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ABSTRACT 

ASHFAQ, MOHAMMAD, YOUSAF., Doctorate, June: 2020,  

Biological and Environmental Science 

Title: Development of a Novel Polymer-modified Graphene Oxide Nanocomposite for 

controlling Calcium Sulfate Scaling and Biofouling on Reverse Osmosis Membrane: 

Mechanistic Study 

Supervisor of Dissertation: Dr. Mohammad A. Al-Ghouti. 

Reverse Osmosis (RO) is a promising environment friendly desalination 

technology for clean water production. However, the performance of RO is getting 

affected by the mineral scaling and biofouling. During this research, various unknown 

interactions occurring in RO systems between minerals, microorganisms, antiscalants 

and antimicrobial nanomaterials were investigated.  

The first goal of this dissertation was to understand and investigate the calcium 

sulfate scaling on reverse osmosis membranes in terms of effect of different 

concentrations of calcium ions and effect of temperature of feedwaterfeed water. It was 

noted that the mineral scaling tends to increase with the increase in temperature and 

concentration of ions. Moreover, the results showed that the functional groups of 

membranes such as hydroxyl and carboxyl, tend to interact with gypsum during scaling. 

To investigate the interaction of seawater microorganisms with antiscalants and 

with calcium sulfate, various bacterial strains were isolated and identified from Gulf 

seawater. The identification results showed that the isolated bacteria include 

Halomonas aquamarina, Pseudomonas fragi, Pseudomonas stutzeri and others. It was 

noted that the bacterial strains have the capability to utilize antiscalants as a carbon and 
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energy source, thereby, degrading them and making them ineffective against scaling. 

Moreover, the isolated bacterial strains were also found to be capable of 

mediating/inducing calcium sulfate precipitation on RO membranes. The results of 

these interactions showed that microorganisms may enhance mineral scaling via (i) 

biodegradation of antiscalants and (ii) biomineralization of calcium sulfate. Therefore, 

it is important to modify RO membranes to tackle both mineral scaling and biofouling, 

simultaneously.  

In this research, the polyamide RO membranes were modified with 

antimicrobial nanomaterial (graphene oxide) and polymer antiscalants to improve the 

surface characteristics of RO membranes and to give rise to antifouling characteristics 

in membranes. The results showed that the newly modified membranes have the 

capability to control calcium sulfate scaling. In addition, the antibiofouling tests 

performed through determining bacteriostasis rates also showed that the modified 

membranes inhibited the growth of bacteria. Overall, the results of this research 

provided in-depth information about various interactions occurring in RO systems and 

demonstrated the potential of membrane modification technique to control various 

types of membrane fouling, simultaneously.    
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

Qatar is an arid country. It is characterized with hot temperature during summer 

crossing 40°C with average rainfall as low as 46.71 mm during the time period of 2008-

2013 (Ministry of Development, Planning and Statistics, 2016). In addition, the average 

annual evaporation rate is as high as 2200 mm (Darwish and Mohtar, 2012). Thus, due to 

its harsh and fragile environment together with limited renewable water resources, the 

country has been categorized with the group of countries that are at “extremely high-water 

risk” by Aqueduct Water Risk Atlas (Water Resource Institute). 

In Qatar and other Gulf Cooperation Council (GCC) countries, the concepts of 

water security, water stress and water resources sustainability are interrelated and are major 

hurdle for the economic growth and social development. Water stress concept is the 

situation in which water is not available enough to satisfy all needs related to agricultural, 

domestic and industrial activities. On the other hand, reliable access to clean and safe water 

for every person for healthy and productive living and for social and economic growth 

without polluting the environment is known as water sustainability and water security (UN-

Water, 2013).  

It is difficult to define the threshold for water stress in terms of available water per 

capita. Nevertheless, it has been proposed that the boundary line in terms of annual per 

capita renewable water resource availability is 1000 cubic meters. Below this, the country 

is considered under water stress and it begins to hamper social and economic development 

(World Business Council for Sustainable Development, 2006). In comparison, the annual 
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water resource availability per capita in Qatar was 71 cubic meters in 2005 (Darwish and 

Mohtar, 2012). This was further reduced to 25.78 cubic meter in 2014 (Index Mundi) which 

makes the country under severe water stress condition.  

Moreover, there are several pressures and stressors that are increasing the demand 

of water resources. The economic and population growth are most significant forces 

pressurizing the water resources of Qatar which is further exacerbated by unsustainable 

consumption of water by the residents of the country. Qatar has witnessed an increase of 

as much as 726% in GDP from 1990 to 2013 (MDPS, 2016). The increase in GDP 

strengthens the economy of country which ultimately leads to the improved income of the 

inhabitants of the country. The increase in income then leads to the increased spending on 

resource consumption and utilization. It has been estimated that there is 376% increase in 

Qatar’s population from 1990 to 2013 (MDPS, 2016). Such an increase will lead to the 

increase in per capita water demand and reduction in per capita water availability.  

