualnts.
1.3

Research objectives

In this research, the main objective is to control organic fouling of highpressure flat-sheet reverse osmosis (RO) membranes by using water
saturated with CO2 solution as an alternative green low-chemical cleaning
technology. The novel cleaning technique using CO2 bubbles nucleation
seems to be a very promising cleaning method for RO membrane technology
in the coming years. As a result, this technique can be used as an alternative
solution to the chemical cleaning which is currently widely used in RO
application, being more environmentally friendly and it can maintain the
membrane performance with no reduction in the lifetime of the membrane. In
this research, sodium alginate compound was selected as a model for organic
compounds to foul RO membranes. Furthermore, this research aims to study
the alginate fouling behavior at different concentrations of calcium ions, and
the effect of CO2 bubbles technique in RO membrane cleaning for the
deposited foulants removal from the surface of membrane.
The specific objectives of the proposed research are:
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 Designing and building RO bench scale experimental setup suitable for
testing RO membrane performance and studying the use of new
cleaning technique as well as the behavior of the alginate fouling.
 Investigating the role of CO2 bubbles technique in RO membrane
cleaning for the alginate fouling removal under different operating
conditions, mainly cross flow velocity of cleaning solution, the cleaning
duration time, and the pressure of the dissolved CO2 solution.
 Studying the physical role of CO2 bubbles nucleation in RO membrane
cleaning by comparing water saturated with CO2 gas to the clean water
(MilliQ) and acidic solution at pH4 for the alginate removal from the
membrane surface.
 Testing the efficiency of CO2 bubbles cleaning by comparing it to other
cleaning methods, which are clean water forward flush, acidic solution
at pH4, and direct osmosis (DO).
 Studying the alginate fouling behavior at different concentrations of
calcium ion by measuring the decline of permeate flux and analyzing
the feed water samples.
 Testing the effect of CO2 bubbles technique in RO membrane cleaning
at different alginate layers due to the presence of different
concentrations of calcium.
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1.4

Research hypothesis

This project aims to understand and study a novel cleaning that is based on
using dissolved CO2 solution, and the principle of this cleaning is producing
spontaneous CO2 bubbles that are nucleated on the membrane surface as
well as carbonic acid at pH4 from this solution. The main research question is
whether CO2 bubbles or carbonic acid are responsible for RO membrane
cleaning to remove alginate foulants from the surface. Theoretically, chemical
agents of acidic solution are not used for organic foulants removal as they
cannot regenerate the permeability of RO membrane. Furthermore, physical
cleaning using different methods aiming to enhance turbulence inside the
module showed that they are not efficient in cleaning these types of foulants.
Therefore, we suppose that CO2 bubbles nucleation will play a significant role
for the alginate foulants removal from RO membrane surface.
RO membrane was fouled by filtering sodium alginate solution in presence of
NaCl with the addition different concentrations of calcium ion. The effect of
calcium ions in the alginate solution was studied in this research because of
the significant fouling it can make on RO membrane surface, which gives the
opportunity to test the efficiency of the saturated CO2 cleaning solution under
severe fouling conditions. This will also help to understand how CO2 bubbles
work to dislodge and remove the deposition of different foulants from the
surface of RO membrane. In addition, the more of preexisting gas pockets are
located on the deposited alginate layer surface in RO membrane, the more of
CO2 bubbles will nucleate and form. Moreover, the more surface rougher is
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due to the deposition of cake alginate layer, the more CO2 bubbles will
produce and grow to develop the cleaning efficiency for the alginate removal.
1.5

Thesis structure

In this thesis, the outline has been categorized into five chapters.
Chapter 1 presents a general introduction including a quick overview showing
the urgent need for water desalination and that reverse osmosis represents
the main desalination technology used worldwide and particularly in the
Arabian Gulf region because of the recent and important improvements in RO
systems which makes it the most economical desalination process. In
addition, the chapter covers the main operational problems currently facing
reverse osmosis plants consisting of the main challenge of this process which
is membrane fouling, especially biofouling. The significant role for causing the
membrane fouling is because of polysaccharides compounds, and the most
commonly compound used as a model for polysaccharides is sodium alginate.
Moreover, highlights on the need for this study, research objective, and thesis
structure are described.
Chapter 2 presents a literature review on the RO membrane fouling and
fouling types. It also shows that organic fouling is one of the main fouling
occurring in RO membranes and sodium alginate was selected and used as
representative model of organic matters and polysaccharides in particular.
Moreover, this chapter presents a literature review on the current techniques
used to control RO membrane fouling by removing foulants from the surface
of membrane, and it elucidates the limitations of the chemicals used in RO
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membrane cleaning and the need for selecting specific chemicals for specific
types of foulants. In addition, the need for an alternative and environmental
friendly cleaning methods was discussed especially for RO membranes
aiming to reduce the use of chemicals in cleaning. Furthermore, the principle
of the use of dissolved CO2 solution in membrane cleaning was presented
and CO2 bubbles theory that governs the cleaning process, as well as the
best conditions for CO2 solution preparation to enhance the rate of CO2
bubbles was also discussed in this chapter.
Chapter 3 describes the RO experimental bench scale, CO2 cleaning setup,
materials, chemicals, and analysis equipment which were used in this
research. The procedure of conducting experiments and samples analysis are
also discussed in this chapter.
Chapter 4 presents a detailed description of all experimental results
conducted in this research as well as an in-depth discussion and
interpretation of key results supported by analyzes and characterization of
water and membrane samples results.
Chapter 5 summaries the results of this research and suggests some future
work and recommendations.
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CHAPTER 2
LITERATURE REVIEW

2.1

Water desalination

One of the greatest global problems faced today is water shortage. The world
population rapidly increased over years, and the percentage of world's
population who suffers from serious water shortages is about 40% at present,
as well as this percentage is expected to increase more over years because
of the rapid increase of population (R. Valavala, J.-S. Sohn, J.-H. Han, N.-G.
Her, & Y.-M. Yoon, 2011a). Salty water with total dissolved solid (TDS) higher
than 35 g/L represents more than 97% of available water (El-Dessouky &
Ettouney, 2002a), and the limited fresh water resources make seawater
desalination the major solution to provide the sustainable source of fresh
water (Valavala et al., 2011a). Seawater reverse osmosis (SWRO) is the
most internationally widespread technology by far because the advances on
this technology are continuous and very high salt rejection is achieved (>99%)
(Peñate & García-Rodríguez, 2012), and the main recent innovations focus on
minimizing scaling and fouling problem on membranes, lowering the cost,
developing membranes with higher permeate flux, and being more
environmentally friendly and safe (Kim, Lee, Kim, & Kim, 2009).
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2.2

Desalination technologies

The principle of desalination technologies is based on separating fresh water
from high saline water, such as brackish water or seawater and leaving
behind the salty concentrated solution in the brine stream, Figure 2.1 (ElDessouky & Ettouney, 2002a).

Figure 2.1: Desalination processes (El-Dessouky & Ettouney, 2002a)

Table 2.1 presents two main desalination technologies that are thermal and
membrane based desalination. In addition, multi-stage flash (MSF) and
reverse osmosis (RO) membrane are the most widely technologies used
around the world. However, there is new trend for using reverse osmosis
membrane for water desalination due to it has many resents and significant
improvements that makes RO the most economical desalination process
(Fritzmann et al., 2007).
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Table 2.1: Desalination technologies (Fritzmann et al., 2007)

The desalination processes can also be categorized into three groups
according to the different types of energy, which are thermal, mechanical, and
electrical energy, to drive the processes as it is clearly shown in
Figure 2.2 (El-Dessouky & Ettouney, 2002a).
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Figure 2.2: Energy classification of desalination processes (El-Dessouky &
Ettouney, 2002a)

Although thermal desalination can treat high water salinity and produce higher
water quality of permeate, it is required higher energy in comparing to the
membrane desalination (Ghaffour et al., 2013; Reddy & Ghaffour, 2007) as it
is clearly shown in Table 2.2 (Fritzmann et al., 2007).
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Table 2.2: The comparison between thermal and membrane based
desalination technologies according to the energy consumption and the
quality of product water (Fritzmann et al., 2007)

2.2.1 Thermal based desalination technologies
Thermal desalination technologies are categorized into two main groups are
“the first is evaporation followed by condensation of the formed water vapor
and the second involves freezing followed by melting of the formed water ice
crystals”, and more details are widely reported elsewhere (El-Dessouky &
Ettouney, 2002a).
2.2.2 Membrane based desalination technologies
Reverse osmosis (RO) membrane is the main desalination technologies, and
its principle is based on separating fresh water from high salinity water
through semipermeable membrane by applying high pressure to exceed the
osmotic pressure and leaving behind the concentrated saline solution. In
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addition, electrodialysis (ED) is the other membrane process, but the
applications of this membrane are very limited in industries, and more details
are commonly reported elsewhere (El-Dessouky & Ettouney, 2002a).
2.2.2.1 Reverse Osmosis (RO) membranes
Reverse osmosis is the membrane filtration process that produces pure water
by removing dissolved salts from the sources of seawater or brackish water.
The work of RO membrane is based on filtering the feed side of concentrated
solution through the semi-permeable RO membrane by applying high
pressure to overcome the osmotic pressure and to supply pure water and
leave behind about 95% to 99% of dissolved salts in the reject stream as
shown in Figure 2.3. The required applied pressure will increase with
increasing the concentration of salt in the feed water (Gullinkala, Digman,
Gorey, Hausman, & Escobar, 2010).

Figure 2.3: Principle of the RO membrane process (Fritzmann et al., 2007)
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Two types of membranes are used in water treatment, which is depending on
pressure driven membrane separation processes, are low pressure
membranes called ultrafiltration (UF) and microfiltration (MF), and high
pressure membranes called nanofiltration (NF) and reverse osmosis (RO) as
shown in Figure 2.4. In addition, larger molecules, colloidal particles, bacteria,
and viruses can be removed by using low pressure membranes while high
pressure membrane can remove very small compounds like dissolved salts
(Fritzmann et al., 2007).

Figure 2.4: Various types of membranes separation according to the level of
pressure driven membrane processes (Fritzmann et al., 2007)
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It was reported by the US Environmental Protection Agency that the designed
RO membrane is the best to remove some harmful compounds like nitrate,
arsenic, and barium, and RO system required very high pressure to operate,
which the applied pressures vary between 15 bars for brackish water filtration
and from 60 to 80 bar for seawater filtration (Fritzmann et al., 2007).
Achieving high product recovery and minimizing process cost is a major
challenge in RO operation (Antony et al., 2011).
2.2.2.2 Configurations of RO membranes
The use of spiral wound and fine hallow fibers reverse osmosis membrane
configurations are the major in the membrane applications as shown in
Figure 2.5, and spiral wound elements are dominating the market (ElDessouky & Ettouney, 2002b) (GWI, 2013).

Figure 2.5: Spiral wound and hollow fiber RO membrane

Although hollow fiber RO membranes are early and often used in RO plants,
flat sheet membranes in the configuration of spiral wound element represents
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the most membrane configuration currently installed in RO desalination
plants. Table 2.3 presents some advantages and disadvantages for the RO
membrane configuration of spiral wound elements, and Figure 2.6 shows
water filtration through RO spiral wound module (Fritzmann et al., 2007).

Table 2.3: Advantages and disadvantages of spiral wound modules
(Fritzmann et al., 2007)

Figure 2.6: schematic of water filtration using RO spiral wound element
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2.2.2.3 Materials of RO membranes
cellulose acetate (CA) and polyamide thin composite (PA) are commercially
the major types of RO membranes materials (El-Dessouky & Ettouney,
2002b). Although CA membrane material is still in use and commercially
available, RO membrane material of composite poly amide seems to be
dominated in the market and can be as an alternative to CA membrane
(Fritzmann et al., 2007).

Figure 2.7 presents the standard structure of the composite polyamide
membrane, which is the commonly used in the RO plants, and this membrane
is formed from three layers that are the top semi-permeable very thin layer is
the polyamide membrane, the second layer is a porous polysulfone support in
an asymmetric UF porous structure, and the final layer is the non-woven
support, which is the thickest one. (Andes et al., 2013).

Figure 2.7: Structure of a composite polyamide membrane (Andes et al.,
2013)
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Although, the membrane material of composite polyamide is susceptible to
water disinfectants, such as chlorine, some advantages of the composite
membrane are this membrane material possess higher specific water flux,
lower salt passage, and wide staple pH range in comparing to CA membrane
material (El-Dessouky & Ettouney, 2002b).
2.3

RO Membranes operational problems

Nowadays, RO membranes are considered as the most widely desalination
techniques around the world due to providing better selective separation,
continuous and automatic operation, low space needed, and easy scale-up
was reported by (Sonune & Ghate, 2004). However, the control and decrease
of membrane fouling is a big challenge in RO plants that require dealing with
keeping the membrane performance constant to maintain the quantity of
product water and quality. Because of fouling, these techniques face a
significant amount of energy loss due to operational problems that arise when
the following operations are observed in NF/RO systems which are
normalized flux decreased by ten percent, pressure drop increased by ten to
fifteen percent , or/and normalized salt passage increased by five to ten
percent (Lazarova, Gallego, Garcia Molina, & Rouge, 2008).
2.4

Membrane fouling

In RO plants, it can be said that the water desalination heart is the membrane,
and the membrane cost is about from 20% to 25% of the total capital cost
(Ghaffour et al., 2013; Zularisam et al., 2006). However, membrane fouling is
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a serious issue and the main obstacle in RO systems, resulting in permeate
flux decline, increased trans-membrane pressure, and increased salt passage
resulted from the accumulation of constituents in the feed water or at the
surface of membrane (Liu et al., 2001). In addition, the permeate flux can
rapidly decrease to be about 80% in a few minutes or can take some days
(Singh, 2005b). Several chemical and physical factors of solutes and the
membrane filtration can significantly affect the fouling behavior (Zularisam et
al., 2006).
When the accumulated particles are not transported from the membrane
surface back to the feed solution, fouling phenomenon will occur. The
phenomena of fouling can be understandable by studying the interaction
between the surface of membrane and foulants materials in the feed solution,
and this interaction depends on electrostatic and van der Waals forces (AlAmoudi & Lovitt, 2007). The balance between the forces of hydrophobic
adhesion and electrostatic repulsion essentially to determine the membrane
fouling outcomes and the cleaning efficiency (Liu et al., 2001).
Moreover, the interaction between solute and the surface of membrane can
be reversible or irreversible. Reversible interaction means the retained
partials will precipitate or deposit on the surface of membrane causing the
buildup of a cake or gel layer, and Irreversible interaction means the particles
will adsorb or plug the membrane pores (Zularisam et al., 2006).
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2.5

Types of membrane fouling
2.5.1 Inorganic fouling

Inorganic particles precipitates like metal hydroxides can be accumulated at
the surface of membrane and hence can lead into which is called inorganic
fouling. Inorganic species like metal hydroxides can be introduced on the
surface of membrane If some pretreatment processes, such as oxidation and
coagulation are not operated or designed properly (Liu et al., 2001). The
behavior of organic fouling can be effected by the inorganic particles, such as
clay minerals that can compete with natural organic matters (NOM) to adsorb
at the surface of membrane, resulting from enhancing organic materials to
adsorb onto the surface of clay minerals due to high surface areas, and that
can effect on the characteristic of membrane fouling (Zularisam et al., 2006).
2.5.2 Mineral fouling/scaling
Scaling is one of the main problem in RO/NF systems (Liu et al., 2001). When
sparingly soluble salts exceed their solubility limits, Scaling will occur, and the
most important scaling substances occurring in membrane processes are
CaCO3, CaSO4, BaSO4 and silica (Fritzmann et al., 2007). However,
deposits that are formed on the membrane modules are rarely homogenous,
and in most cases, they consist of a mixture from various sparingly soluble
salts and other foulants, e.g. colloids and biofoulants (Karabelas, 2003). It
was also reported that “Sparingly soluble salts in the order of decreasing
scale formation are CaCO3 > CaSO4 > Silica > SrCO3 > BaSO4 > SrSO4 >
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CaF2 > CaSiO4 > MgSiO3 > MgSiO 3 > Ca3(PO4)2 > Fe (OH)2” (Singh,
2005b).
Scaling often happens at the surface of membrane because of the
phenomenon of concentration polarization where the salts are concentrated
approximately more than 4-10 times near the membrane depending on the
operating recovery and rejection efficiencies. Scaling process can either lead
to a surface blockage or cake formation, resulting in reducing the permeate
flux to a great extent (Antony et al., 2011). Scale deposition is a crystallization
process including four stages are “attainment of super-saturation, nucleation,
crystal growth around the nucleus, and growth of small crystals into larger
ones to form a scale layer” as shown in
Figure 2.8 (Antony et al., 2011).

Figure 2.8: Four stages of scale formation and deposition (Antony et al., 2011)

Feed water pretreatment in SWRO is necessary to improve the membrane
performance. Pretreatment can alter the feed water properties to minimize
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scale formation tendency. The most widely used pretreatment methods in
SWRO are acidification, which involves addition of sulphuric or hydrochloric
acids to decrease pH of feed water to be in the range of 5–7, and increase the
solubility of alkaline scale, and hence inhibit scale formation (Antony et al.,
2011). However, addition of acids is hazardous and corrosive. In addition, it
can lead to form some scalants (Al-Rammah, 2000). Furthermore, antiscalant
(AS) addition is widespread pretreatment method for controlling scale
formation. Generally, AS addition will not avoide the scaling substances or its
tendency, but they can delay the onset crystallization or retard the growth of
mineral salt crystals (growth phase of crystallization). Therefore, it can be
conclude that the addition of AS can increase the solubility limits of scalants
salts (Antony et al., 2011). In spite of the significant AS roles, some studies
have reported that AS will enhance membrane fouling by serving as
phosphorous and carbon source of nutrients under limited nutritional
conditions (Sweity et al., 2013).
In spite of pretreatment techniques and suitable operating condition for
preventing scaling, membrane cleaning is needed to improve the performance
of membrane over time, and in typical, acidic cleaning can be used to remove
the precipitation of alkalinity scaling from the surface of membrane (ElDessouky & Ettouney, 2002c).
2.5.3 Biofouling
Microbial fouling is resulted from the accumulation of microorganisms at the
surface of membrane, leading to producing extracellular polymeric substances
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(EPS) and the formation of biofilm layer, which is a viscous, slimy, and
hydrated gel layer (Baker & Dudley, 1998; Matin, Khan, Zaidi, & Boyce, 2011).
It was also reported that it is difficult to remove the microbial fouling because
the formed gel layer will protect bacterial cells from the action of biocide
agents and hydraulic shearing. In spite of 99.9% of microorganisms can be
removed in pretreatment processes, the remaining cells are enough to regrow
and accumulate at the surface of membrane (Nguyen, Roddick, & Fan, 2012).
Organic compounds provide nutrients that support microbial growth. As a
result, TOC levels in the RO feed water should be low to prevent organic
fouling (Singh, 2005b). Bio-fouling potential of EPS can enhance the potential
of biofouling growth much greater than some types of NOM, and EPS causes
a rapid permeate flux decline rather than some NOM types and mineral scales
in RO systems. It was reported that biofouling is the major fouling founded in
NF/RO systems, and it represents about forty five percent of all membrane
fouling (Nguyen et al., 2012; Singh, 2005a).
Various fouling types can occur in the same time and influence each other,
and biofilm can enhance the tendency of particulate fouling and scaling to
attach and precipitate on the membrane surface (I. S. Ngene et al., 2010). In
more details, dissolved salts tend to accumulate in the layer of biofilm,
resulting in increasing the degree of concentration polarization close to the
membrane surface. As a result, the interactions between different fouling
types (e.g. EPS with scalants) will accumulate on the surface of membrane
and then hinder other ions migration (e.g. sulfate, calcium) back to the feed
solution resulting in a supersaturated condition. Therefore, there are several
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negative effects of biofouling accumulation at the surface of membrane that
are mainly salt passage will increase through the membrane, and hence the
product water quality will reduce (Nguyen et al., 2012; Singh, 2005b).
In the present, chemicals cleaning is widely used in RO systems for biofouling
removal by dosing biocides chemicals into the feed water to destroy and
inactivate the biofilms, however, chemicals can sometimes Insufficient for
biofilm debris removal from the surface of membrane, and that can enhance
the microorganisms regrowth on the surface of membrane (I. S. Ngene et al.,
2010).