To cope with the rising demands of water due to economic and population growth, 

Qatar utilizes the services of desalination industry to provide potable water resources. 

Thus, 99% of the country’s domestic demand is fulfilled by desalination industry. The GCC 

region in general and Qatar in particular, utilize Multi-Stage Flash (MSF) technique in 

Desalination plants. However, because MSF technique requires huge amount of thermal 

and electrical energy and releases greenhouse gases (through consumption of fossil fuels); 

it is not considered as an environment friendly technology for desalination (Lior, 2017, 

Darwish et al., 2013).  Therefore, Reverse osmosis (RO) membrane technology is 

recommended as an environment friendly and energy efficient technology for future 

desalination industries (Ashfaq et al., 2018).  
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1.2 Physical-Chemical-Biological interactions in RO system 

Reverse Osmosis (RO) membrane technology is widely used in seawater 

desalination, brackish water treatment and wastewater treatment. RO is currently the most 

energy-efficient technology for desalination, with energy cost about 1.8 kWh/m3, which is 

much lower than that of other technologies (Xu et al., 2013). RO membrane has the ability 

to reject both dissolved and suspended substances from water. The rejected substances then 

interact with each other and with the membrane surface which often results in membrane 

fouling. Membrane fouling is defined as a process in which particles/solutes present in 

wastewater gets deposit on the surface of the membrane partially or completely blocking 

the membrane pores. The process results in decline in flux with time and increase in 

operating cost of a system. There are different types of fouling based on foulants that are 

participating in membrane fouling. However, each type does not occur individually. 

Instead, they occur together most of the time and interact with each other to affect the 

membrane’s performance (Tang et al., 2011; Tang et al., 2009). The types of fouling 

include organic, inorganic, particulate (chemical) and biological fouling (biofouling) 

(Chian et al., 2007). The major issues of RO operations are mineral scales and biofoulants 

that clog and reduce the overall performance and lifetime of the membranes (Xu et al., 

2013; Al-Shammiri et al., 2000; Lee et al., 2013; Baker and Dudley, 1998; Li et al., 2007). 

Therefore, the simultaneous prevention of mineral scaling and biofouling on RO 

membranes are essential in RO operations. However, the complex physical-chemical-

biological interactions in the RO system are not fully understood and therefore biofouling 

and scaling prevention remains a challenge.  

In RO operations, typical mineral scales are calcium carbonate, calcium sulfate, 
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silicate, and barium sulfate (Al-Shammiri et al., 2000; Lee et al., 2013; Li et al., 2007; 

Shiha et al., 2006). Carbonate fouling can be prevented by adjusting the pH of the water 

(Al-Shammiri et al., 2000; Lee et al., 2013; Li et al., 2007; Shiha et al., 2006). In most 

inland water sources, barium concentrations are typically very low (≤ 0.5 mg/L) as opposed 

to Ca2+ that are generally high. That is the reason, BaSO4 precipitates in RO system would 

be less than 2% of the mass of CaSO4 (Lee et al., 2013; Li et al., 2007). Therefore, CaSO4 

is most significant scalant in membrane filtration. To prevent mineral scaling on RO 

membranes, antiscalants are added to suppress mineral scale formation. The most common 

antiscalants for CaSO4 include phosphonates and organic polymers (Shiha et al., 2006). In 

RO systems, phosphonates, however, tend to hydrolyze to orthophosphate and react with 

calcium ions to form calcium orthophosphate, which is insoluble (Antony et al., 2011). 

Hence, nowadays, most of the commercial antiscalants for RO membranes are organic 

polymer-based chemicals, such as polyacrylic acid (PAA), polymethacrylic acid (PMAA), 

and polymaleic acid (PMA). 

The use of polymer inhibitors has shown satisfactory performance in preventing 

CaSO4 scaling (Shiha et al., 2006). However, it is not well studied that these inhibitors are 

biodegradable or not. In the case of biofouling prevention, disinfectants, such as chlorine, 

are added to the feed water. However, chlorine addition can deteriorate the membranes 

(Ahmad et al., 2013). Furthermore, it was found that chlorination might not be as effective 

in controlling biofouling as previously thought. Recently, some microorganisms have been 

shown to be resistant to chlorine by exuding large amounts of extracellular polysaccharides 

(EPS) for protection, which enhances biofilm formation on membranes (Shih et al., 2005). 