2.5.4 Organic fouling
The presence of high concentration of natural organic matters (NOM) in water
source enhanced the potential of organic fouling accumulation and deposition
at the surface of membrane during water filtration (Liu et al., 2001). Total
organic carbon (TOC) can measure the level of organic compounds in the
water source, and TOC has to be low to avoid the potential of organic fouling
and to minimize the potential of biofouling because the presence of organic
compounds can provide nutrients for microorganisms, and that can support
the growth of microbial (Singh, 2005b).
It was reported that NOM is one of the most substantial foulants found in
surface water, and it was observed that the membrane performance was
effected more by dissolved organic matters (DOM) during water filtration
(Zularisam et al., 2006).
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In natural waters, DOM was observed as a common spread constituent and
generally includes many compounds, such as humic substances, proteins,
and polysaccharides. In addition, NOM can be comprised into three parts are
hydrophobic such as humic substances, hydrophilic such as polysaccharides,
amino acids, and protein, and trans-philic part. It was also observed that
about fifty percent of dissolved organic carbon (DOC) is represented by
hydrophobic fraction with larger molecular weight (MW) while twenty five to
forty percent of DOC is represented by the hydrophilic fraction with lower MW.
The fraction of trans-philic presents about twenty five percent of DOC in
natural water and with molecular weight in between hydrophobic and
hydrophilic parts (Zularisam et al., 2006).
In this study (Speth, Gusses, & Summers, 2000), it was observed that
hydrophobic acids can fouled the membrane less than hydrophilic neutral
compounds, and that was because of macromolecular shape, bulky, and
neutral character of the polysaccharides, which enhance them to foul and
deposit on the surface of membrane. Therefore, it was suggested that “the
large neutral fractions of NOM were the prime foulants rather than humic
substances”.
In these studies (K. L. Jones & O’Melia, 2000; Nilson & DiGiano, 1996), it was
reported that the force of electrostatic repulsion (similarity in charge) and
adsorptive property (high hydrophobicity) factors can control and determine
the dissolved organic compounds adsorption on the surface of membrane,
and hence organic compounds are prevented to adsorb onto the negatively
charged surface of membrane due to these compounds have also high
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negative charge. However, when hydrophobic interaction can overcome the
force of the electrostatic repulsion between NOM and the surface of
membrane, the membrane foulants can be hydrophobic materials, which was
reported in many cases. As a result from this study (Zularisam et al., 2006),
they reported that the neutral (hydrophilic) materials can fouled negatively
charged membranes more than high negatively charged materials, such as
humic substances in spite of to their high hydrophobicity.
Figure 2.9 shows the chemistry effect on the natural organic matters
deposition at the surface of membrane and on the permeate flux of the
membrane (Al-Amoudi & Lovitt, 2007)

Figure 2.9: The chemistry effect on the natural organic matters deposition at
the surface of membrane and on the permeate flux of the membrane (AlAmoudi & Lovitt, 2007)
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In experiments with both natural organic matters (NOM) and soluble microbial
products (SMP), it was observed that polysaccharides prefer adsorbing to
high-pressure membranes (Herzberg et al., 2009; Q. Li & Elimelech, 2004b).
The major foulants were founded in membrane bioreactors (MBRs) were
Extracellular polymeric substances (EPS), such as polysaccharides and
proteins. It was also reported that the significant fouling is because of EPS,
and these substances will lead the formation of gel and cake layers (van den
Brink et al., 2009). The gel layer deposition causes the dramatically decline in
fluxes, and this gel layer can be removed only by through off-line cleaning of
the membranes while cake layer can be removed by backwashing. As a
result, the deposition of gel layer occupies the greatest interest in research
and study at a recent time. Because of bacteria actively excretes EPS, it can
be said biofilm formation can also be of influence.
2.5.4.1 Membrane fouling by sodium alginate
The most widely hydrophilic molecules are polysaccharides, which are
produced by bacteria, micro-algae, and macro-algae. Sodium alginate is an
acidic polysaccharide and was commonly used as a model compound for
polysaccharide because it was reported that it plays substantial role in
membrane fouling, resulting from it consider as the main EPS constituents
and the wide of its molecular weight compared to proteins (S. Lee, Ang, &
Elimelech, 2006). Sodium alginate and humic acid were used as
representative model for polysaccharides of EPS and NOM, respectively. In
addition, silica nanoparticles were used as inorganic colloidal foulant (ElDessouky & Ettouney, 2002c; van den Brink et al., 2009).
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It was compared between BSA and NaAlg foulants in terms of membrane flux
decline using two different types of commercial polyamide RO membranes
(LFC1 and LFC3), which obtained from Hydranautics Inc., and both of
membranes gave the same results (Q. Li, Xu, & Pinnau, 2007b). In addition,
Figure 2.10 showed that the normalized flux of NaAlg foulant dramatically
decreased in comparing to BSA fouling, and the dramatic decrease of flux in
the alginate foulant case was especially with calcium ion addition, resulting in
higher density of alginate layer and better the foulant layer attachment to the
surface of membrane.
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Figure 2.10: Normalized flux of LFC1 and LFC3, which the results of both
commercial RO membranes are similar, for BSA, NaALg, and mixture of
BSA+NaAlg at Initial permeate flux = 2.00×10−5m3/m2s; temperature = 22◦C
and pH 6.2±0.1 (Q. Li et al., 2007b)

Furthermore, the combined fouling of BSA and NaAlg enhanced the permeate
flux decline as shown in Figure 2.10, and that was due to the formation of
large aggregates between BSA and NaAlg foulants as shown in Figure 2.11,
which particles size of the foulant solutions was analyzed by the dynamic light
scattering.
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Figure 2.11: The measured particles size distribution of the foulant solution in
presence 7 mM NaCl and 1 mM CaCl2 at 22◦C and at pH 6.2±0.1 (Q. Li et al.,
2007b)

Membrane fouling can be enhanced due to BSA-alginate aggregates
formation, and that can be explained by two ways, which are the rate of back
diffusion from the surface of membrane to the feed solution become lower
because the increase of particles size, and BSA molecules can be
incorporated into the gel layer of calcium-alginate because of the BSAalginate aggregates formation. Therefore it was observed that more BSA
foulant was accumulated into the deposited fouling layer during the
combination of foulants (BSA+NaAlg) than during BSA fouling alone, and
thick gel layer was visually observed on the surface of RO membranes in
comparing to after BSA fouling (Q. Li et al., 2007b). Thus it can be said that
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polysaccharides is more important foulants than proteins, resulting from the
observation of NaAlg foulant filtration severely fouled RO membranes in
comparing with BSA foulant results because of calcium-alginate gel layer
formation at the surface of RO membranes.
In this research (Zazouli, Nasseri, & Ulbricht, 2010), the Influence of foulant
concentration was studied. Figure 2.12 presents the flux performance of NF
at alginate concentration range from 0 to 12 mgC/L, and at 10 mM NaCl. The
permeate flux rate reduction increased greatly with Increasing of alignate
concentration because of the accumulated alginate foulants on the surface of
membrane. It was observed that the severe fouling was in the presence of
alginate more than humic acid.

Figure 2.12: Normalized flux (J/J) effect of the alginate concentration range
from 0 to 12 mgC/L in presence of 10 mM NaCl at pH7.5±0.1 and 22±1◦C.
Applied pressure is 140 psi and initial flux is 80 lmh (Zazouli et al., 2010)
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In addition, Organic foulant composition was studied by run feed waters with
different mass ratio of alginate and humic acid was run and studied. The total
of foulant concentration was maintained for all feed waters to be 3 mg/L DOC.
Figure 2.13 shows that the permeate flux decreased significantly more at
higher mass ratio of alginate than humic acid.

Figure 2.13: Normalized flux (J/J) of feed waters with different mass ratio of of
alginate and humic acid with maintain the same DOC concentration for each
solution to be 3 mgC/L (Zazouli et al., 2010)

It was also found that the higher applied pressure or the higher initial
permeate flux, the faster decline of initial flux and the higher decline of flux
rate were observed due to the much higher rate of the foulants deposition on
the membrane surface or the fouling layer becomes compaction more. As a
result when different pressures were used, the difference in the density of gel
layer and the difference in the flux decline rate was observed (Q. Li et al.,
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2007b). The effect of membrane surface properties on membrane fouling was
also studied by (Q. Li et al., 2007b), and the highest fouling rate was showed
when using ESPA1 membrane due to it is the most negatively charged and
hence the most hydrophilic as shown in Table 2.4.

Table 2.4: Properties of three commercial polyamide RO membranes (Q. Li et
al., 2007b)

In general, less membrane fouling is because of higher electrostatic repulsion
force between the surface of membrane and the foulant compounds and
lower hydrophobic interactions. Although ESPA1 type of RO membrane has
higher negative zeta potential and hydrophilicity, this type of membrane
showed the highest rate of fouling because it has the most roughness surface
morphology in comparing with LFC1 and LFC3 types of RO membranes as
shown in Table 2.4.
Figure 2.14 showed that more surface area can be provided by the higher
surface roughness for the deposition of foulants materials in comparing with
the smooth surface, and the presence of the valleys on the membrane
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roughness surface can enhance the membrane fouling to be faster than the
smooth surface, as a result the deposited foulants is less subject to the force
of hydraulic shear.

Figure 2.14: Surface roughness effect on the membrane fouling (Q. Li et al.,
2007b)

2.5.4.2 Effect of solution chemistry on alginate fouling
2.5.4.2.1 Ionic strength effect on alginate fouling
It was reported by (S. Lee et al., 2006) that the alginate fouling becomes more
significant and visible with the addition higher concentrations of ionic strength
to the feed sample, and Figure 2.15 shows that the flux decline increased with
increasing the concentrations of NaCl.
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Figure 2.15: Effect of ionic strength on alginate fouling using feed water of 20
mg/L alginate in presence of different concentrations of NaCl at pH6 ± 0.1 and
20 ± 0.5◦C. initial permeate flux is 20 µm/s and cross flow velocity is 8.5 cm/s
(S. Lee et al., 2006)

The addition of ionic strength into the alginate solution will enhance the
deposition of alginate on the surface of membrane, and hence thicker layer of
fouling with more coiled and compact will be formed due to in so called double
layer compression theory, which reduces the repulsion electrostatic between
the alginate and the surface of membrane and among of the alginate
molecules. As a result, the resulted alginate fouling layer will largely resist the
permeate flow through the membrane and will lead to clearly flux decline. On
the other hands, at low ionic strength, the repulsion electrostatic between the
surface of membrane and alginate molecules will be strong and will lead to
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avoid the accumulation of alginate foulants significantly at the surface of
membrane, resulting in little resistance of permeate flow through the
membrane due to the formation much looser alginate fouling layer. Therefore,
the permeate flux decline will be negligible at low ionic strength. In addition, it
was also reported by (van de Ven et al., 2008) that the total ionic strength was
observed to promote the formation of alginate gel layer.
At high ionic strength, the rate of fouling becomes faster and also in the
presence of calcium ions was observed, and that occurred because the
reduction of electrostatic repulsion force between the membrane and the
deposited foulants ( humic acids) was hypothesized (Zularisam et al., 2006).
Moreover, they (van den Brink et al., 2009) also showed that the increase of
the ionic strength causes more severe alginate fouling when using RO
membranes. However, the average rate of total fouling was not effected by
adding the double concentration of the total ionic strength and was similar to
the base case as it represented in Table 2.5, and the fouling rate was lower
by 66% when the concentration of both calcium ion and ionic strength were
increased compared to the case of only elevated the calcium ion
concentration as shown in Figure 2.16.
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Table 2.5: Different filtration experiments using different concentration ratio of
alginate, NaCl, and Ca ion (van den Brink et al., 2009)

Figure 2.16: Fouling rate, reversibility, and end resistance of different
concentration ratio of alginate, NaCl, and Ca ion (van den Brink et al., 2009)
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It was also observed that the fouling rate decreased when high concentration
of ionic strength was added to high concentrations of both calcium ion and
alginate solution. Therefore it can be conclude that, at high concentration of
calcium ion, the fouling rate will decrease with the increase of ionic strength
concentration, resulting from the competition between sodium and calcium
cations to react and bind the alginate molecule, and hence that will reduce the
effect of calcium ion on the alginate fouling. In addition, Figure 2.16 shows
that the fouling rate was not affected by the addition of double concentration
of the alginate in the presence of similar concentration of calcium ion as in the
base case. Furthermore, without calcium ion addition, the alginate fouling was
independent of the alginate foulants concentration. As a result, it can be
conclude from this observation that the absolute concentrations of calcium
and alginate is not only the way to determine the fouling behavior, but it is
also necessary to take into account the ratio of both compounds.
2.5.4.2.2 Effect divalent cation (calcium ion) on alginate deposition
The solubility of alginate compound reduced by the addition of calcium ions,
which can bind the carboxylates groups in the alginate molecules, resulting in
canceling the effect of the negative charge of carboxylates anion, leading to
bridging between the negative charge of membrane surface and the negative
charge of the alginate compounds (Zularisam et al., 2006). It was reported by
some studies (Won, Kim, Kim, Park, & Moon, 2005) that the reaction between
alginate molecules and calcium ions, and it was showed that the permeate
flux was rapidly decreased with the calcium ion addition, as well as the
transparent of the deposited alginate gel layer was clearly observed on RO

78

membrane surface by eyes. Figure 2.17 presents the calcium alginate gel
structure (Q. Li et al., 2007b).

Figure 2.17: (a) the reaction between Ca ion and alginate and (b) the alginate
gel layer with the addition Ca ion (Q. Li et al., 2007b)

It was showed by (S. Lee et al., 2006; Q. Li & Elimelech, 2004a) that the
permeate flux was dramtically declined by the addition of calcium ions in the
presence of constant NaCl concentration. However, the permeate flux was not
much effected by adding magnesium ions as shown in Figure 2.18 and they
confirmed that the formation of the alginate gel with thicker and more dense
layer was with the addition of calcium ion, while no gel layer was visibly
observed with the addition of magnesium ion.
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Figure 2.18: Effect of different concentrations of divalent cations (Mg and Ca)
on alginate fouling using 20 mg/L of alginate in presence of 10 mM of NaCl at
pH6±0.1 and 20±0.5◦C. Initial permeate flux is 20 µm/s and cross flow velocity
is 8.5 cm/s (S. Lee et al., 2006)

It was explained by (Grant, Morris, Rees, Smith, & Thom, 1973) that the
alginate fouling was occurred by the formation of alginate-calcium ions
complex, and that led to the formation and induction of the alginate gel layer,
which was represented by so called “egg-box” model. Calcium ion selectively
and preferentially interacts to the alginate to form bridges between adjacent
alginate molecules, and that led to gel network formation, which is shaped as
“egg-box” model. It is significant to note that the dramatic decrease of the
permeate flux during the filtration of alginate foulants in the presence of
calcium ion is because of the interaction between alginate in the feed water
and alginate deposited on the surface of membrane (S. Lee et al., 2006).
On the other hand, it was reported by (Davis, Llanes, Volesky, & Mucci, 2003)
that the alginate can be selectively extracted from several Sargassum
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seaweed species by the addition of calcium ion, which formed the alginate gel
network. Furthermore, it was observed by (Bruus, Nielsen, & Keiding, 1992;
S. Lee et al., 2006) that the alginate was bio-flocculated in the presence of
calcium ion, however, this bio-flocculation process was severely deteriorated
in the presence of magnesium ion.
It can be concluded that the alginate fouling in RO membrane filtration is
effected by the chemical composition of feed solutions, and the rate of
alginate fouling can enhanced at higher concentration of the total ionic
strength, at lower pH, as well as in the presence of Ca ion. It can be explained
that the sever alginate fouling occurred with the addition calcium to great
extent is because of inducing the formation of alginate gel layer on the surface
of membrane while no alginate gel layer was observed with the addition
magnesium ion. Furthermore, the alginate fouling is also significantly affected
by the hydrodynamic conditions as it was observed by (S. Lee et al., 2006)
where the increase of initial flux will enhance the fouling rate while the
increase of cross flow velocity will reduce the fouling to the great extent.
Therefore, the optimization of these conditions will play significantly role in
reducing the organic fouling.
In addition, the alginate fouling increases with increasing the concentration of
calcium in the alginate solution, thus lower reversibility was found at high
concentration of calcium ion. It can be explained the reason of the strong
alginate fouling in the presence of calcium ion by three different ways, which
are calcium ions can promote the formation of bridges between separate
chains of alginate, the formation of gel network near the surface of membrane
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or alginate aggregates in the feed water, or the formation of bridges between
the first layer of alginate and the membrane. All of these mechanisms can
happen and are affected by the chemistry of the solution, as a result it can be
said that, the presence of calcium ion has a much greater effect on alginate
fouling. Therefore, one of the main objectives of our study is to investigate the
effect of calcium ion concentration on the permeate flux using RO bench
scale, and the efficiency of CO2 saturation solution to clean the different
foulant layers composed mainly of alginate and different concentrations of
calcium ions.
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2.6

Pretreatment technologies for RO membrane desalination

There are two strategies are commonly used in RO plants to control the
membrane fouling are pretreatment process of RO feed water and membrane
frequently cleaning (Al-Amoudi & Lovitt, 2007). Figure 2.19 presents the
typical process of pretreatment in RO system (El-Dessouky & Ettouney,
2002b). Pretreatment technologies for RO membrane can be grouped into
conventional process and low-pressure membrane process, and new trend for
using membrane pretreatment, such as microfiltration (MF) and/or
ultrafiltration (UF), which can be consider as an alternative to the conventional
pretreatment. In addition, the use of dissolved air flotation (DAF) combined
with membrane filtration can be another alternative. Figure 2.20 presents the
typical diagram of conventional and membrane pretreatment process trains
for SWRO. Conventional and RO membrane pretreatment will be explained
with more details later in this section.
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Figure 2.19: Typical pretreatment for SWRO process (El-Dessouky &
Ettouney, 2002b)

Figure 2.20: a) Conventional pretreatment process, and alternative
pretreatment b) using UF/MF membranes c) Using DAF
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2.6.1 Conventional RO pretreatment (Dual Media Filtration (DMF))
Table 2.6 summarizes the most widely suitable conventional pretreatment
methods for each specific type of fouling. Conventional processes consist of
coagulation followed by media filtration for low turbidity water can remove
natural organic matters (NOM), particles, and colloids. In addition, flocculation
and sedimentation processes can be added for very turbidity seawater
samples. In typical, 5-micron cartridge filter is required before RO membrane
to avoid any piping materials or debris to protect the membranes from
dameging.

Table 2.6: summarizes the most widely conventional RO pretreatment
methods for each specific type of fouling

http://www.lenntech.com/ro/ropretreatment.htm#ixzz4a4hg6hB9
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It was recommended by (Y. M. Kim, S. J. Kim, et al., 2009) that scaling,
fouling, and biofouling problems can be controlled by the addition of some
chemicals into RO feed water. Some pretreatment chemicals such as NaOCl,
Cl2, KMnO4, or O3 is used to control biofouling, and H2SO4 acid is used to
assist the biocide action of NaOCl, to achieve the targeted pH-value, and to
prevent CaCO3 scaling due to pH adjustment. Moreover, anti-scalant agents
such as sodium hexametaphosphate (SHMP) are usually dosed to control
calcium carbonate scaling and sulfates scaling. Ferric or alum salts are
commonly used in the coagulation and flocculation processes to remove
dissolved organics and colloidal particles. Filtration process of the granular
media can be used to remove suspended solids, and cartridge filters are often
used as the last step before RO membranes to avoid the sudden appearance
of particulate matter (Y. M. Kim, S. J. Kim, et al., 2009). For SWRO plant, it is
producing a capacity of about 170,000 m³/d at a recovery of 40%, and
Table 2.7 and Table 2.8 present that the rate of chemical dosing and the effect
of chemicals pre-treatment on the quality of water filtrate as it was reported by
(Fritzmann et al., 2007).
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Table 2.7: Chemical dosing in SWRO plant for pretreatment step (Fritzmann
et al., 2007)

Table 2.8: Some parameters used to evaluate RO feed water before and
after pretreatment step (Fritzmann et al., 2007)

Some disadvantages of conventional pretreatment are the extensive use of
chemicals for disinfection, coagulation, and anti-scalants processes. In
addition, the extensive use of mechanical filtration units such as sand, media,
and cartridge filtrations. Furthermore, colloids and suspended particles can
pass through conventional pretreatment (Valavala et al., 2011b).
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2.6.2 Dissolved Air Flotation (DAF) pretreatment
Although multimedia and cartridge filtration are the most widely used in
pretreatment of RO feed water, the physical pretreatment of dissolved air
flotation (DAF) combined with filtration can be considered as an alternative to
conventional pretreatment.
In DAF process, air was pressurized into about 10% of the raw feed water till
getting saturated with air, and micro bubbles of about 60 microns in size were
formed on the particulate matters surface by the sudden pressure release,
and then the particles are carried to the surface by the bubbles. It can be
achieved this effluent turbidity to be lower than 0.5 NTU by using DAF
process, therefore high concentration of algae was effectively removed as it
was reported by (Fritzmann et al., 2007). A simple schematic of DAF system
is presented in
Figure 2.21.

Figure 2.21: Dissolved air flotation unit (DAF)
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2.6.3 Non-conventional pretreatment based on low pressure
membranes (MF/UF)
It was observed by (Fritzmann et al., 2007) that the use of low pressure
membranes, which are microfiltration (MF) or/and ultrafiltration (UF), in
pretreatment were very successfully for more difficult feed waters than
seawater, such as industrial and municipal wastewater, as well as the
implantation of these membranes in pretreatment also reduced the use of
chemicals dosing into the feed waters compared to conventional
pretreatment.
Table 2.9 showed the influence of low pressure ultrafiltration (UF) membrane
and conventional pre-treatment as it was reported by (Fritzmann et al., 2007).
The permeate flux increased when using membrane pretreatment, and the
quality of RO feed water also increased, resulting in reducing and making the
use of cartridge filters unnecessary, as well as from Table 2.9 it can be
concluded that the conventional pretreatment is less efficient than the UF
membrane pretreatment.
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Table 2.9: the influence of conventional pre-treatment and UF membrane
(Fritzmann et al., 2007)

It was also reported that the permeate quality of MF/UF pretreatment in terms
of turbidity and SDI is significantly better than conventional pretreatment as it
is shown in Table 2.10 (Valavala et al., 2011b).

Table 2.10: The comparison of UF pretreatment and conventional
pretreatment by measuring SDI (Valavala et al., 2011b)
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2.7

RO membranes cleaning
2.7.1 Conventional methods of cleaning

The commonly used cleaning methods in RO systems can be grouped into
three types, which are chemical, physical, and physio-chemical methods
(Ebrahim, 1994). In practice, the widely used cleaning methods in membrane
applications are physical cleaning followed by chemical cleaning. However,
chemical cleaning methods are the only applied for RO systems (José Miguel
Arnal et al., 2011).
2.7.1.1 Chemical cleaning methods
Chemical cleaning can restore the reversible flux decline partially or fully. The
use of chemical cleaning is the most widely and inevitable, especially in RO
membranes, and the choice of the cleaning agent is critical and depends on
the type of foulant (José Miguel Arnal et al., 2011; Y. M. Kim, S. J. Kim, et al.,
2009). For all membrane types, chemical cleaning is an effective control
strategy. The influence of different operating strategies against different types
of fouling is showed in Table 2.11 (Liu et al., 2001).
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Table 2.11: Operating stratiges effect on membrane fouling (Liu et al., 2001).

Cleaning in place (CIP) or cleaning offline ways are used to clean the
membrane (Y. M. Kim, S. J. Kim, et al., 2009). The optimal selection of the
cleaning agent will depend on the material of the membrane and the type of
foulant. The ability of these agents to dissolve and remove the most of the
deposited foulants on the membrane surface without any damage to the
membrane surface resulting in maintaining the membrane properties.
Therefore, each foulant type requires certain types of chemical agents. In
practice, most of the manufacturers recommend commercial chemical agents
for cleaning and regenerating their membranes according to the type of
fouling and membrane (José Miguel Arnal et al., 2011).
According to the foulant type on the membrane, RO membranes are generally
cleaned separately at low and high pH. Low pH cleaners best remove scale
minerals, and inorganic colloidal material, while high pH cleaners best remove
organics and biofouling. The growth of bacteria and then biofilm was
minimized and controlled by the addition of biocides in the feed water. Spiral
wound element configuration, which made from typical composite polyamide

92

membranes, can resist acid cleaners, however, these membranes can be
quickly damaged during the exposure to high value of pH, which are are more
susceptible to high pH. Therefore, the allowed range of high pH value is about
from 10 to 12, while the membrane cleaning can be also done at low value of
pH, which is lower than 2. In addition, this limitations also depends on the
temperature, and the reactions of chemicals cleaning can be accelerated at
higher temperatures. Moreover, the various materials, which used in the
membrane, will effect on the chemical limitation for membranes (Andes et al.,
2013). Five categories of cleaning agents are commonly used in RO
membranes as shown in

Table 2.12. Alkaline is suitable for organic removal, acids can be used for
scalants removal, metal chelating agents, surfactants, and enzymes
(Ebrahim, 1994; Q. Li & Elimelech, 2004b).

Table 2.12: presents some main of foulants type and cleaning solutions
(Ebrahim, 1994; Q. Li & Elimelech, 2004b).
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On the other hand, chemicals commonly used fall into five categories for
NF/RO cleaning membranes in water industry, as described the following

Table 2.13 (Liu et al., 2001).

Table 2.13: Major types of cleaning chemicals for membrane (Liu et al., 2001)

Studying the interactions between the surface of membrane, the materials of
fouling, and the chemicals cleaning is a key issue to understand membrane
fouling and cleaning. Studying the balance between electrostatic repulsion
and hydrophobic attraction is very important to determine if the membrane is
being fouled or cleaned. The increase of hydrophobic attraction will lead to
increase the potential of membrane fouling. If molecular weight of solute,
ionic strength, and divalent cations concentration increase, hydrophobic
attraction will tend to increase as shown in Figure 2.22 . On the other hand,
the increase of electrostatic repulsion between the solutes and membrane will
reduce the adhesion between them and will enhance the efficiency of
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cleaning. The increase of electrostatic repulsion is resulting from the increase
of charge density, polarity, and pH of solutes (Liu et al., 2001).

Figure 2.22: Conceptual model of membrane fouling and cleaning (Liu et al.,
2001).

It can be concluded that the electrostatic repulsion tendency between
membranes and fouling materials because the most of membranes have a
neutral to negative net surface charge, and fouling materials are also likely to
carry negative charges at the pH of natural water. As a result, this force of
electrostatic repulsion can maintain the membrane and fouling materials
apart, and the increase of this force by increasing the charge density of
fouling materials can enhance the membrane cleaning.
Alkaline solution (such as NaOH) is mostly used to remove organic foulants
from the surface of membrane by hydrolysis and solubilisation of the fouling
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layer. Sodium hydroxide solution will increase the solution pH due to hydroxyl
ions, which can increase the negative charge of organic foulants. The
solubility of organic compounds increases about three orders of magnitude
when functional group of carboxyl (-COOH) is converted into carboxylate (COO-) at alkaline conditions (Liu et al., 2001). Conversely, decreasing
negative charge of organic compounds because of adsorption of sodium ions
from NaOH to organic foulant during cleaning (Al-Amoudi & Lovitt, 2007;
Rathore, Das, Kushwaha, & Singh, 2016).
Chelating agents such as ethylene diamine tetra acetic acid (EDTA) are also
used to remove divalent cations from the organic molecules and can weaken
the fouling layer structure as shown in Figure 2.23 (Madaeni, Mohamamdi, &
Moghadam, 2001; Rathore et al., 2016). Surfactants such as Sodium Dodecyl
Sulfate (SDS) can strengthen the cleaning, resulting from altering the
interfacial tension of water, and this will give better separation of fouling
materials from the surface of membrane (Madaeni et al., 2001). It was
reported by (Al-Amoudi & Lovitt, 2007) that the use caustic or acid alone for
natural organic matters (NOM) removal was less effective than the use of both
caustic and acid cleaning. Moreover, it was observed that the combination of
NaOH with SDS in the same time gave about 100% of cleaning efficiency in
comparing with the single cleaning of each NaOH or SDS. In general,
normalized flux increased more with alkaline chelating such as EDTA than
plain alkaline cleaning (NaOH), and this is resulting from the increase of
membrane charge in EDTA alkaline environment (Al-Amoudi & Lovitt, 2007).
It was shown that EDTA gives a better cleaning agent as compared to SDS
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for alginate fouling cleaning in RO spiral wound membranes in presence of
calcium resulting from the ability of EDTA to form soluble complexes with
calcium from the sodium alginate calcium gel layer. The optimum doses of
SDS and EDTA as cleaning agents were 8 and 1 mM, respectively (Rathore
et al., 2016).

Figure 2.23: a) presents membrane surface after alginate fouling in the
presence of Ca ion and b) presents the interaction between EDTA (cleaning
agent) and foulants at the membrane surface. The foulant structure was loose
after the addition the chelated agent (EDTA) (Q. Li & Elimelech, 2004a)

When the cleaning agents encounter the deposited fouled layer, chemical
reactions and physical transformations will occur, and the main physical
transformations consist from wetting, melting, soaking, and mechanical and
thermal stress, as well as the main chemical reactions are hydrolysis,
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chelation, dispersion, and solubilization as it was reported by (José Miguel
Arnal et al., 2011). Other important factors are related to the chemical
cleaning, such as chemical concentration, temperature, pH, pressure, time,
and flow rate. For chemical cleaning, the optimal conditions is usually with
the increase of temperature (always below the limited temperature), leading to
a better cleaning efficiency as suggested by some studies (José Miguel Arnal
et al., 2011). Moreover, there seems to be no effect of cross-flow velocity on
cleaning results; however, the increase of trans-membrane pressure can also
reduce the efficiency of cleaning. Finally, one important factor is chemical
compatibility of membrane material to cleaning chemicals (Liu et al., 2001).
However, the use chemicals in membrane cleaning can sometimes damage
the materials of membranes, resulting in reducing the membrane lifetime,
leading to reducing the membrane performance and efficiency. In addition,
chemicals have some environmental issues related to the waste disposal, and
they will also add costs of transporting dangerous chemicals, handling,
cleanup, waste cleaned water, and waste energy. It was also reported by
(José Miguel Arnal et al., 2011b) that in the large plant, 5-20% of operating
costs were related to procedure of membrane cleaning.
As it was reported that the most widely types of fouling founded in RO
systems are organic fouling and biofouling, and the use of high pH is the most
effective cleaners for these types of foulants materials. It was shown in
Figure 2.24 that the rejection of the composite polyamide membrane (CPA5)
was not changed in spite of using high pH value at 13. However, the
mechanical strength of membrane greatly decreased as shown in Figure 2.25.
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It can be concluded that the performance of RO membranes will lose at very
high pH value because the limitations of the polyester backing support, which
is common to most RO membranes, at these conditions (Andes et al., 2013).

Figure 2.24: The effect of high pH on the rejection of membrane after 1 day
and after 1 month (Andes et al., 2013).

99

Figure 2.25: The effect of high pH on the strength of membrane after 1 day
and after 1 month (Andes et al., 2013).

Therefore, an intensive research is still ongoing to develop and to emerge
new cleaning methods, which are more efficient, low cost, less hazardous,
and more environmentally friendly. Physical cleaning methods seem to be
very promising membrane cleaning techniques (Qin et al., 2010b; Sweity et
al., 2013). Furthermore, the combined physical methods with chemicals
simultaneously can achieve greater membrane cleaning efficiencies (Ebrahim,
1994) (Arnal et al., 2011).

2.7.1.2 Physical cleaning methods
Physical cleaning methods can remove foulants from the surface of
membrane by using mechanical forces. Physical methods could be used as
alternative and more environmentally friendly, as a result physical methods in
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membranes cleaning seem to be very promising techniques. Although,
physical technique can maintain the membrane performance without reducing
the membrane lifetime comparing to the chemical cleaning processes,
physical methods are not used much for RO membrane cleaning. Therefore,
intensive studies are required to develop these methods and to use them for
cleaning in real RO plant, and our study supports this point. Physical methods
of RO membrane include forward and reverse flushing, backwashing or direct
osmosis, and air flushing (Al-Amoudi & Lovitt, 2007; Ebrahim, 1994). These
methods will be described with details in this section.
2.7.1.2.1 Forward and reverse flushing
Forward flushing can remove foulants from the surface of membrane by
pumping clean water through the feed side at high cross-flow velocity, and
hence particles absorbed to the membrane surface will be detached and
removed due to high rate of flow, resulting in higher turbulence is created. The
direction of the clean water is changed from brine channel to feed channel in
the reverse flushing method for a few seconds, as it is shown in
Figure 2.26. This technique is are particularly useful for colloidal particles
removal (Ebrahim, 1994).
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Figure 2.26: Forward flow and reverse flow flushing cleaning

2.7.1.2.2 Backwashing
Backwashing technique is usually used in low-pressure membranes such as
microfiltration (MF) and ultrafiltration (UF) membranes, and this method
showed high efficiency for foulants removal from the membrane surface and
its pores. In RO systems, backwash depends on water flow by osmotic
pressure, which is resulted from the direct osmosis phenomenon.
Backwash cleaning in RO membrane depends on the negative driving
pressure of the feed water between the applied pressure and the osmotic
pressure. There are two ways to apply this method, which are by reducing
the applied pressure of the feed water to be below the osmotic pressure or by
increasing the permeate pressure. As a result, the direction of permeate
water flow in RO membrane will reverse from the permeate side through the
RO membrane to the feed side, as shown in Figure 2.27 in order to lift and
remove the deposited foulants from the surface of RO membrane.
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Figure 2.27: Direct osmosis (DO) and reverse osmosis process

After that, forward flush will be used to flush or dissolve the detached foulants
layer. The best cleaning performance is resulted from both flows, which are
backflow and forward flow.
There is a recent study on using hypersaline solutions in the feed side of RO
membrane in order to reverse the flow direction from permeate side to the
feed side because of the difference of salt concentration between both sides
of membranes (Sagiv & Semiat, 2005, 2010). This technique will be
described in more detail in section 2.7.2.1.
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2.7.1.2.3 Air flushing
Air flushing method is particularly applied in low-pressure membranes such as
MF and UF membranes. In addition, it is observed that this method is
effective for tubular, flat sheet, hollow fiber membranes and spiral wound
modules. In high-pressure membranes, the use of air flushing for cleaning
was little. One study used air/water cleaning to remove biofouling from spiral
wound nano-filteration (NF) modules, and the best result was when they
combined copper sulphate with air/water cleaning (Cornelissen et al., 2007).
Air flushing method generates two phases of flow that will remove the external
foulants and then reduce the cake layer deposited on the membrane surface.
The presence of air bubbles will increase the turbulence inside the system
and that will enhance the membrane performance due to increase the solute
separation efficiency and the permeate flux. The efficiency of this method
depends on the type of gas because it was observed that the mixture of
water/CO2 gave better cleaning compared to the mixture of water/N2 (I. S.
Ngene et al., 2010).
In another study, (Qaisrani & Samhaber, 2011) used MF membrane and
found that the combination of air bubbling and back flushing simultaneously
gave better control of fouling and improved the membrane cleaning, resulting
in improving the performance of membrane.
2.7.1.3 Physico-chemical cleaning methods
Physical cleaning with the chemical agents addition simultaneously was used
to improve the membrane cleaning efficiency, however, this cleaning
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combination is not commonly used for membrane cleaning especially for RO
systems.
The cleaning process can be consisted from the actions of physical cleaning
and chemical cleaning but not in the same time, when one or more chemical
agents was used for membrane cleaning, forward flushing with permeate can
be applied between chemical cleanings (Ebrahim, 1994). In addition for spiral
wound membranes cleaning, there were very few works investigated the
combination of chemical and physical methods.
It was reported by (J. Arnal, Garcia-Fayos, Sancho, & Verdu, 2009a) that the
combination of air flushing (hydraulic action) and different chemical agents
was simultaneously tested for membrane cleaning of UF membranes. The
results of this experiment were compared to the obtained results from using
chemical solutions without air bubbles (J. Arnal, Garcia-Fayos, Sancho, &
Verdu, 2009b), and it was observed that when using chemical solutions with
air bubbles, the cleaning efficiency of membrane was dramatically increased
and improved in comparing also with air flushing cleaning without using
chemical solutions.
2.7.2 Non-conventional cleaning methods
The presence of any fouling on the membrane surface leads to a decrease of
the efficiency of the membrane plant dramatically and the energy
consumption increases. Organic, colloidal, and biological fouling is particularly
difficult to remove from the membrane surface especially with time because
these foulants will be compressed under pressure and build up in layers.
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Therefore, the conventional chemical cleaning will have difficulty to penetrate
through these layers during cleaning. Therefore, any delay in membrane
cleaning will make the cleaning significantly difficult to remove fouling from the
surface of membrane. The use of acid and alkaline compounds is still widely
applied for membrane cleaning due to lower application costs. In addition, the
use of detergents, surfactants, and chelants cleaning chemicals or mixture of
them is also commonly used. Furthermore, these chemical agents are
accepted increasingly by the market being economically and environmentally
viable (S. P. Chesters, 2015). However, chemicals can sometimes damage
the materials of membrane and reduce the lifetime of membrane and its
efficiency. More details will be discussed in the next sections. Therefore,
other techniques need to be developed to overcome these issues. As a
result, nowadays there is intensive research work that focus on developing
new cleaning techniques, named non-conventional methods, which are more
environmental friendly and more efficient. Some of them are being applied in
RO membranes and others just started for MF and UF membranes (José
Miguel Arnal et al., 2011).
In addition, there are some alternative methods to recover the performance of
RO membranes, as described earlier, which include Direct Osmosis Hyper
Salinity (DO-HS) , Electro Magnetic Fields (EMF), air scouring, combined
chemical cleaning and hydrodynamic, and Ultrasonic fields. Some of these
techniques are already applied, but the most work seems to be conducted for
low-pressure membranes (MF/UF). In addition, any of these new cleaning
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techniques are not applied and conducted for RO membranes (S. P.
Chesters, 2015).
This section will described some of these non- conventional cleaning
techniques focusing on the effervescent chemicals, physically generated
bubbles, and high ionic strength cleaners were designed to significantly lift
and dislodge the deposited cake layer from the surface of membrane. The
efficiency cleaning of RO membranes increased dramatically when using
these novel methods (S. P. Chesters, 2015).
2.7.2.1 Osmotic backwashing with hypersaline solution
In low-pressure membranes, pressure driven backwashing is widely employed
in MF and UF to control fouling effectively. However, it was not extensively
applied for high-pressure membranes that are used for water desalination, i.e.
NF and RO because the material of these membranes will be damaged if high
back-pressure is applied to drive the hydraulically backwash (Ramon, Agnon,
& Dosoretz, 2010). In RO, the water reverse flow from the permeate side to
the feed side could be achieved by osmotic forces or by the difference of salt
concentration between both sides of the RO membrane.
In osmosis phenomenon, water is naturally passing from the dilute solution
side to the concentrated solution side of the membrane. RO is the opposite of
osmosis phenomenon. The direction of water flow is reversed by applying a
high pressure on the concentrated solution side, hence desalting water. 0.07
bar is needed to overcome the osmosis phenomenon caused by each 100
mg/L of dissolved salts in a solution.
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In the last years, osmotic cleaning for RO membranes became more
attractive, and there is new development of osmotic cleaning called DO-HS
technique. This technique doesn’t require shutdown of RO operation (Qin,
Oo, Kekre, & Seah, 2010a). Hypersaline solution (HS) is used to induce
osmotic backwash by injecting high concentration of salt solution (mainly
NaCl) into the feed channel in the form of plus. The principle of DO-HS
technique is using the osmosis phenomenon to flow water from the permeate
side to the feed side by injecting high salinity of about 20% NaCl solutionto
the feed water over around 10 to 15 seconds during the RO operation (Qin et
al., 2010a). Hypersaline solution will enhance to reverse water in RO
systems to be from the permeate side to the feed side, and the reversible flow
will help dislodging any foulants and scalants on the surface of membrane
and will enhance reducing the layer of concentration polarization (CP), as
shown in Figure 2.28. This technique is particularly used to remove colloidal
matter and biofilm material.
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Figure 2.28: Hypersaline direct osmosis (HSDO) cleaning (José Miguel Arnal
et al., 2011).

Main advantages of this cleaning technique are the use of on-line cleaning,
high cleaning efficiency, low membrane replacement rate, low cost, reduction
of chemicals cleaning, and ease for applying in plants.
Some innovative methods for RO membranes cleaning have been established
by a recent study (S. P. Chesters, 2015). These methods are based on the
combination of chemical and physical methods and include physically
generated bubbles, effervescent chemicals, and high ionic strength cleaners,
as well as they are designed to enhance membrane cleaning due to assisting
deposit removal dramatically and dislodge the cake layer from the surface of
membrane. It was observed that the combination of different chemicals and
physical cleaning methods generated small bubbles during cleaning process.
RO flow was reversed from the permeate side through membrane to the feed
side using High ionic strength during the soaking period of cleaning, and it
was showed that the reversible flow was efficient and enough to lift foulants
from the surface of RO membranes. Simple techniques can be applied easily
for existing RO plants. A brief description of some innovative cleaning
mechanisms will be discussed in the following sections.

2.7.2.2 Dislodgement by Natural Osmosis
In this technique, high ionic strength compounds with detergents, chelates,
surfactants and effervescents are combined and tested t in both lab bench
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scale and pilot plant for membranes cleaning. High ionic strength solution
reverses the RO flow from permeate to feed driven by natural osmosis (S. P.
Chesters, 2015). The low flow rate of permeate generated from this process
was sufficient to agitate and dislodge the difficult foulants layers of biofilm and
colloidal clay particularly. This technique had reduced the cleaning frequency
by 4-6 times a year in RO plant.
2.7.2.3 Effervescent reagents and bubble cleaning
Some effervescent reagents were tested by dissolving the reagents powder in
RO permeate water to make up the cleaning solution. These reagents
generated bubbles in the cleaning solution due to gas involved. Bubbles
assisted to increase the reagents surface area to the surface of foulants and
to agitate the deposited foulants during cleaning process. It was also
observed in different industries that the characterization of bubbles in terms of
size, distribution, and high concentration provided further agitation of variety
deposits from the surface of RO membranes (S. P. Chesters, 2015). The
effect of cleaning takes place when shear flow is generated due to the
bubbles expand and collapse near boundaries, and these concepts can be
easily applied in membrane cleaning and cost effectively for RO systems.
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2.8

CO2 nucleation cleaning method

In practice, the only chemical cleaning methods are still widely used in RO
systems to remove accumulated organics from the membrane surface. Each
foulant type requires certain types of chemical agents. Several chemical
agents were documented ranging from using acidic solution to caustic solution
and enzymatic for RO membrane cleaning (I. S. Ngene et al., 2010).
Typically, alkaline is used to remove organic foulants, and acidic cleaning is
effective to remove scalants or inorganic foulants from membrane surfaces.
Although these chemicals can remove organic foulants, they will reduce the
membranes lifespan and their performance. This project focuses on using
saturated solution of CO2 gas to clean RO membranes, mainly organic
foulants removal from membrane surfaces. This research tries to understand
the principle of this cleaning technique and describe it in details. In addition,
this project focuses on optimizing the operating condition of this cleaning
method to be more effective in removing of organic foulant layers due to
nucleation of CO2 spontaneous bubbles in the entire feed channel. The
cleaning technique under development will reduce the amount of the
chemicals that are required during the membrane filtration and thus will not
effect on the lifespan of membranes. In addition, this cleaning method gives
better removal of other fouling types from the membrane surface due to
physical removal because this method plays a combination of chemical and
physical roles in membrane cleaning.
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2.8.1 Chemical reactions of CO2 in water
Carbon dioxide CO2 gas is quite soluble in water in which more than 99%
exists as dissolved gas and less than 1% as carbonic acid H2CO3 (W.
Knoche, 1980), which is a weak acid and partly dissociates in two steps to
give H+, HCO3-, and CO32-, as shown in the following equations.

H2CO3

H+ + HCO3-

Ka1 = 4.2 * 10-7

2.1

HCO3-

H+ + CO32-

Ka2 = 4.8 * 10-11

2.2

The reaction between water and dissolved carbon dioxide is reversible and
rapid as shown in the following equation below (W Knoche, 1980).

H2O (l) + CO2 (aq)

H2CO3 (aq)

2.3

K = [H2O (aq)] Keq = [H2CO3 (aq)]/ [CO2 (aq)]
K = 1.70 * 10-3

Carbonic acid is in equilibrium with the bicarbonate anion as shown in
Figure 2.29.
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Figure 2.29: The equilibrium between carbonic acid and bicarbonate (W
Knoche, 1980)

We can combine the two equilibria as shown in Figure 2.30 (W Knoche,
1980).

Figure 2.30: the combine of both dissociation equations of carbonic acid and
bicarbonate (W Knoche, 1980)
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Because of the concentration of dissolved carbon dioxide set by Henry's Law,
we can use this to determine the concentration of protons and bicarbonate ion
in water.
Each of these compounds (CO2, HCO3 -, and CO2 2- ) will be dominant in a
certain pH range, and Water saturated with CO2 is expected to have a pH
value of 4 as shown in Figure 2.31.

Figure 2.31: Fractional contribution of dissolved CO2 versus pH (Zeebe, 2009)

2.8.2 Solubility of CO2 in water
When any gas is in contact with water, some of it will dissolve in water. The
dissolved gas will always follow Henry's law in one of the gas laws and was
formulated by the British chemist, William Henry, in 1803 (Henry, 1803). It
states that “the solubility of a gas in a liquid depends on temperature, the
partial pressure of the gas over the liquid, the nature of the solvent and the
nature of the gas”. Water is the most common solvent. The dissolved gas and
the undissolved gas are in equilibrium. Gas solubility is always limited by the
equilibrium between the partial pressure of the gas in the vapor phase and a
saturated solution of the gas. Henry's law is mathematically expressed as the
following equation below (Henry, 1803):
C=p/kH

2.4

where “C is the concentration of the solute in the solution [mole/L or g/L], P is
the partial pressure of the solute above the solution [bar or atm], and kH is the
Henry's Law constant [bar/mol CO2/mol water]”. Figure 2.32 presents the
solubility of CO2 decrease with the increase of water temperature and
increase with the increase of the gas partial pressure (Rietman, 2013).
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Figure 2.32: Solubility of CO2 at different temperatures and pressures
(Rietman, 2013)

CO2 is nearly evenly distributed between air and water, and that respect
differs much from other gases, e.g., “the Henry's Law constant given as the
ratio (bar/mol in gas phase)/ (mol/l in solution) is KH= 29.41 for CO2, KH =
769.23 for O2, and KH = 1639.34 for N2 “ (W. Knoche, 1980). These values
confirm that CO2 is the most soluble gas in water because of the polarity
between carbon and oxgen in CO2 molecule is high compared to the polarity
between atoms in molecules of other gases. Figure 2.33 shows that CO2 is
the most soluble gas compared to O2, N2, and He gases.
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Figure 2.33: solubility of some gases at different temperatures and at partial
pressures of 1 atm

Figure 2.34 shows that the concentration of dissolved gas will double if the
pressure is doubled then.
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Figure 2.34: the concentration of dissolved gas will double if the pressure is
doubled

The concept of gas solubility can be observed and estimated from some
brevious experimental work (Crawford and others, 1963; Holm, 1963, Jarrell
and others, 2002). As illustrated in Figure 2.35, the solubility of CO2 in fresh
water increases with increasing pressure and decreasing temperature.
Moreover, from some brevious experimental work (Jarrell and others 2002;
Chang and others, 1996; Johnson and others, 1952; Martin, 1951) as it is
shown in Figure 2.36 that the solubility of CO2 decreases with increasing the

salinity of the solution (independent of pressure and temperature).
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Figure 2.35: the solubility of CO2 in fresh water increases with increasing
pressure and decreasing temperature (Crawford and others, 1963; Holm,
1963, Jarrell and others, 2002)
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Figure 2.36: the solubility of CO2 decreases with increasing the salinity of the
solution (Jarrell and others 2002; Chang and others, 1996; Johnson and
others, 1952; Martin, 1951)

Furthermore, other researchers (Wiebe & Gaddy, 1940) studied the changes
in solubility of carbon dioxide in water are a function of temperature and
pressure, as shown in Table 2.14 and Figure 2.37. The latter presents the
solubility of CO2 and is expressed as the number of cubic cintemeter (cm3) of
carbon dioxide at standared temperature and pressure (S. T. P.) contained in
1 g of water with different pressure (atmosphere) and with different

temperature (oC). The solubility of carbon dioxide in water has been
determined at various temperatures from 12 to 40° and at pressures up to 500
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atmospheres. Evidence of complete miscibility was found particularly in the
low temperature range.
It was found that during saturation at pressures exceeding 700 atm. there was
some pressure above which the solubility of water in the gas phase increased
tremendously. This was shown by the appearance of large amounts of water
in the expanded gas. They have apparently reached the critical solution
pressure for the carbon dioxide-water system.

Table 2.14: Solubility of CO2 in water at different temperatures and total
pressures in atm (Wiebe & Gaddy, 1940)
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Figure 2.37: Solubility of CO2 in water verse temperature at different
pressures (Wiebe & Gaddy, 1940)

In addition, Figure 2.38 presents the solubility isotherms that illustrate
particularly the change of state of carbon dioxide from gas to liquid. At lower
temperatures this amounts tend to almost a discontinuity.
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Figure 2.38 Solubility of CO2 in water verse different total pressures in atm. at
different temperatures (Wiebe & Gaddy, 1940)

In addition, from another study by (Dodds, Stutzman, & Sollami, 1956),
presented in Figure 2.39, we see that at values from one atmosphere
pressure and at high pressures the solubility of carbon dioxide increases with
an increase in temperature. This characteristic, encountered at high
pressures, is not widely known because such conditions are uncommon and
seldom met with in ordinary activity.
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Figure 2.39: The effect of pressure and temperature on the CO2 solubility in
water (Dodds et al., 1956)
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2.8.3 Formation and growth of CO2 gas bubbles in water
2.8.3.1

Nucleation theory

To study how CO2 bubbles form, nucleation step is important to understand at
first. Spontanous bubbles can be formed when there is a difference between
the ambient pressure and dissolved gas pressure. In addition, surface
imperfections and cracks of solid can enhance bubbles to grow and form.
There are two types of nucleation: homogenous and heterogenous.
Homogenous nucleation happens when spontaous bubbles form in the bulk
water. In addition, if the difference between pressure of ambient and
dissolved gas is greater than 100 atmosphere, Homogenous nucleation will
occur. Therefore, we do not expect to observe homogenous nucleation in
water treatment.
Heterogenous nucleation occurs if there are two phases, sauch as liquid and
solid, and this can represent our study case which consists of the dissolved

CO2 solution and the membrane surface. Preexisting gas pockets located in
surface imperfections and cracks of solids can enhance heterogenous
bubbles to neculate and grow spontanoulsy. In our case, we can say that the
heterogenous nucleation might be enhanced if there is any imperfection
located on the membrane surface. To explain more, when gas get
supersaturated, it will diffuse to the gas pockets and then cause bubble
growth and detachment from the solid support, as shown in Figure 2.40.

Heterogenous nucleation is the most common in the environmental systems
because it is requrid significanitly less supersaturation level of the dissolved
gas to form heterogenous bubbles comparing to homogenous nucleation. As
a result, heterogenous bubble nucleation can form easily whenever water is
supersaturated with the gas (R. P. Scardina & Edwards, 2006).

There are four types of CO2 bubbles nucleation are “Type I classical
homogeneous nucleation, Type II classical heterogeneous nucleation, Type III
pseudo-classical nucleation, and Type IV non-classical nucleation” are
showed in Figure 2.43 and Figure 2.44 (S. Jones, Evans, & Galvin, 1999).

Figure 2.40: Pre-Existing gas pocket on a solid support in the Heterogenous
nucleation type (R. P. Scardina & Edwards, 2006)
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Figure 2.41: Type I classical homogeneous nucleation andType II classical
heterogeneous nucleation (S. Jones, Evans, & Galvin, 1999).

Figure 2.42: Type III pseudo-classical nucleation, and Type IV non-classical
nucleation (S. Jones et al., 1999).
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The conclusion is that the homogeneous nucleation is not expected to occur
in the membrane cleaning process because it requires more than 100
atmospheres of pressure difference between the dissolved gas pressure and
the pressure inside the module. As a result, the heterogeneous nucleation is

the main type of CO2 bubbles to nucleate on the membrane surface because
its bubbles will form within pre-existing gas pockets located at imperfections
on the membrane surface. This suggests that the presence of fouling sites on
the membrane surface may lead to form CO2 bubbles in those regions (I. S.
Ngene et al., 2010), thus will lead to more effective cleaning of the fouled
areas.
2.8.3.2 Techniques for enhancing nucleation
The formation of Spontaneous bubbles (nucleation) within the system are due
to local pressure differences and the presence of nucleation sites on the solid
surface. There are two main factors for increasing the rate of bubbles
nucleation: the level of CO2 gas saturation in solution and the propties of
nucleation surface.
The increase of CO2 gas solubility in solution will lead to increase of the level
of CO2 gas saturation in the solution, thus leading to an increase the rate of
CO2 bubbles formation in case of the local pressure differences and the
nucleation sites (P. Scardina & Edwards, 2001).
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The solubility of CO2 gas in the solution increases byincreasing CO2 gas
pressure, decreasing the teamperture of CO2 solution, and decreasing the
salinity level of CO2 solution as shown in Figure 2.43. These results are
calculated by (Al-Ghamdi, 2016) using the prediction models reported by (Z.

Duan, R. Sun, C. Zhu, & I.-M. Chou, 2006).
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Figure 2.43: Solubility of CO2 under different (a) pressures, (b)temperatures,
and (c) salinity values (Al Ghamdi, 2016).
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The number of nucleation sites will increase in the presence of surface active
agents (Jackson 1994). Bubbles will nucleate easily on the rough hydrophobic
surfaces even at low supersaturations, however, hydrophilic or even smooth
hydrophobic surfaces will nucleate bubbles only at large supersaturations.
Other system factor, the presence of pre-existing gas pockets in surfcae
imperfictions as mentioned in the previous section 2.7.3.1 can enhance the
formation of CO2 bubbles. In our case study, foulants deposite on the
membrane surface can be considering as imperfication sites. Therefore we
can say that the more foulants on the membrane surface, the more CO 2
bubbles will nucleate and grow in the foulants sites (P. Scardina & Edwards,
2001).
2.8.3.3 CO2 nucleation rate (prediction of bubbles formation in
water)
There are some imporatnt parameters which have an effect on the saturation
level of CO2 gas in water, such as pressure of CO2 gas, temperature of the
dissolved CO2 solution, and the salinity of the solution. In addition
theoretically, the prediction model reported by (Duan, Sun, Zhu, & Chou,
2006) was used to calculate the impact of these parameters on the rate of
CO2 bubbles nucleation and growth as discussed in section 2.8.3.2.
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Moreover from the practical side, an experimental study have been recently
conducted by Al-Ghamdi (2017) using saturated CO2 solution to clean
ultrafiltration (UF) membranes through backwash. His study focusing on
optimizing the CO2 solution operating conditions showed that the highest

efficiency is obtained at higher pressure, lower temperature, and lower or no
salinity, as shown in Figure 2.44 and Figure 2.45 .In addition, these
esperimental results are matched to the theoritical calculations. As a result
we can say that this optimum CO2 solution will enhance to generate more
CO2 bubbles at the nucleation sites, and thus will lead to more efficient CO2
cleaning by removing foulants from the membrane’s pores and surface.
Increasing the pressure from 1 bar to 2 bars exhibited higher bubbles at a
shorter time. From Figure 2.44, we observe that a sufficient number of
bubbles has been nucleated uniformly across the membrane fibers pores at 2
bars, while at 1 bar a longer backwashing time was required to reach a more
uniform nucleation of CO2 on the membrane surface. In addition, it was found

that more bubbles are formed on the membrane fibers with backwashing time,
especially at the first 30 seconds of the backwash and then a steady state is
reached, suggesting that 30 seconds could be an optimum backwash time
which is very attractive for practical applications (Al-Ghamdi, 2017).
On the other hand, backwash time doesn’t seem to affect the cleaning
efficiency for different salt concentrations except for very high concentration
(100 g/L NaCl), as shown in Figure 2.45, which is typically above the range of
UF desalination applications (Al-Ghamdi, 2017).

132

Figure 2.44: Screenshot of hollow-fiber UF backwash using CO2 saturated
solution at a) 1 and 2 bars using room temperature and without salinity, and b)
different concentrations (10 and 100 g/L) using room temperature and
pressure of 2 bars (Al Ghamdi, 2016)
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Figure 2.45: Screenshot after 30 seconds and 1 minute of initiating the
backwash using CO2 saturated solution. (Top left: 10 g/L NaCl, Top right: 50
g/L NaCl= 50 g/L NaCl, and Bottom: 100 g/L NaCl; using room temperature
and pressure = 2 bars) (Al Ghamdi, 2016)
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2.8.4 The principle of CO2 nucleation in RO membrane cleaning
Fouling is a serious problem in RO membrane, resulting in permeate flux
decline. Chemical cleaning is the most common and wiedly used to recover
the permeability of the RO membranes. However, chemicals can damage and
reduce the membrane efficieny and life time. Therefore, CO2 nucleation
cleaning can be considered as an alternitive, low chemical, and promising
method for RO membrane cleaning and restoration of its performance. The
priciple of this method is using saturated water with CO2 gas at higher
pressure and rinsing the fouled membrane at lower pressure, and then
spontanous formation of CO2 bubbles will be produced within the entire
module as shown in Figure 2.46 due to depressrization and the prencese of
nucleation sites which are located on the RO membrane surface as shown in
Figure 2.47

Figure 2.46: Spontaneous formation of CO2 bubbles in the entire RO channel
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Figure 2.47: The nucleation of CO2 bubbles on the spacer

The presence of the imperfection on the surface of the membrane can be
used as nucleation sites to form CO2 bubbles as I mentioned in

section 2.8.3.1. As a result, the prencese of fouling sites on the mebrane
surface can be considered as the nucletion sites because the pressure will
drop more on these sites, and the growth of bubbles is governed by the
pressure drop across the flow cell.

This hypthesis was confirmed by (I. S. Ngene et al., 2010), and they used the
dissolved CO2 solution for biofilm removal from membrane/spacer channel of
a RO spiral wound module and their results showed that cleaning was given
complete removal of biofilm. Moreover, they observed that CO 2 bubbles
nucleation was especially on the same spots where there is biofilm growth on

the spacer surface, as shown in Figure 2.48.
The specific spots on the spacer filaments which have roughness properties
can enhance the growth of CO2 bubbles on these spots within the membrane
cell, and the roughness property of these spots is due to the presence of
foulants. Therefore, foulnts can be used as nucleation sites as well as can
initiate gas formation on those spots and hence lead to more effective
cleaning.

Figure 2.48: Represents how CO2 bubbles nucleate and grow on spacer
filament (I. S. Ngene et al., 2010)
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Finally, they (I. S. Ngene et al., 2010) recomanded that “the frequency of
cleaning and procedure still requires to optimize as well as may strongly
depend on the quality of feedwater”. Althoug, It was observed that the
increase in carbon footprint because of using water/CO2 cleaning was very

low comparing to normal plant operation, it is requried that the complete life
cycle analysis to justify this cleaning approach.
2.8.5 CO2 gas bubbles and N2 gas bubbles
The use of N2 gas/water sparging showed 85% of biofilm removal from the
membrane/spacer surface, while CO2 gas/water dissolved showed 100%

complete restoration for the membrane resistance (I. S. Ngene et al., 2010).
Figure 2.49 presents the spacer before and after biofoling, and Figure 2.50
presents the spacer after different cleaning methods, mainly (a) water rinsing,
(b) N2/water sparging, (c) CO2/water dissolved.

Figure 2.49: spacer before biofouling (a) and spacer after fouling for 7 days
(b) (I. S. Ngene et al., 2010)
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Figure 2.50: Spacer images after different cleaning methods: (A) water
rinsing, (B) water/N2 sparging, and (C) water/CO2 nucleation (I. S. Ngene et
al., 2010)

To explain the difference between CO2 bubbles and N2 bubbles, the movment
of bubbles for both gases should be understandable at first.
Figure 2.51 shows the bubbles represent the brighter area. We see that CO2
bubbles cover all the spacer surface due to the continuous nucleation and
growth of gas bubbles as well as continuous detachment of the bubble at
every part of the feed channel resulting in the absence of stagnant bubbles,
and this will improve the cleaning procedure (I. S. Ngene et al., 2010).
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However, the water/N2 bubbles showed preferential flow patterns and formed
stagnant bubbles in the channel. The presence of stagnant bubbles block the
membrane surface resulting in a reduction in bubble scouring ability and
hence the cleaning effeciency (Willems et al., 2009).
In addition, the presence of N2 gas bubbles in the flow channel increases the
shear forces on the surface of the spacers and the membrane, which will lead
to better cleaning effects than using clean water for membrane flushing as it
was reported by (Ndinisa, Fane, & Wiley, 2006).

Figure 2.51: Presents the difference of N2/water flow (a) and CO2/water flow
(b) (I. S. Ngene et al., 2010)

140

2.8.6 CO2 nucleation as physical (nucleation theory) and chemical
cleaning (low pH)
Dissolved CO2 solution can be considered as chemical, physical, or physicochemical cleaning. It can be used as physical cleaning due to CO2 bubbles
nucleation on the membrane surface, and thus will lead to the formation of
CO2 bubbles and growth, especially at the nucleation sites. As we discussed
before, The presence of defects on the surface can enhance CO 2 nucleation
and hence can give more effective membrane cleaning. Therefore our
hypothesis is that CO2 bubbles will nucleate at the foulants sites which are
deposited on the membrane surface, and CO2 bubbles will also scrube on the
membrane surface and this will also create a lift force which is high enough to
detach the foulants from the membrane surface.
(Negin 2010) study showed that the use of water rinsing for biofilm removal
from the spacer/membrane surface gave lower percent (40%) of the
membrane restoration for its hydrolic resistance comparing to the use of gas
bubbles for cleaning.
Chemical cleaning is presently one of the most widely employed techniques
for foulants removal from RO and NF spiral wound modules (Al-Amoudi &
Lovitt, 2007). Usually, this method involves the dosing of chemical agents in
the feedwater of the membrane system in order to remove the foulants. When

CO2 solution is used, chemical cleaning comes from the dissolved CO2 gas
which reacts with water to form carbonic acid H2CO3(aq), as described in the
following equations below.
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CO2 (g) + H2O (l) ↔H2CO3 (aq)

2.5

H2CO3 ↔ HCO3 - + H+

2.6

HCO3 - ↔ CO3 2- + H+

2.7

Carbonic acid will form at low pH which is close to pH 4, as shown in
Figure 2.31, which clarifies the relationship between carbon species and pH.
Therefore, low pH of dissolved CO2 solution due to carbonic acid formtion can
be considered as a chemical cleaning process as well. Typically, acidic
cleaning is effective for mineral fouling removal while alkaline can be utilized

to remove organics from the membrane surfaces (Al-Amoudi & Lovitt, 2007).
As a result, we consider that low pH of dissolved CO2 solution will not be
efficient to remove organic foulants from the membrane surface, and hence
CO2 nucleation will play the significant role in membrane cleaning. (Partlan &
Ladner, 2014) study showed that membranes scaled with CaCO3 with the use
of dissolved CO2 solution of approximately pH 4.5 achieved an average of
80% flux recovery. On the other hand, the use of an HCl solution at pH 4 gave
an average of 20% flux recovery only while the use of distilled water achieved
an average of 2% flux recovery as presented in Figure 2.52. Therefore, the
low pH due to CO2 solution (pH 4.5) is a minor mechanism in scale removal.
Lastly, membranes scaled with calcium silicates exhibited little flux recovery

using dissolved CO2, as shown in Figure 2.53. More details on organic
foulants removal will be addressed toconfirm these hypothesis in the results
and disscusion part of our study. In our stury, we’ll focus more on organic

142

fouling removal as in practice these types of foulants are not sufficiently
cleaned with acidic solutions.

Figure 2.52: Cleaning results for CaCO3 scalant (Partlan & Ladner, 2014)

Figure 2.53: Cleaning results for silicate scalant (Partlan & Ladner, 2014)
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CO2 nucleation method produced bubbles in the whole RO membrane
channel, which helps to improve the membrane cleaning. It can be considered
that after chemicals cleaning, physical cleaning is requried for debris removal

and for reducing fouling (Cornelissen et al., 2007; Vrouwenvelder & Van der
Kooij, 2001).
This includes the comparison of CO2 nucleation cleaning technique with other
types of cleaning methods such as the use of acidic (low pH) solutions, water
rinsing, direct osmosis (DO), and the integration of CO2 nucleation with DO
cleaning. This integration might give better results than DO cleaning.
2.8.7 The required time of CO2 saturated in water
The rate of dissolution of the gas under applied pressure into the doubledistilled water was measured by following the conductivity of the carbonic acid
solution so formed. It was found that this process was slow, even with stirring,
which was faster than without. It is well known that the rate of the hydration
step to produce carbonic acid is kinetically slow, with a constant rate in the
range of 0.03 s-1. The observed slow equilibrium is not due to the slow
hydration rate, since the time for the dissolution process is in the order of
hours, as shown in Figure 2.54. It seems likely that the rate is determined by
diffusion through the liquid interface, even with good stirring. After equilibrium

had been achieved, as measured by a steady value of the conductivity, the
pressure was lowered to the target value, and the bubbles released were
counted.
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Figure 2.54: Conductivity measurements over time during dissolution of CO2
in double-distilled water. At 8 bar, the equilibrium was not achieved after
about 3 h for an unstirred system or after about 2 h for a stirred system at 6
bars (Lubetkin & Blackwell, 1988)

Figure 2.55shows the results of bubble counting for a set of supersaturations
varying from about 8 to about 2. The curves have broadly similar shapes, and
clearly show that the number of bubbles and their rate of production increase
with increasing supersaturation. In addition, Figure 2.56 shows the recorded
pressure as a function of time for a similar range of supersaturation (Lubetkin
& Blackwell, 1988).
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Figure 2.55: Presents the number of bubbles released over time at various
supersaturations at 295 K (Lubetkin & Blackwell, 1988)

Figure 2.56: Presents the pressure measurements over time at various
supersaturations (Lubetkin & Blackwell, 1988)
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Roughly experiment was done in our labratory by (Al Ghamdi, 2016) to
suppose how much time is needed for dissolving CO2 gas in water and
getting the equlibrium under the specific partial pressure of CO2 gas. This

experment was done by preparring 5 L of the saturated CO2 solution under 2
bars using pressure vessel at first, and then he released CO2 gas from 2 bars
to zero, after that he measured CO2 gas desorption from the saturated
solution in pressure vessel over time as shown in
Figure 2.57. It can be explained that after the pressure drop from 2 bars to
zero, the dissolved CO2 gas will start to nucleate and desorb from the
saturated solution till reaching to the equilibrium state. As a result, the same
process at the same rate will be expected to occure when dissolving CO2 gas
in water to get saturated CO2 solution. He mentioned that 50% of the
equilibrium state is reached almost instantly (within a few seconds of the drop
in pressure). However, the rate decreases with time until equilibrium is

reached after 54 hours. It can be expected that we need about 2 days to get
solution is saturated with CO2 gas if using 2 bars of CO2 gas and 5 L of pure
water.

147

Figure 2.57: Pressure release from 2 bars to zero of CO2 saturated solution
showing how long it takes to desorb the gas until reaching the equilibrium (Al
Ghamdi, 2016)
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2.9
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CHAPTER 3
MATERIALS AND METHOD

3.1

Experimental set-up

RO bench scale setup has been designed and fabricated in our laboratory
and was used for the filtration experiments as shown in
Figure 3.1 and Figure 3.2. Some previous studies (Hasson, Drak, & Semiat,
2001, 2003; I. S. Ngene et al., 2010) were useful for the design of this system.
RO membranes were held in Sepa cross flow (CF) membrane cell (316
stainless steel provided by Sterlitech). Hydra-cell high pressure pump (110 or
220 V /50 or 60 Hz, 1.8 GPM, Sterlitech) was used to pump feed water to the
membrane cell. Both permeate and concentrate sides are recirculated into the
feed water tank to keep the concentration of the feed water constant and
homogeneous. The feed solution was maintained at 23˚C using a thermostatic
bath with a stainless- steel chiller coil submerged in the feed water tank.
Pressure and flowrate readings were taken by ultra-high-accuracy digital
pressure gauges (316 stainless steel, 0-1000 psi, McMaster) and easy-read
high-pressure flowmeters (316 stainless steel, 0-1 GPM, McMaster)
respectively. Operation pressure and cross-flow velocity were controlled by
high pressure proportional relief valve (316 stainless steel, Swagelok) in the
feed side and the needle valve (316 stainless steel, Swagelok) in the
concentrate side. The variation of the mass of permeate water with time was
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recorded manually. The cleaning systems used in this study are described in
the next sections.

Figure 3.1: A schematic diagram of the RO setup and alternative cleaning
solutions unit that are ultrapure water (MQ), MQ water at pH4, and new
innovative solution of water saturated with CO2 gas

Figure 3.2: Picture of the RO experimental setup and cleaning unit
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3.2

Sepa cross flow membrane cell specifications

shows the Sepa CF RO membrane cell, and Table 3.1 presents the
membrane cell specification (Sterlitech, 2015).

Figure 3.3: Sepa cross flow RO membrane cell
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Table 3.1: Sepa cross flow cell specification

Parameter

Description

Cell body material

316 StainSteel

Cell body weight

14.5 Kg

Maximum Pressure

69 bar (1,000 psig)

Maximum temperature

177 ◦C (350 ◦F)

O-rings

Viton

Cross flow velocity

Variable

pH Range

Membrane Dependent

Membrane active area

140 cm2 (22-inch )

2

9.5 cm*14.6 cm
Dimensions:
Cell body Depth

2 mm (0.075 inches) (75 mil) (0.001905 m)

Cell body width

59 mm (3.75 inches) (9.5 cm)

Shim, feed spacer and

9.5 cm*14.6 cm

permeate carrier

http://media.sterlitech.com/wysiwyg/Sepa_CF_II_Manual_V1.2_Edited.pdf
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3.3

Membrane material and configuration

DOW filmtec RO spiral wound element (model no. is SW30-4040) which was
supplied by applied membranes INC (AMI) manufacturer was used in this
study as shown in Figure 3.4, and the material type of RO membrane is
polyamide thin-film composite (PA) (El-Dessouky & Ettouney, 2002b).
Table 3.2 presents this membrane operating limits.

Figure 3.4: DOW filmtec RO spiral wound elements
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Table 3.2: SW40-3030 membrane operating condition
Operating limits
Maximum operating temperature

113˚F (45˚C)

Maximum operating

1000 psig (69 bar)

pressure
Feed water pH range (continuous)

2-11

Salt rejection %

99.4

Feed water pH range (cleaning)

1-13

Flux (gfd)/psi

17-24/800

Maximum feed water silt density index

5 SDI

MWCO (Daltons)

~100

Maximum pressure drop

15 psig (1 bar)

Feed spacer
thickness

Free chlorine tolerance

31 mil

<0.1 ppm

http://www.appliedmembranes.com/media/wysiwyg/pdf/membranes/filmtec_dow_com
mercial_seawater_membrane_specifications.pdf

3.4

Membrane preparation and characterization

For each experiment, the flat-sheet membrane, feed spacer, and permeate
carrier were cut from the RO spiral wound element into small samples size
(9.5 cm*14.6 cm) ) small samples size to be suitable for Sepa CF membrane
cell as mention in Table 3.1 (see Figure 3.5).
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Figure 3.5: a- Install the feed spacer into the central cavity on top of the shim,
b- Place a piece of pre-cut membrane over the feed spacer RO membrane
element cell installation, c- Place permeate carrier into the cavity in the cell
top, and d- placing cell top onto the cell bottom

The double O-rings are placed in the cell to provide a leak-proof seal. The
different thicknesses of shim are used to fill the space in the membrane unit
cavity which is represent the body cell bottom or depth (75 mil / 2 mm) and
that depends on the feed spacer thickness.
For all experiments, the combination of shim which was placed in the bottom
of the cavity and then feed spacer (31 mil) should leave about between 1.0 mil
to 2.0 mil space in the cavity for optimum conditions, and then RO membrane
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was placed. The wetted permeate carrier was placed in the cavity of the cell
body top (see Figure 3.6).

Figure 3.6: Sequence of Sepa CF cell bottom with gauge, shim, spacer,
membrane, permeate carrier, and cell top
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Membrane surface imaging was performed in this study using scanning
electron microscope (SEM) as shown in
Figure 3.7. Chemical properties include the degree of hydrophobicity (or
hydrophilicity) and surface charge with many functional groups. In general, the
use of zeta potential of the membranes to determine the charge of the
membrane surface, and RO membrane surface has mostly negative charge
for the entire tested pH range, indicating that the membranes are less
sensitive against the solution pH, as well as it has the least negative zeta
potential at neutral pH. In addition, water drop contact angle was measured to
estimate the membrane hydrophobicity, and it was showed that the value of
dynamic contact angle indicates the RO surface is wettability and hydrophilic.
More details of these measurements can be found in these studies (W. Lee et
al., 2010; Sweity et al., 2013).

Figure 3.7: Scanning electron microscope (SEM) picture of virgin RO
membrane surface
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3.5

Chemical reagents and model alginate

All chemicals used in this research, namely sodium chloride NaCl, calcium
chloride dehydrated CaCl2.2H2O, sea salts, alginic acid sodium salts, were
supplied by Sigma-Aldrich. In addition, citric acid and sodium hypochlorite
were used in RO setup cleaning.

CO2 cylinder is used to generate CO2

bubbles. For fouling experiments and CO2 solution preparation, ultrapure
water (Milli Q water) was used to prepare all stock solutions.
The alginic acid sodium used in this study is a gelling and nontoxic anionic
polysaccharide received in a powder form (S. Lee et al., 2006). The carboxylic
acid groups on the alginic acid chain, renders it insoluble in water. However,
converting alginic acid to its sodium form, enables it to solubilize in water
easily (Teegarden, 2004). Based on the manufacturer, the molecular weight of
the alginate ranges from 120,000-190,000 g/mole, the ratio of mannuronic
acid to guluronic acid (M/G ratio) is 1.56, pH of sodium alginate ranges from
6.5-8.5, and carbon percentage is ≤ 15 %.
Sodium alginate stock solution (5 g/l) was prepared in the laboratory by
dissolving sodium alginate in ultrapure water under strong stirring and then
stored at low temperature of 4 ◦C (Q. Li, Xu, & Pinnau, 2007a). Particles size
and zeta potential of sodium alginate were analyzed in the laboratory using
Malvern Zetasizer Nano ZS.
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3.6

Feed solutions preparation

One of the main fouling observed in high-pressure membranes in SWRO
systems results from organic fouling. As a result, this study focuses on
organic fouling effect on the membrane surface and the cleaning of these
foulants. 20 mg/L of sodium alginate was used to represent the organic
fouling in RO membranes in presence of 0.3% NaCl solution and with the
addition of different concentrations of calcium ions because of several
research papers showed that the use of divalent ions help attaching the
fouling particles together and form a more difficult fouling condition (Costa,
Depinho, & Elimelech, 2006; Katsoufidou et al., 2010; AlGhamdi, 2017)(van
den Brink et al., 2009). 20 mg/L of sodium alginate was prepared in the
laboratory by diluting of sodium alginate stock (5 g/L) to the required
concentration using ultrapure water, and then the total organic compound was
analyzed using TOC-V CPH equipment from Shimadzu to represent 4.3 mgc/L. The ionic strength was adjusted by adding 0.3% of NaCl solution, then
this feed solution was tested using RO bench scale setup. The flux decline
percentage was found to be 8.9 % for 48 h.
Therefore, 10 mM of Ca2+ ion, which represents the same concentration in the
standard seawater, was added to the feed solution (20 mg/L of sodium
alginate in presence of 0.3% NaCl solution) and then was tested using RO
bench scale setup.
The average of flux decline percentage was around 35% for 24 h. Therefore,
this feed solution (20 mg/L of sodium alginate in presence of 0.3% NaCl
solution with the addition of 10 mM of CaCl2.2H2O) was selected to foul the

166

RO membrane in a reasonable time. The value of pH remained about 6.5 for
all experiments in spite of it was not adjusted. Several concentrations of
CaCl2.2H2O were also added to the solutions to study the behavior of
alginate fouling on the membrane surface. This study aimed to focus on
organic fouling cleaning using CO2 saturation solution and consider sodium
alginate as organic model. In addition, the effect of water chemistry on
alginate fouling due to addition of different concentrations of calcium ion. A
new membrane specimen was used for each experiment.
3.7

Membrane operating parameters

3.7.1 Cross flow velocity (CFV)
In this study, the cross flow velocity (CFV) used for fouling experiments was
0.12 m/s, and various CFV values (0.06, 0.11, 0.17 m/s) were used for CO 2
nucleation cleaning. CFV calculation depends on some factors, which are
feed flow rate, total width of the flow channel (0.095 m), and the feed channel
height (spacer height which is 31 mil/ 0.000787 m). CFV was calculated
using Equation 3.1:
CFV =QF/ (W*t)

3.1

Where QF is the flow rate (m3/s), W is the width of the flow channel (m), and t
is the feed channel height (spacer height) (m).
Figure 3.8 presents CFV values versus feed flow rate at different feed channel
heights (17, 31, 47, 65 mm) using Sepa CF membrane unit which was used in
this study (Sterlitech, 2015).
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Figure 3.8: Feed velocity verse flow rate

3.7.2 Flux measurement
Permeate flow rate was measured manually for all experiments over time,
which was used as an indicator for the membrane performance after fouling
and after cleaning. Flux was calculated using the permeate flow rate over the
membrane active area (0.014 m2). The change in permeate flux was
measured during the foulants filtration experiment over time, and the curves of
flux decline were used to investigate the behavior of alginate fouling at
different conditions of the feed water chemistry. Consequently, flux decline
percentage was used to study the membrane fouling level and was calculated
in all fouling experiments using Equation 3.2:
Flux decline % = ((Ji-Jf)/ Ji)*100

3.2

Where Ji is the initial clean water flux and Jf is the flux after fouling.
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3.7.3

Flux Recovery (FR)

Flux recovery (FR) factor was used in this study to evaluate the cleaning
method efficiency. After cleaning, clean water was used to measure the flux
and to evaluate the flux recovery (Partlan & Ladner, 2014). Calculation of flux
recovery was done Equation 3.3:
FR = (JC-Jf) / (Ji-Jf)

3.3

Where Ji is the initial clean water flux
Jf is the flux after fouling
Jc is the flux after cleaning.

3.8

Experimental procedure

3.8.1 Preliminary experiments for RO membrane test
Various feed water quality was used to evaluate the membrane reproducibility
and permeability by measuring the permeate flux and salt rejection of RO
membrane. Clean water flux was determined using ultrapure water as well as
different permeability and salt rejection were determined using different
concentrations of NaCl solution (0.3%, 1.5%, and 3.5%). The operating
conditions of RO membrane used for all experiments are 0.12 m/s (cross flow
velocity), 20 bar (feed pressure), and 23˚C (feed temperature).
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3.8.2

RO filtration and fouling experiments protocol

In this study, filtration experiments were conducted using a bench-scale setup
in a crossflow mode
Figure 3.1. Before each experiment, RO setup was cleaned by running
1,000mg/L of NaOCl for several hours followed by flushing with ultra-pure
water. After cleaning, the new membrane was compacted with ultrapure water
under the same conditions used in the fouling experiments until the flux was
stabilized which takes around 24 h, and then the clean water permeability of
new membrane was measured to confirm the identical initial membrane flux
(38.5 ± 3 L/m2/h) (S. Li et al., 2016). Fouling experiments were conducted
under a constant pressure of 20 bar, a constant cross-flow velocity of 0.12
m/s, and a constant temperature of 23 ± 0.5 °C. The duration of each
experiment was 24 h, and most of the experiments were repeated twice to
ensure their reproducibility. The alginate and NaCl concentrations were fixed
in all experiments to be 20 mg/L and 50 mM, respectively, and CaCl2.2H2O
concentration was varied in the range from zero to 10 Mm.
10 mM of CaCl2.2H2O was selected to foul the membrane when optimizing
and testing CO2 solution for cleaning, which mimics the actual marine salinity
conditions. The fouling experiments protocol consists of several steps. Firstly,
before each experiment, RO membrane was compacted using ultrapure water
at 20 bar and 0.12 m/s of cross flow velocity for about 24 h until reaching the
steady stead of permeate flux. Secondly, Sodium chloride (NaCl) chemical
was added to ultrapure water for about 4 h (Mo, Xiao, Shen, & Huang, 2011).
Thirdly, the membrane filtration of NaCl solution stopped and CaCl2.2H2O as
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well as sodium alginate were added simultaneously. In few experiments,
CaCl2.2H2O was added first for 24 h and then sodium alginate for another 24
h to study the effect of calcium ions deposition on the membrane surface as
well as alginate fouling and on the flux decline over time. The stock solution
alginate was added until to get this alginate concentration of 20 mg/L (4.3 mgC/L), and then stirring was lasted 45 min to ensure the complete reaction
between calcium ion and alginate molecules was occurred. At the first, the
sample was taken for measuring the dissolved organic carbon (DOC), and
then RO filtration started of the alginate feed solution for about 24 h.
Permeate flux was measured over time for all experiments to determine flux
decline percentage which gives the induction of fouling level. Table 3.3 and
Table 3.4 show the summary of the experimental protocol of alginate fouling.

Table 3.3: Experimental protocol for RO fouling tests

Time (h) Description
0-24
24-28

28-52

Membrane compaction using ultrapure water
Membrane conditioning by the addition of 50 mM (0.3%) of
NaCl chemical for solution stabilization and initiation of the
filtration base line
Membrane fouling by the addition of different concentrations
(0-10 mM) of CaCl2.2H2O and 20 mg/L of sodium alginate
simultaneously for initiation of fouling experiment
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Table 3.4: Experimental protocol for RO fouling tests for some experiments

Time (h) Description
0-24
Membrane compaction using ultrapure water
24-28

28-52

52-76

Membrane conditioning by the addition of 50 mM (0.3%) of NaCl
chemical for solution stabilization and initiation of the filtration
base line
Addition of different concentrations of (0-10 mM) of CaCl2.2H2O
for studying calcium ion effect on the membrane surface and the
alginate fouling.
Membrane fouling by the addition of 20 mg/L of sodium alginate
for initiation of fouling experiment

3.8.3 CO2 bubbles nucleation cleaning
3.8.3.1 Preparation of the saturated CO2 cleaning solution
Dissolved CO2 solution cleaning setup consisting of 20 L of pressure vessel
connected to the CO2 gas cylinder was connected to the feed side of the RO
filtration unit (Sepa CF) which was installed to the filtration bench scale setup
to run the novel cleaning technique used in this study as shown in
Figure 3.9 and Figure 3.10. Dissolved CO2 solution was prepared by firstly
filling the pressure vessel with ultrapure water (Milli Q water), then injecting
CO2 gas through gas diffusers in the water while keeping the pressure vessel
open to strip all other dissolved gases from the water for around 10 minutes
and then it is closed (Ikenna S Ngene et al., 2010; Partlan & Ladner, 2014).
Afterward, the vessel was pressurized with CO2 at a specific pressure for one
week to ensure that the water becomes saturated with CO2 gas.
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Figure 3.9: CO2 solution cleaning setup

Figure 3.10: Picture of the CO2 cleaning setup
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3.8.3.2 Calculation of the dissolved CO2 gas in water using Henry’s
law
The increase of CO2 gas solubility in solution will lead to an increase in the
level of CO2 gas saturation in solution, thus leading to increase the rate of
CO2 bubbles formation in case of the local pressures differences and the
nucleation sites (P. Scardina & Edwards, 2001). The increase of the solubility
of CO2 gas in the solution was by increasing CO2 gas pressure, decreasing
the teamperture of CO2 solution, and decreasing the salinity level of CO2
solution, as desscused in section 2.8.3.2.

In this study, the solubility of CO2 gas in water was calculated using the
prediction models reported by (Duan et al., 2006) under different gas
pressures ranging from 2 bar to 6 bar, which were used in this expermental
work, at fixed water temperature of 23◦C and ultrapure water. Table 3.5
presents CO2 solubility in water in mole/L and g/L units under different
pressures at 23◦C.

Table 3.5: CO2 solubility in water in mole/L and g/L units under different
pressures at 23◦C

Pressure of CO2
solution (bar)

CO2 solubility

CO2 solubility

g/L

Mole/L
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1

1.5136

0.0344

2

3.0536

0.0694

3

4.5716

0.1039

4

6.072

0.138

5

7.5504

0.1716

6

9.0112

0.2048

Figure 3.11 shows the relation between partial pressure of CO2 gas and CO2
solubility in water. CO2 solubility increase with the increase of CO2 gas
pressure was observed. In addition, the saturated CO2 solution under the
pressure range from 2 bar to 6 bar is assumed to have a concentration of 3
g/L and 9 g/L, respectively. Therefore, CO2 solution is expected to give more
effective membrane cleaning under 6 bar due to higher rate of CO 2 bubbles
resulted from higher pressure difference between CO2 solution and the
membrane surface.
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Figure 3.11: Solubility of CO2 gas in water under different pressures at 23◦C
(Z. Duan, R. Sun, C. Zhu, & I. M. Chou, 2006)

3.8.3.3 CO2 nucleation cleaning method
The saturated CO2 solution described in section 3.8.4.1, was pumped through
the RO unit from feed side using a vessel pressurized at 2 bar and at a CO 2
solution cross flow velocity of 0.11 m/s for a period of 15 min. In this study,
different conditions for CO2 solution preparation and cleaning were used. As a
result,CO2 solution pressure and cross flow velocity as well as the cleaning
duration was varied to select the best condition which gives better efficiency
of alginate fouling removal. The pressure difference between CO2 solution
and RO membrane unit will make CO2 solution not in the equilibrium state and
the gas will tend to escape until it reaches its equilibrium under the new
pressure condition inside the RO unit. The drop in pressure through the
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membrane will make the solution in a temporary supersaturated state.
Furthermore, the presence of nucleation sites on the membrane surface will
release of CO2 bubbles out of the solution instantly. In addition, pre-existing
gas cavities that are located on the membrane surface will enhance the
growth and formation of CO2 bubbles. This rapid release the CO2 bubbles and
the bubbles cross flow on the membrane surface will help foulants to detach
from the surface. The flux recovery (FR) was calculated before and after the
cleaning step to determine the cleaning efficacy. All experiments were
conducted at constant temperature of 23˚C±0.5. The experimental procedure
of using fresh feed sample and new membrane and spacers was repeated for
all experiments, which were done in this research, and this was done to
measure the membrane permeability after fouling and after cleaning.
3.8.3.4 CO2 bubbles nucleation on RO membrane
In this experimental work, CO2 solution at a pressure of 2 bar cross flow
velocity of 0.17 m/s and a temperature of 23◦C was prepared in the
laboratory, and then pumped to the RO membrane cell from feed side using
transparent module CF042A cell (Sterlitech, 2016), as shown in Figure 3.12 to
observe CO2 bubbles flow on the membrane surface and how these bubbles
nucleate on the membrane/spacer surface. After that, CO2 solution flows to
the concentrate side.
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Figure 3.12: CO2 solution flow through RO membrane using CF042A cell

3.8.3.5 Flux recovery comparison of water flushing and CO2
solution
This research focuses on enhancing and optimizing the operating condition of
CO2 nucleation cleaning by testing this cleaning method under various
conditions. Two different cleaning solutions consisting of ultapure water for
applying forward flush and dissolved CO2 solution for applying CO2 bubbles
cleaning were used in this part of research to test them under different the
operating conditions, and then compare their efficiency for alginate foulant
removal. Both of the cleaning solutions were used as the feed solution at
certain condition of fouling. 20 mg/L of sodium alginate in presence of 50 mM
(0.3%) NaCl with the addition of 10 mM CaCl2.2H2O was used to foul RO
membrane.
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3.8.3.5.1 Cleaning duration
In this part of experiments, the duration of cleaning was varied to test the role
of the cleaning time in membrane cleaning for alginate foulant removal. Four
different cleaning times (3 min, 6 min, 15 min, and 25 min) were applied for
both cleaning solutions (ultrapure water and CO2 solution) at constant cross
flow velocity of 0.11 m/s and at constant temperature of 23◦C.
3.8.3.5.2 Cross flow velocity (CFV) of cleaning solutions
Three different cross flow velocities (0.06, 0.11, and 0.17 m/s) were used for
ultrapure water and dissolved CO2 solution cleaning to test the role of
hydrodynamics at low, medium, and high cross flow velocities respectively in
membrane cleaning. The cleaning time was fixed at 6 minutes in all
experiments in this part, and this cleaning time was selected because the
significant cleaning occurs in the first minutes and to the amount of CO 2
solution used.

3.8.3.6 CO2 solution cleaning under different pressures
Gas solubility depends on the partial pressure of the gas, thus the increase of
the the gas pressure will increase the amount of the dissolved gas at constant
temperature. As a result in this part of experiments, CO2 solution was
prepared under different pressures (2, 3, 4, and 6 bar), and then CO2 solution
was tested under various pressures at constant cleaning time and cross flow
velocity at 6 minutes and 0.17 m/s, respectively.
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3.8.3.7 Flux recovery comparison of two different cleaning methods
CO2 bubbles cleaning were applied in different cleaning times and at different
solution cross flow velocities as well as under different CO2 solution
pressures. In addition, the new cleaning method was compared with forward
flushing using MilliQ water at different operating conditions. The aim of the
previous methods is to enhance, optimize, and improved CO2 cleaning
method. Flux recovery comparison of CO2 bubbles and forward flush cleaning
method was 75% ± 5 and 20% ± 2, respectively. The conclusion of this
experiment is that CO2 bubbles can play a significant role in membrane
cleaning compared to flushing. More details will be discussed in results and
dissection section.
In this part of experiments, the optimized new CO2 cleaning method was used
to be compared with the currently used method in RO membrane cleaning,
namely acidic solution chemical cleaning and the recently developed method
consisting of using direct osmosis (DO) physical cleaning (José Miguel Arnal,
García-Fayos, & Sancho, 2011a; Jiang, Wei, Gao, Gao, & Wang, 2015; I. S.
Ngene et al., 2010).
3.8.3.7.1 Acidic solution at low pH (pH4)
Chemical cleaning is presently one of the most widely used technique for
foulants removal from RO spiral wound modules (Al-Amoudi & Lovitt, 2007).
This method is based on dosing the chemical agents in the feedwater to
control and prevent the occurred fouling. When using dissolved CO2 solution,
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chemical cleaning could come from the dissolved CO2 gas, which reacts with
water to form carbonic acid H2CO3(aq) accordingh to Equations 3.4-3.6.

CO2 (g) + H2O (l) ↔H2CO3 (aq)

3.4

H2CO3 ↔ HCO3 - + H+

3.5

HCO3 - ↔ CO3 2- + H+

3.6

Carbonic acid will form at low pH, close to pH4, as shown in Figure 2.31.
Therefore, low pH of dissolved CO2 solution due to carbonic acid formtion

could be effective for mineral fouling removal while alkaline can be utilized to
remove organics from the surface of membrane (Al-Amoudi & Lovitt, 2007).
As a result, we sugesst that low pH of dissolved CO2 solution will not be
ressponsible for organic foulants removal from the membrane surface, and
hence CO2 nucleation will play the significant role in membrane cleaning (AlGhamdi, 2017).
In order to confirm this, acidic solution at pH4 was prepared to test its role in
membrane cleaning for sodium alginate removal particually. Acidic solution
was prepared by adding hydrochloric acid (HCl) gradually to ultrapure water
till get pH4 in presence of 2 mM of NaHCO3 to maintain pH4 during the whole
time of experiment. For cleaning of the fouled membranes, the specific
cleaning solution was run into the feed line of the RO unit at a constant cross
flow velocity of 0.17 m/s and for a constant period of 6 min. The cleaning
efficiency was determined by measuring flux recovery before and after the

181

cleaning step. Two different solutions were compared, which are dissolved
CO2 solution (nucleation) and MilliQ water at pH4 (acidic cleaning). All the
experiments were conducted at constant temperature of 23̊ C±0.5. The
experimental procedure of using fresh feed sample and new membrane and
spacers was repeated for all experiments, which were done in this research,
and this was done to measure the membrane permeability after fouling and
after cleaning.
3.8.3.7.2 Direct osmosis (DO)
Direct Osmosis cleaning can be consider as an alternative to conventional
cleaning and chemicals cleaning methods, and it can be said that this
technique can be very promising cleaning method for RO systems due to
providing more environmentally friendly and save for fouling removal from the
membrane surface. DO cleaning based on drawing water from permeate side
to the feed side using hyper salinity of feed solution, and the reversible flow
can enhance lifting and removing foulants from the membrane surface and
decrease the accumulated concentration polarization layer at the membrane
(Jiang et al., 2015).
Inorganic particles were observed that the main fouling at the initial stage of
fouling, and they were easier than organic matters to be cleared using
cleaning process of hyper salinity direct osmosis backwash (HS DOBW)
DOBW. In addition, the selected optimal conditions of hyper salinity solution
were 150 kg/m3 of NaCl solution and 0.121 L/min of flow rate for the rest
experiments (Jiang et al., 2015). It was showed that more than 99.78% of flux
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recovery of permeate water when fouling could be almost fully reversible. In
addition, it was observed that the membrane required about 10 minutes to be
cleaned due to humic acid appearance on the membrane surface after 24
hours of foulants filtration.
HS DOBW technique is significant effective method to continuously maintain
the membrane to be cleaned and to ensure the stable production of permeate
water. Theoretically, It can be used the Van't Hoff Equation 3.7 to calculate
osmosis pressure Π of the salt solution.

π = nCøRT

3.7

Where n is ions number, c is the concentration of salt (M), ϕ is the coefficient
of osmosis, R represents the universal gas constant
(0.082057L·atm·K−1·mol−1), and T represents the temperature (K).
The DOBW process starts as soon as the RO stops. Physically, after RO
system stops and after the inject of Hyper Salinity solution into the feed water,
the backwash process starts over a few seconds when the net applied
pressure drops below the osmotic pressure, Δπ.
DO cleaning procedure
Hyper salinity direct osmosis HSDO was conducted by recirculating permeate
water using ultrapure water, and RO brine, which is used as saline water (>
0.2% of sea salts), as shown in Figure 3.13. First, a new piece of RO
membrane was fouled using 20 mg/L of sodium alginate in presence of 2% of
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sea salt, and then DO cleaning was applied. Flux recovery was used to
determine the membrane regeneration after DO cleaning.
Also in this research, the integration of the new CO2 bubbles cleaning
methods with DO cleaning method was conducted in the laboratory. The
procedure of fouling experiment was repeated using fresh feed solution
containing 20 mg/L of sodium alginate and 2% sea salts, new
membrane/spacer, and then CO2 bubbles cleaning was applied at 0.17 m/s
and at 23◦C. After applying CO2 cleaning solution, DO cleaning was applied
for the same fouled membrane. Permeate flux was determined after each step
of membrane fouling, CO2 bubbles cleaning, and DO cleaning to measure the
membrane regeneration of each condition.

Figure 3.13: Direct osmosis (DO) cleaning procedure
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3.8.3.8 Flux recovery after CO2 cleaning for different sodium
alginate fouling removal
The agglomeration of natural organic matters (NOM) were observed at low pH
and with the addition of high concentrations of calcium ion. on the contrary, at
neutral pH, low ionic strengths, and low concentration of calcium ion, NOM
particles stretch to more linear chains (Thorsen, 2004). Therefore, calcium
ions can increase the alginate aggregation by binding between the negative
charge of membrane surface and the negative charge of carboxylate groups
in the alginate molecules and then reduce the solubility of alginate compound
reduce alginate (Zularisam et al., 2006).
(Bruus et al., 1992) showed that the alginate can be significantly flocculated in
the presence of calcium ion while the same result was not occurred in the
absence of calcium ion. Therefore, it can be said that the presence of calcium
ion is important in the bio-flocculation process to induce the alginate gel layer
formation in the vicinity of the membrane surface. As a result, the addition of
calcium ion can enhance the formation of alginate fouling to a great extent,
and the most severe irreversible fouling was at high calcium ion to alginate
ratios as it was reported by (van den Brink et al., 2009).
Therefore, one of the main objectives of this project is to study the effect of
different calcium ion concentrations on the permeate flux using RO bench
scale, and the efficiency of CO2 cleaning on the different layers of sodium
alginate fouling. In this research, feed water containing 20 mg/L sodium
alginate and 50 mM (0.3%) NaCl with the addition of 10 mM CaCl2.2H2O was
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selected to foul the RO membrane targeting to study, test, optimize, and
improve the new CO2 cleaning technique. The optimized operating conditions,
mainly pressure of 6 bar, cross flow velocity of 0.17 m/s, and a cleaning time
of 6 minutes were applied. Permeate flux was continuously measured to
calculate the flux recovery after each case of fouling. New piece of membrane
as well as RO filtration and fouling filtration protocol were used for each
experiment.
3.9

Water analysis

Feed and permeate water samples were collected during the fouling
experiments, and typical analysis was done on feed samples which includes
the measurement of turbidity, pH, conductivity, dissolve organic carbon
(DOC), zeta potential, and particles size. Turbidity was measured using Hach
2100Q Portable Turbidimeter, pH was measured using CyberScan pH 6000,
and conductivity was measured using OAKTON CON 510 Benchtop Meter. In
addition, the feed samples was filtered by 0.45 µm membranes to measure
DOC by analyzing the TOC using TOC-V CPH equipment from Shimadzu.
Also, Malvern Zetasizer Nano ZS was used to measure zeta potential and
particles size. 20 mg/L of alginate was used as the feed sample in this study,
and it was very dilute alginate concentration for measuring particles size and
zeta potential, thus these analysis were conducted at alginate concentration
as high as 200 mg/L. In the first, different solutions of calcium concentrations
ranging from 0 to 10 mM were prepared, respectively, and then 50 mM of
NaCl was added. After that, the required concentration of alginate solution
was added into the stirred electrolyte solution of calcium ion and NaCl.
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Finally, the samples were taken for size distribution and zeta potential
measurements. Moreover, several permeate waters were analyzed to confirm
the membrane filtration quality.
3.10 Membrane characterization analysis
The fouled layer on RO membrane surface was analyzed after alginate fouling
filtration and after cleaning using total organic carbon (TOC) and scanning
electron microscope (SEM) analysis tests. This study was focusing on
characterizing the membrane surface after cleaning to observe the effect of
the new innovate cleaning solution of water saturated with CO2 gas for the
alginate layer removal from the membrane surface at different cleaning
conditions that were used in this research and also after some other cleaning
solutions are ultrapure water (MQ) and MQ water at pH4.
After filtration, RO membrane was taken out from the module, and then three
membrane samples (2 cm*2 cm) were taken from feed inlet, middle, and
concentrate (outlet) sides. After that, these samples were soaked in ultrapure
water and exposed to 47 kHz ultra-sonication for 30 min. Then, TOC analyzer
was used to measure the resultant solution, which contained foulants
extracted from the membrane surface as well as the same analysis technique
was done after cleaning (S. Li et al., 2016; van den Brink et al., 2009)
In addition, the membrane surface was analyzed using SEM to take highresolution images of the membrane surface before and after applying
cleaning, and comparing it to virgin membranes. This gives an indication on
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how efficient the cleaning is in removing accumulated foulants from the
surface of the membrane.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1

Summary

Alginate fouling in RO membranes is significantly affected by the chemistry of
feed water, and the membrane fouling is enhanced at higher total ionic
strength, lower pH value, as well as with the addition of calcium ion.
Furthermore, it was showed by (Q. Li et al., 2007b) that the presence of
calcium ion can significantly increase the alginate fouling to a great extent by
inducing the alginate gel information at the membrane surface, however, no
alginate gel layer was observed and formed with the addition of magnesium
ion as an example.
In this study, RO membrane was fouled by filtering 20 mg/L of sodium
alginate in presence of 50 mM NaCl with the addition of different
concentrations of calcium ranging from 0 to 10 mM at constant hydrodynamic
conditions, mainly cross flow velocity of 0.12 m/s, applied pressure of 20 bar,
and feed temperature of 23 ̊C ± 0.2 for 24 h, and the permeate flux was
measured during the alginate filtration to study the fouling behavior on the RO
membrane surface. In addition, the alginate fouling became more significant
and severe when adding calcium ions as observed by measuring the
permeate flux, which significantly dropped compared to the addition of sodium
chloride and no significant fouling was observed in presence of sodium
chloride.
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As a result, the addition of different concentrations of calcium was selected to
study alginate fouling behavior in RO membrane as well as to test the
efficiency of the novel CO2 cleaning technique. Furthermore, dissolved
oxygen carbon (DOC), zeta potential, and particles size were measured for
the alginate feed solutions, and total organic carbon (TOC) and scanning
electron microscope (SEM) were used to analyze the accumulated alginate on
the membrane surface.
The main goal of this project is to study the new cleaning technique using
dissolved CO2 solution and the cleaning efficiency, in terms of permeate flux
recovery, in removing different alginate fouling layers from the RO membrane
surface. In addition, the chemical and physical role of the dissolved CO2
solution was investigated by comparing CO2 saturated solution with other
solutions. The foulant solution that was used to foul the RO membrane in this
series of experiments is 20 mg/L of sodium alginate in presence of 50 mM of
sodium chloride with the addition of 10 mM of calcium.
First, a comparison between clean water (rinsing) and water saturated with
CO2 gas (nucleation) was studied in RO membrane cleaning under different
operating conditions, mainly at crossflow velocities of cleaning solutions of
0.06 m/s, 0.11 m/s, and 0.17 m/s) and the duration of cleaning was 3 min, 6
min, 15 min, and 25 min. It was observed that the flux recovery of clean water
(MilliQ water) and water saturated with CO2 gas was 20%±2 and 60%±2,
respectively, under the same conditions (crossflow velocity of 0.17 m/s for 6
minutes and at a feed temperature of 23 ◦C± 0.2). Therefore, it can be
concluded that water saturated with CO2 gas was significantly more efficient
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in cleaning RO membrane from alginate foulants than clean water, which was
mainly attributed to the nucleation of bubbles on the membrane surface,
especially at the nucleation sites. Moreover, the comparison of CO 2 solution
and acidic solution at pH4 (chemical cleaning at the same pH level when
using CO2 solution) was also studied, and no significant RO membrane
cleaning for the same alginate fouling was observed when using acidic
solution at pH4, where a low flux recovery was observed (25%±2 only).
Therefore, it can be confirmed that CO2 bubbles played a significant role in
cleaning RO membrane comparing to clean water flushing and acidic
chemical cleaning. In addition, CO2 solution cleaning was more efficient at
higher pressures (tested up 6 bar).
The cleaning efficiency of CO2 solution was then compered to another
physical cleaning technique, namely direct osmosis (DO). It was interestingly
observed, under our operational conditions, that CO2 bubbles and DO
cleaning methods showed comparable cleaning efficiency (flux recovery of
60%±2).
Another part of the current research was performed to test the CO 2 solution
for RO membrane cleaning to remove alginate with the addition of different
concentrations of calcium. The selected cleaning conditions of this set of
experiments were crossflow velocity of 0.17 m/s, feed temperature of 23
◦C±0.2 for 6 minutes and the CO2 solution was prepared under 6 bar. First,
the alginate fouling behavior was studied in presence of different calcium ions
ranging from 0 to 10 mM by measuring the permeate flux decline during 24 h.
It was observed that the flux decline increased with increasing calcium
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concentration until reaching 4 mM, and then the flux reached a steady state. It
was also found that at high calcium concentration, the interaction between
alginate and calcium takes place in the feed bulk and then the alginate
aggregates was formed in much larger particles, and DOC and particles size
results confirmed this observation. Therefore, if alginate-calcium complexation
takes place in the bulk solution, the effective alginate concentration will
reduce to participate in the formation of gel layer at the membrane surface, as
well as the effective convective transportation to the membrane surface
becomes slower. When using the new cleaning of CO2 solution under the
described cleaning conditions, it was interestingly observed that the flux
recovery measurements increased with increasing calcium concentration.
There are two ways to explain this observation, the first suggestion is due to
the formation of cake layers rather than gel alginate layers at the membrane
surface at higher calcium concentration. Cake layer is resulted from bulk
complexation formation and alginate aggregates in much larger particles,
which reduce the specific resistance of RO membrane. The second
suggestion is due to the presence of preexisting gas pockets located in the
alginate cake layer surface more than the gel layer, which is resulted from
more surface roughness of cake layers, which can enhance heterogenous
bubbles to neculate and grow spontanoulsy. It can be also said that the
nucleation of CO2 bubbles on RO membrane surface is significantly enhanced
with the increase of the alginate foulants deposition on the membrane
surface, which is due to increasing the defects on the nucleation surface.
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4.2

Preliminary test of RO Membrane

The performance of reverse osmosis (RO) membrane was increased in terms
of salt rejection and permeate flux, and these data were used as a baseline
for all experiments. Before each experiment, a new membrane specimen was
compacted with ultrapure water under the same conditions of all experiments
for 24 h, and then the clean water permeability of new membranes was
determined to confirm the identical initial membrane flux (S. Li et al., 2016).
The average initial flux using ultrapure water (MilliQ water) was 38 ± 2 L/m 2/h.
Different feed solutions containing different sodium chloride (NaCl) salinities
(0.3%, 1.5% and 3.5%) were used to test the permeability of the membrane
over time using the RO setup in the laboratory. Results presented in
Figure 4.1show that the flux of ultrapure water declined significantly in the first
hour of filtration and the decrease continued with slow pace in the next 5
hours before it stabilizes at the steady state value of about 38 L/h.m 2, which is
attributed to membrane compaction. Similar results have been reported by
Lee, Ang, &. Elimelech (2014). In order to run all experiments under the same
conditions, all new membrane samples were first run using MilliQ water for
12-24 h to compact the membrane under selected operating conditions,
mainly applied pressure of 20 bar plus to osmotic pressure for each case,
crossflow velocity of 0.12 m/s, and feed temperature of 23± 0.5 ̊C. For better
comparison, the same conditions have also been applied for fouling filtration
experiments using compacted membranes.
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It can also be observed from
Figure 4.1 that the flux of the different salinity waters are almost steady state
over the experimental time and the average permeate fluxes of the different
feeds are 7± 2 L/m2/h, 19± 2 L/m2/h, 30± 2 L/m2/h, for 0.3%, 1.5%, and 3.5%
NaCl solutions, respectively. A slight decrease in the first minutes was
observed which is due to concentration polarization effect. It can be observed
that the higher solution salinity is used, the more initial flux decrease is
observed. Moreover, NaCl rejection was determined to be 99.5 (±0.2) for all
experiments.

Figure 4.1: Flux variation versus time for clean water and feed solutions with
different NaCl salinities.
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4.3

Membrane fouling by sodium-alginate

In this part of experimental work, some different feed waters were run using
RO membrane setup in the laboratory to select the most severe alginate
fouling which can be deposited on the membrane surface because the aim of
this part of research is to study and test the efficiency of the novel CO2
bubbles cleaning method in cleaning fouled membranes.
4.3.1

Alginate fouling effect on flux decline

Feed water containing 20 mg/L sodium alginate in presence of 0.3% NaCl
was tested. As shown in Figure 4.2, the flux decline percentage is around
13±2% along the first 48 hours which is not considered as a significant
alginate fouling formed on the membrane surface. As a result, 10 mM of
CaCl2.2H2O was added to the same feed water to enhance alginate fouling
deposition on the membrane surface, and the permeate flux dramatically
decreased with the addition of calcium ions was observed, reaching 36±2%
decrease during 48 hours (Fig. 1.2). It can be conclude that the presence of
calcium ions plays a significant role in the deposition of alginate fouling on the
membrane surface because calcium ions can bind carboxylate functional
groups on neighboring alginate molecules, resulting in the formation of
alginate gel layer near the surface of membrane. Furthermore, it was clearly
observed that the deposited alginate gel layer on the surface of RO
membranes by naked eyes.
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Figure 4.2: Normalized flux (J/Jo) of feed solution containing 20 ppm sodium
alginate in presence of 0.3% NaCl without and with the addition Ca ions.

The reaction between alginate and calcium ion is occurred during the alginate
foulants RO filtration to form alginate-calcium complexation, and hence
calcium will bridge between adjacent alginate molecules to induce the alginate
gel network at the membrane surface. The formed unique structure of alginate
foulants layer caused higher resistance of RO membrane surface, resulting in
the sever decline of permeate flux as it was observed by (S. Lee et al., 2006).
In addition, the significant decline in permeate flux is because the interaction
between alginate foulants in the feed bulk and the deposited alginate foulants
on the surface of membrane was also observed.
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Therefore, 20 mg/L of sodium alginate in presence of 0.3%NaCl with the
addition of 10 mM of CaCl.2H20 was selected as feed water to foul RO
membranes in order to test and optimize CO2 solution cleaning method.
Moreover, Figure 4.2 showed that the permeate flux decreases significantly
(30±2%) in the first five hours of the experiment, and the alginate deposition
on the membrane surface reached to the almost steady state after 24 hours,
thus the period time of alginate filtration was selected to be 24 hours for all
experiments because the actual fouling occurs in the first hours of filtration.
4.3.2

Fouling layer analysis

The alginate foulant was analyzed in the bulk solution of feed water and its
deposition on the membrane surface during the RO filtration in the laboratory
using different analysis techniques. Feed water was analyzed by measuring
some parameters, such as pH, electrical conductivity (EC), turbidity, and
dissolved organic carbon (DOC), and the average of the results were 6.5 ± 2,
7.8±0.2 mS/cm, 0.9±4 NTU, and 2±0.4 ppm, respectively. Although pH was
not adjusted, it remained constant in all experiments, and 20 mg/L of sodium
alginate concentration was selected for all experiments because the DOC
average results of the alginate foulant water in presences of 0.3%NaCl with
the addition 10 mM of Ca ions was approximately 2±0.4 ppm, which is close
to TOC results of Red Sea water which is about 1±0.4 ppm, as measured in
the laboratory. TOC accumulated on the membrane surface after fouling
water filtration was analyzed using two different techniques, namely total
organic carbon (TOC) analyzer and scanning electron microscopy (SEM). For
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TOC analysis, the alginate foulant was extracted from different places located
on the membrane surface. Specifically at the feed, middle area and
concentrate sides, as explained in the extraction procedure presented in
section 3.9.5, and the average TOC results were 5.00±0.5 ppm, 5.7±0.5 ppm,
and 6±0.5 ppm, respectively. The results of accumulated TOC on the
membrane surface after fouling were used later to compare between them
and the residual TOC accumulated on the surface after cleaning.
For SEM analysis, some samples were taken from RO membrane surface to
characterize the alginate deposition on the surface. Figure 4.3 shows some
SEM pictures of RO membrane surface after 24 h of alginate fouling filtration,
and these pictures can be compared with the virgin membrane in section. The
absence of the new membrane structure and the deposited alginate gel layer
on the membrane surface were clearly observed. In addition, SEM pictures
represent the alginate deposition a) at the concentrate side, b) at the feed
side, c) at the middle, and d) at the membrane edges. For all SEM analysis,
the membrane samples were taken from the concentrate side after applying
the cleaning. The thickness average of the alginate layer was about 80±12 nm
after 24 h of the filtration of alginate solution, and it was clearly presented in
Figure 4.4.
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Figure 4.3: SEM pictures of TOC accumulated on SW30-4040 membrane
surface a) at concentrate side, b) at feed side, c) at middle area, and d) at the
edges after 24 h of fouling filtration using the feed water containing 20ppm of
sodium alginate in presence of 0.3% NaCl and 10 mM Ca ions at 20 bar, 0.12
m/s, and 23±0.5◦C.
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Figure 4.4: The alginate layer thickness after 24 h of fouling filtration at 20 bar,
0.12 m/s, and 23±0.5◦C
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4.4

Effect of different concentrations of calcium ions on sodiumalginate deposition

In this part of our study, the effect of the addition of different calcium ion
concentrations ranging from 0 to 10 mM in the feed water containing 20 ppm
sodium alginate in presence of 0.3% NaCl was investigated, and the goal
from this study is to test the efficiency of CO2 cleaning solution for removing
the different alginate fouling layers enhanced by calcium ions.
4.4.1 Effect of different concentrations of calcium ions on flux
decline
Alginate foulants were investigated at different concentrations of calcium ion
ranging from 0 to 10 mM.
Figure 4.5 shows the normalized flux of 20 ppm sodium alginate in presence
of 0.3% NaCl with the addition of different concentrations of calcium ions. The
flux decline of 0 mM, 2 mM, 3 mM, and 4 mM solutions was 10±2%, 20±2%,
30±2%, and 37±1%, respectively. We can say no significant fouling was
observed at zero calcium ion, and when the calcium concentration was below
or equal 4 mM, the permeate flux decreased gradually until reaching a stable
flux (steady state flux) with increasing the concentration of calcium as well as
the stable flux was lower at 4 mM of calcium concentration. Interestingly, the
flux decline almost kept constant at calcium concentration equal or above 4
mM, however, the behavior of flux decline at above 4 mM was different where
the flux dramatically decreased almost in the first five hours and the decrease
became low and gradually until reaching the steady state flux, which is

203

equivalent to that of 4 mM calcium concentration. The initial alginate fouling
with the addition calcium concentration above of 4 mM seemed to be more
severe than that below or equal to 4 Mm.

Figure 4.5: Normalized flux (J/J◦) over time using the filtration protocol 1 for a
feed solution containing 20 ppm sodium alginate in presence of 0.3% NaCl
with the addition of different calcium ion concentrations at 20 bar, 0.12 m/s,
23˚C ±0.2, for 24 h.
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Calcium ion is able to induce a phase transition from ‘‘solution’’ to ‘‘gel’’ in the
presence of sufficient high concentration of alginate because of calcium ion
ability to bind the carboxyl functional groups through the complexation
formation (Wang, Zhang, Konno, & Saito, 1993). Furthermore, this model of
‘‘egg box model’’ usually represents the structure of the alginate gel layer in
the presence of calcium ion (de Kerchove & Elimelech, 2007). During the
alginate filtration, the formation of alginate-calcium complex can happen
whether in the bulk solution (bulk complexation) or at the membrane surface
(surface complexation) or at both of them, and each case will effect on the
alginate deposition, the alginate layer nature, and the alginate layer strength
and hence give different mechanisms. The formation of alginate-calcium
complexation near the membrane surface is called as surface complexation,
and it encourages the formation of gel layers because of the concentration
polarization phenomenon (CP). During the alginate solution filtration, the
phenomenon of CP will play a significant role in the gel layers formation.
Alginate was rejected at a high level (>95%) by all RO membranes pieces
(SW30-4040) used in this study, as a result, concentration polarization can
significantly increase the alginate concentration at the membrane surface and
forms the alginate gel layers in the presence of calcium ions. In addition, the
formation of alginate-calcium ion complexation can occur in the feed bulk,
which is called as bulk complexation. Bulk complexation will lead to form
alginate aggregates with much larger sizes of alginate particles (Mo et al.,
2011). In our study, DOC and particles size distribution results support this
idea.
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Two transport types for gel layer mass are alginate molecules transport
towards the membrane surface due to the convective transport due to the
permeation drag, and then the backward transport of alginate molecules into
the bulk solution due to the diffusive transport caused by Brownian diffusion,
shear-induced diffusion and inertial lift (Belfort, Davis, & Zydney, 1994).
In this study, surface complexation seems to be occurred at calcium
concentrations below 4 mM and was dominant by the alginate fouling
mechanism and surface complexation that can explain the gradual flux
decline resulted from the interaction between alginate and calcium ions which
occurred in the vicinity of the membrane surface. In addition, both bulk and
surface complexation seem to be occurred at calcium concentration equal to 4
mM which also resulted in a gradually decrease of the permeate flux and
lower steady state flux. However, bulk complexion seems to be dominating
the mechanism of the alginate fouling at calcium concentration above 4 mM,
as a result, the alginate aggregate formed in the bulk and hence accumulated
at the membrane surface at the beginning of the filtration causing a significant
decrease of permeate flux in the first five hours. On the other hand, it can say
the actual alginate fouling was in the first hours of the membrane filtration at
high concentration of calcium. However, the alginate aggregates in the bulk
decreased the effective alginate concentration that participates in the
formation of gel layer near the membrane surface, hence the permeate flux
gradually and slowly decreased after the first hours of filtration.
Moreover, the lower stabilized flux increased with increasing the concentration
of calcium until reaching 4 mM, however, above this value the stabilized flux
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became constant with the increase of calcium concentration. It was reported
that the level of the steady state flux is governed by the forces between
foulants (Tang & Leckie, 2007). As a result, higher concentrations of calcium
will lead to stronger attractive forces between alginate molecules which result
in lower stable flux. Therefore in this study, the stable flux at 4 mM was lower
than the 3 mM solution. More results will be discussed after applying CO2
cleaning method to the fouled membranes in the next sections.
It can be concluded that the permeate flux decline increased with increasing
the concentration of calcium ions in the alginate solution in presence of 50
mM NaCl,, however, DOC results decreased with increasing the calcium ion
concentration probably due to the formation of alginate aggregates in the bulk
solution in much larger particles size leading to lower deposition of alginate on
RO membrane surface which results from lower effective concentration of
alginate transported to the vicinity of the membrane surface as well as the
decrease of the effective convective alginate particles transportation to the
membrane surface. In addition, the deposited alginate layers were looser due
to the formation of cake layer rather than gel layer on the surface with
increasing calcium concentration, as reported by several researchers
(Listiarini, Tan, Sun, & Leckie, 2011; Nghiem, Vogel, & Khan, 2008; van de
Ven et al., 2008). These observations are confirmed with the new cleaning
method using CO2 solution presented in the next sections. Other experiments
with the addition of different calcium concentrations (2 mM, 4 mM, and 10
mM) were run using the second protocol of fouling filtration as discussed in
detail in section 3.8.2 and Table 3.4. The second protocol is after NaCl
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stabilization step, CaCl.2H2O was only added to NaCl solution for 24 h, and
then sodium alginate was added for also 24 h. The goal of these experiments
is to study the effect of calcium ions on the membrane surface and then on
the alginate deposition. As shown in Figure 1.6, presenting the normalized
flux for 2 Mm, 4 Mm, and 10 Mm calcium, the flux decline was approximately
15±2%, 27±2%, 36±2%, respectively. The permeate flux of this type of
experiments showed almost the same trend of the first experiments that were
run using the first protocol, which is presented in Table 3.4. However in this
set of experiments, the stabilized flux of the feed concentration with 2 mM and
4 mM calcium was higher compared to the first set of experiments.
Furthermore, it was reported by (Tang & Leckie, 2007) that the intermolecular
forces between foulants governed the decline level of stable flux. As a result,
it can be said that the behavior of permeate flux decline was not changed at
higher calcium concentration when adding calcium ions to RO feed tank for 24
h before the addition of the alginate, but the stabilized flux was higher at lower
calcium concentration because of the attractive forces between alginate
molecules became weaker.
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Figure 4.6: Normalized flux (J/J◦) over time using the filtration protocol 2 for
some experiments with feed containing 20 ppm sodium alginate in presence
of 0.3% NaCl with the addition of different calcium concentrations at 20 bar,
0.12 m/s, 23˚C ±0.2, and for 24 h.

4.4.2 The chemistry of the alginate feed solution
Water chemistry was studied by measuring DOC, zeta potential, and particles
size of the feed water. The tendency of the formation of alginate-calcium
complex in the bulk was studied in terms of particles size measurement, as
well as the effective concentration of the alginate that participated in the
formation of gel layer near the membrane surface was predicted and studied
in terms of DOC analysis, and the effective convective transportation to the
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membrane was studied in terms of alginate particles size analysis (Mo et al.,
2011).
4.4.2.1 DOC measurements of feed samples
Figure 4.7 shows the DOC results of the alginate feed samples with different
concentrations of calcium ion in the range of 0-10 mM. DOC in the feed
decreased with increasing the concentration of calcium. The addition of 2 mM
and 3 mM of calcium leads to a slight drop in DOC, from 4.4 mg/L to 3.8 mg/L
and 3.6 mg/L, respectively. In addition, DOC results decreased more with
increasing calcium concentrations above 4 mM to reach 1.6 mg/L. The
increase of the alginate particles size will lead to decrease DOC in the
alginate solution as shown in Section 4.4.2.2. This phenomenon will be
discussed more in the next section.
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Figure 4.7: DOC results of feed samples containing 20 ppm sodium alginate
solution in presence of 0.3% NaCl with the addition of different concentrations
of calcium.

4.4.2.2 Zeta potential and particles size measurements of feed
samples
Zeta potential of the alginate solution was about -57 mV in the absence of
sodium chloride and calcium ions (
Figure 4.8). After adding sodium chloride in the feed, zeta potential
significantly changes to to -4 mV because it was observed that the total ionic
strength (NaCl) of the solution will decrease the electrostatic repulsion by
compacting the electric double layers on the membrane and the alginate
molecule, and hence will enhance the membrane fouling according to double
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layer or DLVO theory, which is the alginate theory, Derjaguin, Landau,
Verwey, and Overbeek, (Sobeck & Higgins, 2002; van den Brink et al., 2009).
However, the alginate fouling in RO membrane was dramatically enhanced by
adding calcium ions comparing to NaCl as observed in this study in spite of
zeta potential becomes slightly more negative when adding more calcium ions
to be in the range (-10 mV to -20 mV) and also the negative charge slightly
increased with the increase of calcium concentration, as shown in
Figure 4.8. The severe alginate fouling was observed by adding calcium ions
because it can act as bridging compounds (van den Brink et al., 2009), as well
as more severe fouling was observed with adding calcium ions rather than
sodium chloride when studying alginate fouling on RO membranes (S. Lee &
Elimelech, 2006).
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Figure 4.8: Zeta potential results of feed samples containing 200 ppm sodium
alginate solution in presence of 0.3% NaCl with the addition different
concentrations of calcium.

Figure 4.9 shows particles size of the alginate with the addition of sodium
chloride and calcium ions. It was observed that the alginate particles, which
are in the range of 625 nm, become smaller when adding sodium chloride,
about 197 nm, and then become larger with the addition of calcium ions,
especially at higher concentrations above 4 ppm.
The average size of alginate particles increased with increasing the
concentration of calcium ions from 2 to 10 mM, reaching 230 nm to 5,700 nm,
respectively. The particles size of the alginate become 750 nm at 4 mM of
calcium and then dramatically increased to become larger above 4 mM to be
3,600 nm, 4,800 nm, and 5,700 nm for 6mM, 8 mM, and 10 mM, respectively.
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It can be explained that the alginate-calcium complexation occurred in the
solution at equal or above 4 mM of calcium concentration. In addition, this
observation can confirm DOC results, which showed that DOC decreased
with increasing the concentration of calcium in the alginate solution due to
alginate aggregation.

Figure 4.9: Particles size results of feed samples containing 200 ppm sodium
alginate solution in presence of 0.3% NaCl with the addition different
concentrations of calcium.
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4.5

CO2 nucleation on the membrane/spacer surface

The prepared dissolved CO2 solution was run using transparent membrane
cell as shown Figure 3.12. The goal of this experiment is to observe CO2
bubbles flow within the membrane channel and how the bubbles nucleate on
the membrane/spacer surface. There are two types of nucleation that are
homogenous and heterogenous (see details in Chapter 3). Homogenous
nucleation occurs when spontaous bubbles form in the bulk water. In addition,
if the difference between ambient pressure and dissolved gas is greater than
100 atmosphere, Homogenous nucleation will occur. As a result, we do not
expect to observe homogenous nucleation in water treatment. Heterogenous
nucleation occurs if there are two phases (R. P. Scardina & Edwards, 2006),
which is the case in our study. Heterogenous nucleation occurred resulting
from the presence of liquid phase of dissolved CO2 solution and solid phase
of the membrane surface. Visually, Figure 4.11 shows CO2 gas bubbles
formation in the cells (flow direction from right to left of the channel). The
continuous formation of gas bubbles and continuous detachment of the
bubbles from the membrane/spacer was observed through the whole
membrane surface. Furthermore, the observation of spontanous CO2 bubbles
is resulted from the difference between the ambient (atmospheric) pressure (1
bar) and dissolved CO2 gas pressure (from 2 to 6 bar). In addition, the
presence of imperfections and cracks on RO memrane surface can play a
significant role by acting as nucleation sites and then can enhance the growth
and formation of CO2 bubbles. From this theory, we are expecting that more
nucleation will occur at the deposited foulants, which will help in detaching

215

these foulant from the membrane surface. Figure 4.10 represents a scanning
electron microschope (SEM) analysis picture of the RO membrane surface
that was used in this research. It can be observed that the membrane surface
is not completely smooth, and the membrane structure is clearly observed,

therefore we can say that there is a level of surface roughness in this type of
membrane, which can probably be a perfect environment as nucleation sites.

Figure 4.10: Scanning electron microscope (SEM) picture of virgin RO
membrane surface.
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In addition, because of the continuous of bubbles growth and detachment
from the membrane surface, lack of stagnant bubbles within the channels was
observed as shown in Figure 4.11 , leading to improve the removal of fouling
from the membrane surface, for example, to the bubbles formed by other
gases, such as water/nitrogen solution.
It was observed by (I. S. Ngene et al., 2010) that the flow of nitrogen bubbles
was only through some specific areas on the membrane surface, and the
formation of stagnant bubbles within the channels while using water/nitrogen
as a cleaning solution. The presence of stagnant bubbles will block the
membrane surface, resulting in a reduction in bubble scouring ability and
hence reduces the cleaning effeciency (Willems et al., 2009). It can be
confirmed from this experiment that CO2 bubbles flow can cover all the
membrane surface and there is no stagnant bubbles due to continous CO 2
bubbles nucleation and growth on the membrane surface, which result in
more efficient CO2 bubbles cleaning and fouling removal.
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Figure 4.11: CO2 bubbles nucleation on RO membrane surface showing
bubbles formation (nucleation) on the membrane surface. The crossflow
direction is from right to left.

4.5.1 The role of water flushing and CO2 solution in membrane
cleaning
The main goal from this part of research is to study the role of the bubbles
nucleation of CO2 gas in the alginate fouling removal by comparing two
different solutions, mainly clean water (for rinsing) and water saturated with
CO2 gas (nucleation). In the first set of experiments, RO membrane was
fouled by filtering 20 mg/L of sodium alginate in presence of 50 mM NaCl with
the addition of 10 mM of calcium for 24 h, at a crossflow velocity of 0.12 m/s,
applied pressure of 20 bar, and feed temperature of 23 ̊C ± 0.2. After
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measurement of the permeate flux of the fouled membrane, the membrane
was cleaned using the two different solutions. For comparison purposes, both
of the solutions were used to clean the fouled membrane under the same
operating conditions.
In this research, different duration times of cleaning and different cross flow
velocities of the cleaning solution were selected to test the efficiency of both
solutions in removing alginate fouling from the membrane surface. Results
showed that water saturated with CO2 gas showed ae significantly higher flux
recovery compared to the use of clean water. The maximum cleaning
efficiency of clean water and the novel cleaning method using water saturated
with CO2 gas were found to be about 28±2% and 70±2%, respectively, in
terms of alginate fouling removal. The cleaning efficiency was measured by
calculating the flux recovery based on measuring permeate flux after cleaning
and comparing the results with the initial flux obtained with the clean
membrane.
It can be said that the produced CO2 bubbles beside of water rinsing play a
significant role to clean RO membrane heavily fouled with alginate, and the
cleaning efficiency of water saturated with CO2 gas is resulted from producing
spontaneous of CO2 bubbles due to the presence of the deposited alginate
foulants on RO membrane surface, which can be considered as defects and
imperfections sites, as discussed earlier (I. S. Ngene et al., 2010; R. P.
Scardina & Edwards, 2006). On the other hand, the deposition of alginate
foulants on the membrane surface can increase the roughness of RO
membrane surface leading to increase the rate of CO2 bubbles production as
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well as it can enhance the formation of CO2 bubbles and promote the cleaning
efficiency through foulants removal from RO surface.
Furthermore,
Figure 4.12 shows some cavities or pockets located on the surface of the
depositied alginate layer on RO membrane surface after 24 h of alginate
filtration in presence of 50 mM NaCl with the addition of 10 mM calcium that
can also enhance heterogenous bubbles to neculate and grow spontanoulsy
due to supersaturated dissolved gas molcules perfer to diffuse to those sites
(such as pockes or cavities), which reported by (R. P. Scardina & Edwards,

2006) that when gas gets supersaturated, it will diffuse to the gas pockets and
then cause bubble growth and detachment from the membrane surface, as
shown in Figure 2.40. When the system get supersaturated, less interfacial
free energy is required for the cavity for the bubbles growth to the critical size.
Therefore for each gas cavity, the energy barrier of bubbles nucleation is very
much lower than for the classical case. Furthermore, these research results
were strongly in agreement with theory, and confirmed by SEM membrane
surface analysis and TOC measurements.
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Figure 4.12: Some pre-existing gas pockets on RO membrane surface after
24 h of the alginate filtration in presence of 50 mM of NaCl with the addition of
10 mM calcium at 0.12 m/s, 20 bar, and at 23 ̊C ± 0.2.

4.5.1.1 Effect of membrane cleaning duration time
The aim of this part of research is to study the effect of the increase of the
duration time in membrane cleaning for the alginate fouling removal using
both of cleaning solutions (clean water and water saturated with CO 2 gas),
and compare their efficiency at different cleaning duration times. Both of
cleaning solutions were tested at different duration times of 3 min, 6 min, 15
min, and 25 min and at constant solution cross flow and temperature of 0.11
m/s and 23◦C±0.2, respectively.
Figure 4.13 and Figure 4.14 show the flux recovery of both solutions at
different cleaning duration times. A significant flux difference between clean
water and water saturated with CO2 gas is clearly observed, and the highest
flux recovery obtained using water saturated with CO2 gas was 70%±2 with
25 minutes duration.
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Therefore, it can conclude that CO2 bubbles play a significant role in RO
membrane cleaning for alginate fouling removal compared to clean water
rinsing. In the case of water only, the flux recovery slightly increased with
increasing the duration time of cleaning. Increasing the cleaning duration was
not significantly effective in removing the alginate fouling from the RO
membrane. The minimum and maximum flux recoveries in this case were
8%±2 and 21%±2 only, for 3 min and 25 min, respectively. While when using
water saturated with CO2 gas, we can clearly observe a significant increase of
the flux recovery with increasing the duration time of cleaning. Flux recovery
increased by 27%±2 42%±2, and 65%±2 for 3 min, 6 min, and 15 min,
respectively, and then the increase becomes almost constant at 70%±2 after
25 min of cleaning.
It can be concluded that the increase of the cleaning duration time was
effective at the beginning until 15 min, from which its efficiency was
significantly reduced suggesting that longer cleaning time is not effective
anymore most probably because the amount of CO2 bubbles is not sufficient
to lift the remaining foulants attached on the membrane surface. Although, the
flux recovery was significantly higher at 15 minutes (65%±2), 6 minutes was
selected to test CO2 bubbles cleaning at different crossflow velocities for
subsequent experiments because of the large amount of CO2 solution
required for the 15 minutes cleaning time, which was not practical in the
laboratory and also to be applied at large scale.
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Figure 4.13: Flux recovery of different cleaning solutions: MilliQ water and
MilliQ water saturated with CO2 gas for different duration times of cleaning at
0.11 m/s and 23◦C ±0.2.
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Figure 4.14: Flux Recovery of different cleaning solutions: MilliQ water and
MilliQ water saturated with CO2 gas for different duration times of cleaning at
0.11 m/s and 23◦C ±0.2.
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4.5.1.2 Effect of crossflow velocity on membrane cleaning
efficiency
The aim of this part of research is to study the effect of crossflow velocity of
both cleaning solutions (MilliQ water and MilliQ water saturated with CO 2
gas). Both of cleaning solutions were tested at different crossflow velocity of
0.06 m/s, 0.11 m/s, and 0.17 m/s and at constant duration time of 6 min
(selected as an effective duration time of cleaning, as discussed in the
previous section) and temperature of 23◦C±0.2.
Figure 4.15 and Figure 4.16 show the flux recovery of both solutions at
different crossflow velocities of cleaning solutions. It is clearly observed from
this figure that a significant flux recovery difference is obtained by the different
cleaning solutions (MilliQ water and MilliQ water saturated with CO2 gas). The
highest flux recovery of 63%±2 was observed when using water saturated
with CO2 gas at the highest velocity of 0.17 m/s. Therefore, it can also be
concluded that CO2 bubbles play a significant role in RO membrane cleaning
for alginate fouling removal compared to MilliQ water rinsing. For both
solutions, the flux increased with increasing the velocity of cleaning solution.
Therefore, CO2 bubbles method is more effective at higher velocity in
membrane cleaning.
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Figure 4.15: Flux Recovery of different cleaning solutions (MilliQ water and
MilliQ water saturated with CO2 gas) at different crossflow velocities and at
23◦C ±0.2 for 6 minutes.
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Figure 4.16: Flux Recovery of different cleaning solutions (MilliQ water and
MilliQ water saturated with CO2 gas) at different crossflow velocities and at
23◦C±0.2 for 6 minutes.

4.5.2 Role of CO2 solution in membrane cleaning under different
pressures
The goal of this part of research is to study the effect of CO2 solution
pressure on the efficiency of membrane cleaning. Based on Henry’s law, CO2
gas solubility is proportional to the gas partial pressure, and the increase of
pressure will increase the amount of the dissolved gas at constant
temperature. The concept of gas solubility can be observed and estimated
from some brevious experimental work (Jarrell & Engineers, 2002) as shown
in Figure 2.35 which illustrates that the solubility of CO2 in fresh water
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increases with increasing pressure and decreasing temperature, as also
reported by (Al-Ghamdi, 2017). In this part of research, CO2 solution was
prepared under different pressures (2 bar, 3 bar, 4 bar, and 6 bar) at constant
duration time of cleaning, cross flow velocity, and temperature of 6 min, 0.17
m/s, and 23◦C± 0.2, respectively.
Figure 4.17 and Figure 4.18 show that the flux recovery increased by 30%
when increasing the CO2 solution pressure from 2 bar to 6 bar and the highest
flux recovery was 81%±3 for CO2 solution at 6 bar, therefore, it can be
concluded that the increase of cleaning efficiency with increasing the CO 2
solution pressure results from increasing the amount of CO2 gas that
dissolves in MilliQ water, and then increasing CO2 bubbles rate when the CO2
solution flows in the RO feed channel due to increasing the pressure
difference between CO2 solution and RO membrane unit leading to better
removal of the alginate from RO membrane surface. This experimental
observation agrees with theory which was discussed in the previous chapter.
In addition, the results of TOC and SEM analysis confirm this observation
(see next section).
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Figure 4.17: Flux Recovery of CO2 solutions under different pressures at 0.17
m/s and 23◦C ±0.2 for 6 minutes.

Figure 4.18: Flux Recovery of CO2 solutions under different pressures at 0.17
m/s and 23◦C ±0.2 for 6 minutes
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4.5.3 Flux recovery comparison of different cleaning methods
4.5.3.1 Acidic solution at pH4 (low pH)
When CO2 gas is pressurized into MilliQ water to prepare the dissolved CO2
solution, carbonic acid (H3CO2) will be formed at pH4, as a result we can
consider CO2 solution as acidic solution. Typically, acidic solutions can clean
some types of scalants and enhance some foulants cleaning (I. S. Ngene et
al., 2010). The aim of this part is to study the role of H3CO2 acid in RO
membrane cleaning for the alginate fouling. As a result, pH4 solution was
prepared in the laboratory, and then was run to the feed side of the fouled RO
membrane under the same condition at 0.17 m/s crossflow velocity and 23˚C
±0.2 for 6 minutes. As shown in Figure 2.19, the flux recovery after membrane
cleaning of a solution of pH4 was 25%± 3, which is slightly higher than MilliQ
water (20%±3) and significantly lower than water saturated with CO 2 gas
which reached 60%±3 and 80%±3 for CO2 solution pressures of 2 bar and 6
bar, respectively. This experiment confirmed that the use of MilliQ water at
pH4 was not effective for alginate fouling removal, which confirms the role of
CO2 bubbles nucleation in cleaning the alginate foulants from the RO
membrane surface. Similarly, TOC and SEM analysis confirm this
observation.

Figure 4.19: Flux Recovery of different cleaning solutions at 0.17 m/s and
23˚C±0.2 for 6 minutes.

4.5.3.2 Direct osmosis (DO)
In this investigation, a new piece of RO membrane was fouled using 20 ppm
of sodium alginate in presence of 2% of sea salts at a crossflow velocity of
0.12 m/s, applied pressure of 20 bar, and feed temperature of 23˚C±0.2 for 24
h before each type of cleaning. Three cleaning methods, mainly CO2 bubbles
nucleation cleaning, direct osmosis (DO) cleaning, and the integration of CO2
solution and DO cleaning were applied under the same conditions.
4.5.3.2.1 CO2 bubbles cleaning
The observed flux decline over time was 25%±2. After that, CO 2 cleaning
solution was applied at 0.17 m/s and 23˚C±0.2 for 6 minutes, and then the
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permeate flux was measured after cleaning. The calculated flux recovery was
58%±3, as shown in Figure 4.22.
4.5.3.2.2 DO cleaning
Another new piece of RO membrane was fouled under the same conditions
used for the CO2 bubbles cleaning, and the similar flux decline was observed
(25%±2). After that, DO cleaning was applied overnight as discussed in DO
cleaning procedure presented in chapter 3. 60%±3 of the flux was recovered
compared to the initial conditions, as shown in Figure 4.22. Interestingly, it
was observed that the flux recovery was slightly higher when DO cleaning
was used compared to CO2 cleaning, suggesting that the efficiency of CO2
bubbles cleaning is almost similar to DO cleaning. The latter technique has
been tested by several authors as a very promising eco-friendly method for
RO membrane cleaning in seawater and brackish water desalination
application (Jiang et al., 2015). However, our investigation showed that a very
long time of cleaning is required by the DO method in order to achieve
comparable performance (60% in our case) with saturated CO2 solution, i.e.
12 h versus 6 minutes for DO and CO2 nucleation cleaning methods,
respectively.
4.5.3.2.3 Combination of CO2 solution and DO cleaning techniques
Another new piece of RO membrane was fouled under the same conditions
used for the saturated CO2 solution and DO cleaning, separately, which gave
consistently a flux decline of 25%±2, showing the good repeatability of our
experiments. After that, 2 bar of saturated CO2 solution was run for 6 minutes
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at a crossflow velocity of 0.17 m/s and temperature of 23˚C±0.2, and then DO
method was applied overnight under the same conditions used previously.
After measuring the permeate flux before and after applying both of cleaning
methods, 86%±3 of flux recovery was obtained, calculated as shown in
Figure 4.22. Figure 4.20 shows the RO membrane after the alginate fouling,
and the gel layer was clearly observed by the naked eyes. In addition,
Figure 4.21 shows RO membrane after DO cleaning followed by CO2
cleaning, and it can be visually observed that the membrane becomes almost
clean and no gel layer was observed on the membrane surface.
This part of study provided us a good idea on the effectiveness of the new
cleaning method using saturated CO2 solution in RO membrane fouled with
alginate compared to other developed cleaning solutions, such as direct
osmosis cleaning, and It can be concluded that CO2 bubbles cleaning is
considered as a promising and environmentally friendly cleaning technique in
RO application, however, further research is needed to better understand the
mechanism behind it in order to further optimize the operating conditions of
these techniques.
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Figure 4.20: Picture showing gel layer deposited on the RO membrane
surface after RO filtration with 20 ppm sodium alginate in presence of 2% sea
salts at 0.12 m/s, 20 bar, and 23˚C±0.2 for 24 h.

Figure 4.21: Picture showing no presence of gel layer on the surface of RO
membrane after CO2 bubbles cleaning followed by DO cleaning
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Figure 4.22: Flux recovery after CO2 cleaning, DO cleaning, and after
combination of both cleaning methods (CO2 bubbles followed by DO).

4.5.4

Flux recovery after CO2 cleaning for removing different
fouling layers of sodium alginate in presence of calcium ions

In this study, the CO2 cleaning technique was used to clean RO membranes
fouled with feeds containing alginate and different concentrations of calcium.
The goal of this part of research is to investigate the effect of calcium on
membrane fouling and then test the performance of the saturated CO2
solution in cleaning the expected more severe fouling due to alginate and
calcium deposition on the membrane surface. Figure 4.23 shows the
permeate flux decline (in %) by filtering 20 ppm of sodium alginate in
presence of 50 mM of NaCl with the addition of different concentrations of

235

calcium ranging from 0 to 10 mM for 24 h at an applied pressure of 20 bar,
crossflow velocity of 0.12 m/s, and temperature of 23˚C±0.2. It was found that
the flux decline for the feed solution without addition of calcium was 10%±2,
and after adding calcium we observed a flux decline of 22%±2, and 30%±2 for
2 mM and 3 mM of calcium, respectively. However, we observed that adding
more than 4 mM (up to 10 mM) of calcium in the feed solution led to almost
the same flux decline of about 37%±2. On the other hand, Figure 4.23 also
shows the average of flux recovery after cleaning with 6 bars of CO2 solution
at 0.17 m/s and 23˚C ±0.2 for 6 minutes. While the flux recovery for the feed
solution without addition of calcium was 100%, we observed flux recoveries
under the same conditions of 68%, 64%, and 76% for 2 mM, 3 mM, and 4
mM, respectively, and then it gets almost stabilized at 82%±2 for feeds having
more 6 mM of calcium.
It can be interestingly observed that saturated CO2 cleaning became more
effective for the alginate removal from RO membrane surface with higher
calcium concentrations in spite of the permeate flux decline increased with
increasing the concentration of calcium in the feed until reaching at 4 Mm
during the alginate filtration. It can also be observed that the permeate flux
decline became constant at 4 mM and above due to the formation of alginatecalcium complexation in the bulk, which is resulted in alginate aggregates in
much larger particles, as discussed in section 4.4.1, as well as bulk
complexation dominating the alginate fouling mechanism.
The effective concentration of alginate will decrease and become unable to
participate in the formation of gel layer on the membrane surface due to the
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calcium and carboxyl groups of the aggregates get saturated. In addition, the
alginate aggregates will also decrease the rate of effective convective
transportation to the membrane surface. More details were explained and
presented in section 4.4.1.
We can conclude that the reaction between calcium ions (Ca+2) and carboxyl
group (COO-) in the alginate molecule occurs near to the membrane surface
at calcium concentration below of 4 mM, and there was not a significant
aggregation of the alginate in the bulk. As a result, the effective alginate
concentrations are similar at low concentrations of calcium (below 4 mM), and
the increase of calcium concentration enhances the interaction between the
alginate molecules at the surface leading to the formation of a denser alginate
gel layer (S. Lee & Elimelech, 2006; Q. Li & Elimelech, 2004b).
Therefore, surface complexation is dominating the alginate fouling mechanism
at low concentration of calcium (below 4 mM). However, the formation of the
alginate aggregates with much larger particles takes place in the feed bulk at
sufficiently high calcium concentrations (equal and above 4 mM). As a result,
the effective alginate concentrations are minimized to a great extent for
participating in the interaction at the surface of membrane and formation of
the gel layer, and the rate of the effective convective transportation towards
the membrane surface is slower.
After using CO2 solution for cleaning, the flux recovery increased with
increasing the concentration of calcium ions, and becomes a more efficient
cleaning technique for the alginate layer removal from the RO membrane with
the addition of higher concentrations of calcium ions and at lower flux decline.
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DOC and particles size analysis results confirm and support this observation.
Therefore, it can be said that at higher calcium concentrations, the deposited
layer of alginate foulant becomes looser that is resulted from the formation of
cake layer on the membrane surface rather than gel layer as it was reported
by (Mo et al., 2011) due to the formation of alginate aggregates in much larger
particles in the feed bulk, and hence it is easier to remove it compared to gel
layer, which forms strong and rigorous layer.
In addition, the membrane resistance becomes higher with smaller particles
size, thus the formation of alginate complexation in the bulk and alginate
aggregation reduced the membrane resistance, which is negatively correlated
to the particles as it was reported by several researchers (Listiarini et al.,
2011; Nghiem et al., 2008; van de Ven et al., 2008), due to the formation of
higher porosity and permeability alginate layer on the membrane surface. As
a result, CO2 bubbles cleaning is more efficient with increasing the addition of
calcium ions in the alginate solution. From DOC results presented in
Figure 4.7, it can be observed that there are still effective alginate molecules
even at calcium concentration in the feed of 10 mM to participate in the
formation of alginate gel on the membrane surface.
The higher efficiency of CO2 cleaning at higher calcium concentrations can be
explained in a different way, as it was reported by (R. P. Scardina & Edwards,
2006) that the presence of surface imperfections located in the solid will
enhance the formation of CO2 bubbles and growth and then will promote and
develop the cleaning effeciency.
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Furthermore, the presence of preexisting gas pockets located in the surface
imperfections and cracks of RO membrane can also enhance heterogenous
bubbles to neculate and grow spontanoulsy.
It can also be considered that the deposited foulants on the membrane
surface play the role of imperfections sites as it was reported by (I. S. Ngene
et al., 2010). At high calcium concentrations, it can be said that the increase
of the deposited cake layer foulants on RO membrane surface increased the
preexisting gas pockets located in the alginate foulants surface more than the
gel layer, and hence increased the surface roughness, which resulted in
enhancing the nucleation of CO2 bubbles and then promoting CO2 cleaning
effeciency for the alginate layer removal from RO membrane.
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Figure 4.23: Permeate flux decline (in %) of a feed solution containing 20 ppm
sodium alginate in presence of 50 mM NaCl with the addition of different
concentrations of calcium at 20 bar, 0.12 m/s, 23˚C ±0.2, for 24 h, and Flux
Recovery of CO2 cleaning at 6 bars, 0.17 m/s, and at 23˚C±0.2 for 6 minutes.

Some experiments of the addition of different calcium concentrations (2 mM, 4
mM, and 10 mM) were run using the second protocol of fouling filtration, as
discussed in section3.9.2 and Table 3.5, and then the CO2 bubbles cleaning
was applied for each case. Figure 4.24 shows that the flux recovery was
somewhat higher compared to the alginate fouling resulting from the filtration
of the alginate solution using the first protocol. In addition, the permeate flux
decline was observed to be somewhat lower than the first case because it
seems that the attractive forces between the alginate molecules become
weaker or the repulsion forces become stronger as it was discussed earlier in
section 4.4.1, and hence the alginate foulants removal from RO membrane
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surface becomes easier due to lesser attachment to the surface and between
alginate molecules.

Figure 4.24: Permeate flux decline (in %) for a feed solution containing 20
ppm of sodium alginate in presence of 50 mM NaCl with the addition of
different concentrations of calcium at 20 bar using the second protocol, 0.12
m/s, 23˚C ±0.2, for 24 h, and Flux Recovery of CO2 bubbles cleaning at 6
bars, 0.17 m/s, and at 23˚C±0.2 for 6 minutes.

4.5.5

Membrane characterization analysis after cleaning

In this study, two methods were used to characterize RO membrane surface
after the alginate filtration and after using different solutions for RO membrane
cleaning. TOC analyzer was used to measure the extracted alginate foulants
from the membrane surface and SEM was used to analyze the accumulated
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alginate foulants on the membrane surface. Samples preparation for both
analysis methods was discussed in Chapter 3.
4.5.5.1 TOC analysis of accumulated foulants on the membrane
surface
The accumulated alginate foulants on RO membrane surface was extracted
from different areas of the membrane surface (feed, middle, and concentrate
sides) after fouling and after cleaning with different solutions, and then the
extracted foulants were measured using TOC analyzer. In all experiments,
RO membrane was fouled by filtering 20 mg/L of sodium alginate in presence
of 50 mM NaCl and with the addition of 10 mM calcium ions at a crossflow
velocity of 0.12 m/s, applied pressure of 20 bar, and at a temperature of
23°C±0.2 for 24 h. Figure 4.25 shows TOC results after the alginate fouling to
be 5.5±0.5 mg/L, and the highest concentration of TOC was observed in the
middle side, and the lowest value was found in the feed side.
In addition, it can be clearly observed that the lowest accumulated foulants on
the membrane surface was when higher pressures of the CO2 cleaning
solution was used, where TOC values were about 1.3 ± 0.5 mg/L and .5 ±0.5
mg/L at cleaning solutions pressures of 2 bar and 6 bar, respectively. . The
highest CO2 solution pressure was the most efficient in cleaning RO
membrane due to the higher production rate of CO2 bubbles during cleaning
through the RO channel resulted from using higher CO2 gas pressure that
increased the amount of the dissolved CO2 gas in water. In addition, TOC
results after MilliQ water rinsing was 4.5±0.3 mg/L, which is close to TOC
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results after fouling, and TOC after acidic solution at pH4 was slightly lower
than MilliQ water rinsing, about 4.4±0.1 mg/L. Therefore, it can be concluded
that acidic solution at pH4 was not effective for the alginate removal from RO
membrane surface, which means that nucleation of CO2 bubbles plays a
significant role in RO membrane cleaning, especially at higher pressure of
CO2 gas.
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Figure 4.25: Accumulated alginate foulants on RO membrane surface after
membrane fouling of a feed solution containing 20 mg/L of sodium alginate in
presence of 50 mM NaCl with the addition of 10 mM calcium ions for 24 h, at
0.12 m/s, 20 bar, and 23°C±0.2, and after cleaning using different solutions
for 6 minutes at 0.17 m/s and 23°C±0.2.

Figure 4.26 presents the average results of the accumulated TOC on the
membrane surface after using CO2 solution at 6 bar for RO membrane
cleaning at a cross flow velocity of 0.17 m/s, temperature of 23°C±0.2 for 6
minutes. For all experiments, RO membrane was fouled by filtering 20 mg/L of
sodium alginate in presence of 50 mM NaCl with the addition of different
calcium concentrations ranging from 0 to 10 mM at a cross flow velocity of
0.12 m/s, applied pressure of 20 bar, and feed temperature of 23°C±0.2 for 24
h. We observe from the figure that the highest TOC concentration was at
calcium concentration of 3 mM, 2 mM, and then 4 mM in the order, and the
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lowest TOC concentration was observed at calcium concentrations above 4
mM, where TOC remains almost constant. On the other hand, we can say that
the use of CO2 solution was observed to be more effective for the alginate
removal from the membrane surface at calcium concentrations above 4 mM.
The properties of alginate layer changes in terms of porosity and permeability
with increasing the addition of calcium ions in the alginate solution due to the
formation of alginate-calcium complexation in the feed bulk at higher
concentration of calcium which resulted in the formation of calcium-alginate
aggregations in the feed solution with larger particles, as a result, the effective
alginate concentration decreased in participating in the formation of gel layer
at the membrane surface. Therefore, the larger particles of the alginate
participated to form the cake layer on the membrane surface rather than a gel
layer (Mo et al., 2011), and the specific resistance of the membrane surface
becomes lower with larger particles (Listiarini et al., 2011; Nghiem et al.,
2008), which can explain and confirm that CO2 solution was more effective to
remove the alginate layer from RO surface at high concentrations of calcium
ions.
Furthermore, it can be observed that the highest TOC was found on the
membrane surface after cleaning at the solution with 3 mM of calcium ions,
and this result is matched with the lowest flux recovery measurements
(64±3%) after CO2 cleaning compared to other concentrations of calcium in
spite of the permeate flux decline during the alginate filtration in presence of 3
mM of calcium was not the most (30±2).
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The formed alginate layer was the strongest and more rigorous, which
resulted from the formed gel layer rather than cake layer because alginatecalcium interaction occurred in the vicinity of the membrane surface instead of
at the bulk. Although the stabilized flux at 4 mM was lower, 3 mM of calcium
concentration can be considered as a critical concentration of calcium due to
the stronger attachment of the formed gel layer on the membrane surface,
and this idea is confirmed and supported in this study by flux recovery results
after CO2 bubbles cleaning, DOC and particles size results of the feed
solutions, and TOC results of the accumulated alginate on the surface after
cleaning.

Figure 4.26: Accumulated alginate foulants on RO membrane surface after
applying CO2 cleaning at 6 bar, 0.17 m/s and 23°C±0.2 for 6 minutes,
followed by 20 mg/L sodium alginate filtration in presence of 50 mM NaCl with
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the addition of different concentrations of calcium ranging from 0 to 10 mM for
24 h at 0.12 m/s, 20 bar, and 23°C±0.2.

4.5.5.2 SEM analysis of the membrane surface
Figure 4.27 shows the difference between the virgin RO membrane structure,
which is used in this research, and the deposited alginate on the membrane
surface results in the absence of the membrane structure, wish shows a
complete deposition of gel layer covering the whole surface of the membrane.
The aim of this SEM picture analysis is to observe the RO membrane surface
after the alginate fouling and after cleaning the membrane using different
solutions.
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Figure 4.27: SEM picture a) represents the virgin RO membrane structure
used in this study and b) the deposited alginate on the membrane surface.

Figure 4.28 presents some SEM pictures from different areas of the RO
membrane with different picture zooms after using clean water (MilliQ water)
rinsing and under different conditions: a) at pH6.5 and at a cross flow velocity
of 0.06 m/s, b) at pH6.5 and at a cross flow velocity of 0.17 m/s, and c) at pH4
and at a cross flow velocity of 0.17 m/s. From these SEM pictures, we
canonot observe the structure of the RO clean membrane in all cases, as a
result, it can be concluded that MilliQ water rinsing (forward cleaning) was not
that much effective to remove the alginate layer from the membrane surface
even at pH4, which is equivalent to the pH of the carbonic acid of the CO 2
solution. However, Figure 4.29 shows SEM analysis pictures from different
areas with different picture zooms after using water saturated with CO2
solution at different conditions: a) at 2 bar of CO2 solution and at cross flow
velocity of 0.06 m/s, b) at 2 bar of CO2 solution and at 0.17 m/s, and c) at 6
bar of CO2 solution and at 0.17 m/s. All cleaning tests were performed at a
temperature of 23˚C±0.2 for 6 minutes. In this case of using CO2 solution, the
structure of RO clean membrane appered and can be observed in the
pictures, as a result, we can say that CO2 solution can detach and flash away
the alginate layer from the membrane surface.
Furthermore, we can visulally observe from images a) and b) that crossflow
velocity (0.06 m/s and 0.17 m/s, respctively) of the CO2 solution is helping the
cleaning efficiency, especillay in the lead part of the membrane which is
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probably attributed to more shearing forces which help detaching the foulant
during nucleation. On the other hand, images b) and c) also clearly show that
increasing the pressure of the CO2 solution (2 bar and 6 bar, respectively) is
helping to detach foulants from the whole membrane surface because at high
pressure more CO2 is dissolved in the solution and more bubbles are
generated throughout the whole membrane surface, hence enhancing the
overal cleaning efficiency, which confirms our experimental results discussed
in the last section.
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Figure 4.28: SEM pictures after clean water (MilliQ water) rinsing under
different conditions a) at pH6.5 and 0.06 m/s, b) at pH6.5 and 0.17 m/s c) at
pH4 and 0.17 m/s. All cleaning tests were performed at 23˚C±0.2 for 6
minutes followed by 20 mg/L of sodium alginate filtration in presence of 50
mM NaCl with the addition of 10 mM calcium ions for 24 h at 0.12 m/s, 20 bar,
and at 23˚C±0.2.

Figure 4.29: SEM pictures after water saturated with CO2 solution under
different conditions a) at 2 bar of CO2 solution and 0.06 m/s, b) at 2 bar of
CO2 solution and 0.17 m/s, c) at 6 bar of CO2 solution and 0.17 m/s. All
cleaning tests were performed at 23˚C±0.2 for 6 minutes followed by 20 mg/L
of sodium alginate filtration in presence of 50 mM NaCl with the addition of 10
mM calcium ions for 24 h at 0.12 m/s, 20 bar, and at 23˚C±0.

Figure 4.30 shows the summary of SEM pictures of the accumulated alginate
foulants on RO membrane surface: a) for the new clean RO membrane, and
the membrane structure is clearly observed, as shown earlier in
Figure 3.7; b) after 20 mg/L of sodium alginate filtration in presence of 50 mM
of NaCl with the addition of 10 mM of calcium ions after 24 h at 0.12 m/s, 20
bar, and 23˚C±0.2, and we can observe the absence of RO membrane
structure due to the deposition of the alginate foulants on the RO surface, as
discussed in details in section 4.3.2; and c) after MilliQ water rinsing, where
RO membrane structure is not visible. On the other hand, the alginate foulant
layer was covering the RO membrane surface even after water rinsing.
Therefore, it can be concluded that SEM observation is matched with the
calculation of flux recovery that was found to be in this case 20%±3. As
shown in Figure 4.30, d) after acidic solution at pH4 cleaning, the RO
membrane structure is still not visible and the alginate deposition is clearly
observed which also matched with our flux recovery calculation, in this case it
was 25%±3; e) after 2 bar of CO2 solution cleaning, where a significant
membrane cleaning is observed by clearly seeing the membrane structure
which also agrees with the flux recovery calculation, in this case 62%± 3.
However, some sticky deposits are sparsely observed on the surface of the
membrane, as can be seen in e) and finally f) after 6 bar of CO2 solution
cleaning, RO membrane is almost recovered from fouling as the image looks
lile a new membrane, and its structure is clearly observed without seeing any
deposition of sticky material which in its turn agrees with our flux recovery
experimental results, in this case was found to be 80%± 3. All cleaning
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solutions were applied at crossflow velocity of 0.17 m/s and temperature of
23˚C±0.2, and for 6 minutes duration.

Figure 4.30: SEM pictures of a) new RO membrane; b) after 20 mg/L of
sodium alginate filtration in presence of 50 mM of NaCl with the addition of 10
mM calcium ions for 24 h at 0.12 m/s, 20 bar, and at 23˚C±0.2; c) after MilliQ
water rinsing; d) after acidic solution at pH4 cleaning; e) after 2 bar of CO2
solution cleaning; f) after 6 bar of CO2 solution cleaning. All cleaning solutions
were run at 0.17 m/s and 23˚C±0.2, and for 6 minutes duration.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1

Conclusions

The cleaning efficiency of two different methods, namely MilliQ water (rinsing)
and a mixture of water/CO2 gas solution (nucleation) have been studied for
the removal of alginate deposits on RO membrane under different cleaning
operating conditions, mainly crossflow velocity, pressure and duration time of
the cleaning. Results were quantified in terms of permeate flux measurements
and flux recovery after fouling. Results showed that the optimum flux recovery
using pure water (rinsing) and saturated CO2 solution were 20%±3 and
80%±3, respectively, at 6 bar, 0.17 m/s and 23 ̊C±0.2 for 6 minutes. As a
result, it can be concluded that CO2 bubbles play a significant role in
removing alginate deposits from RO membrane surface, which was attributed
to the nucleation of CO2 gas. The latter was confirmed by cleaning the
membrane under the same conditions using a cleaning solution at pH4, which
is the same pH when using CO2 solution, and a flux recovery of25%±3 only
was obtained. Therefore, it can be confirmed that the physical role of using
the nucleation of CO2 bubbles can significantly remove the alginate layer from
RO membrane surface to a great extent. In addition, TOC results of the
accumulated alginate foulants on RO membrane surface after fouling and
after different cleaning methods as well as SEM results of RO membrane
surface characterization have supported our experimental results and
observations.
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Furthermore, the use of CO2 solution at 2 bar, 0.17 m/s for 6 minutes was
also compared to other physical cleaning methods, manly direct osmosis (DO)
overnight. Interestingly it was observed that the average flux recovery of both
cleaning methods was almost similar, about 60%±3. However, it is important
to mention that the duration of cleaning was significantly different, 6 minutes
for CO2 solution versus 12 hours for DO.
Various concentrations of calcium ions ranging from 0 to 10 mM were added
to the alginate feed solution to study the effect of calcium ions on the alginate
deposition on RO membrane surface and the alginate fouling behavior, as
well as to test the efficiency of dissolved CO2 solution in cleaning the
membrane under severe conditions. It was observed that the flux decline
increased with increasing calcium concentration until reaching 4 mM, and
then the increase of flux decline become constant and the lower stabilized flux
become also constant above 4 mM. Interestingly, it was observed that the
efficiency of the novel cleaning method increased with increasing calcium
concentration in the feed to be 64%± 3, 68%± 3, and 76.5%± 3 for calcium
concentrations of 2 mM, 3 mM, and 4 mM, respectively, as well as the
cleaning efficiency becomes constant at 82%± 2 for concentrations above 6
mM. As a result, it can be concluded that the formation of alginate-calcium
complexation governs the mechanism of the deposition of alginate fouling on
the membrane surface (Mo et al., 2011). At low concentration of calcium ions,
below 4 mM, calcium ions can make bridges between the membrane surface
and alginate molecules near the membrane surface. However at high calcium
concentrations equal and above 4 mM, calcium ion-alginate complexation will
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takes place in the feed bulk, leading to the formation of alginate aggregates in
much larger particles; DOC and particles size analysis of feed solutions
support this conclusions. As a result, at calcium concentrations equal and
above of 4 mM, the properties of deposited alginate layer at the membrane
surface changed to be higher porosity and permeability, resulting in making
cleaning to become more effective. On the other hand, it can be suggested
that the alginate layer with higher porosity and permeability, leading to the
more of preexisting gas pockets can be founded on the surface of the
deposited alginate layer, resulting in enhancing the nucleation of CO2 bubbles
and promoting the efficiency of CO2 bubbles cleaning (R. P. Scardina &
Edwards, 2006).
Finally, it can be considered that the use of dissolved CO2 solutions for the
alginate removal from RO membrane surface an alternative and
environmentally friendly cleaning technique, and it can give high cleaning
efficiency and maintain the membrane performance at the same time.
However, further research is needed to optimize the cleaning conditions,
hence enhancing the performance of this novel cleaning technique for other
types of foulants.
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5.2


Recommendations for future work
Future work can be conducted to elucidate the mechanism behind
dissolved CO2 solution and the interaction between bubbles and
foulants.
1. Use transparent membrane cell to study the alginate removal
mechanism.
2. We also suggest to use a high speed camera as an advanced
characterization tool to observe the mechanism of the nucleation
of CO2 bubbles formation and growth on the membrane surface.
3. Study more the role of preexisting gas pockets in the alginate
removal by using CO2 bubbles cleaning, and the role of
roughness surface in better cleaning (R. P. Scardina & Edwards,
2006).
4. Evaluate cleaning efficiency with respect to other types of foulants
(proteins, inorganic compounds, SiO2, etc.).



The need of optimization of operating conditions of cleaning frequency
and cleaning procedure
1. Mix some chemicals with CO2 solution (chemical-physical
cleaning) (S. Chesters, Fazel, & Armstrong, 2013)
2. Sudden-drop CO2 (Shock CO2), as suggested by (Al Ghamdi,
2016)



Investigate chemistry of carbonization to quantify amount of CO2 gas
dissolved in water based on carbonization conditions (flowrate of CO2
gas, temperature, volume of water and applied pressure).
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