As an alternative, anti-microbial nanomaterial coated membranes have been showing 



 

29 

 

excellent anti-biofouling properties (Chesters, 2009). Dr. Rodrigues’ research group has 

demonstrated that poly(N-vinylcarbazole) chemically modified graphene oxide (PVK-

modified graphene oxide (GO)) coated on microfiltration membranes can successfully 

prevent microbial growth (Rodrigues et al., 2013; Musico et al., 2014). Lee et al. (2013) 

recently have also demonstrated that GO can prevent biofouling on membrane bioreactors. 

Hence, membrane fouling, and anti-fouling strategies are being thoroughly investigated. 

Some statistics have revealed that there were more than 3000 research papers published in 

the area during the last 25 years which indicates the researcher’s interest in the area (Jiang 

et al., 2017).  

In addition to the interaction of different type of foulants at the RO membrane 

surface, some physical factors influence those interactions. These physical factors include 

temperature, pH, cross flow velocity, pressure etc. These physical factors can contribute to 

increase or decrease of membrane fouling. For example, Ashfaq et al., (2017) investigated 

the effect of cross flow velocity on membrane flux for the treatment of laundry wastewater. 

It was found that increasing the crossflow velocity will lead to the increase of membrane 

flux which reflects decrease in fouling. This could be because of increased shear rates at 

higher cross flow velocities, which will reduce the formation of concentration polarization 

and membrane fouling. Similarly, it has also been shown that the organic foulants acts as 

a nutrient source for microorganisms and thus promotes biofouling. Alternatively, 

microorganisms present at the RO membrane surface can also secrete carbohydrates, 

extracellular polymeric substances (EPS) which in turn enhances the organic fouling. That 

is why, 60% of the constituents in biofilm were found to be organic substances (Butt et al., 

1997). As shown in Figure 1, most of these interactions between physical-chemical-
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biological are known. However, there are some complex interactions such as those, which 

include calcium sulfates and microorganisms, are still unknown and therefore, it is an 

interesting area of research. The membrane fouling results due to these interactions is being 

thoroughly investigated. Some statistics have revealed that there were more than 3000 

research papers published in the area of RO membrane fouling during the last 25 years, 

which indicates the researcher’s interest in the area (Jiang et al., 2017). 

In addition to the physical-chemical-biological interactions, the characteristics of 

membranes themselves also influence these interactions. Thus, the membrane properties 

and surface features such as porous structure, charge, characteristics of polymer, membrane 

roughness and hydrophilicity/hydrophobicity (Bellona et al., 2004; Hirose et al., 1996; 

Vrijenhoek et al., 2001) also plays key role in determining the extent of membrane fouling 

and its constituents. For example: the hydrophilic membranes are less prone to fouling 

caused by microorganisms, organic substances and some inorganic substances due to their 

less interaction with membrane surface (Liu et al., 2006; Hilal et al., 2005).  Similarly, it 

was noted that the permeate flux decreased with increase in membrane hydrophobicity 

during filtration of bovine serum albumin solution (Nabe et al. 1997). Therefore, there is a 

direct correlation between membrane flux (membrane fouling) and membrane 

hydrophilicity. 
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Figure 1. Schematic illustration of Physical-Chemical-Biological interaction in RO 

systems 

 

However, it is not clearly known that the antiscalants used in RO systems to prevent 

scaling can also interact with the microorganisms present there. It is possible that some 

antiscalants can prevent mineral scaling, but they might serve as energy sources for the 

microorganisms present in the RO system and therefore, the antiscalants could potentially 

enhance microbial growth and biofouling. Additionally, if the antiscalant are indeed 

biodegraded, they would no longer effectively inhibit CaSO4 scaling. Such behavior is 

expected since researchers have found that the polymer inhibitor, polyacrylic acid (PAA), 

can be degraded by mixed microbial communities in activated sludge (Kavitha et al., 2014). 

However, nothing is known about the specific microorganisms involved in the polyacrylic 

acid (PAA) or polymaleic acid (PMA) degradation as well as their degradation pathways. 

Hence, it is essential to investigate whether the polymer antiscalants can be degraded by 
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common microorganisms existing in RO systems or not. 

Similarly, no previous studies have investigated the interactions between the 

microorganisms in RO system and the CaSO4. Li’s recent research reported that the fouling 

of biopolymers on RO membrane can be influenced by the presence of Ca+2 (Li et al., 

2007). Other studies have demonstrated that microorganisms can induce calcium carbonate 

precipitation (Onal and Rodriguez, 2014; Mortensen et al., 2011; Okwadha and Li, 2010). 

However, it is unknown if the microorganisms, used in these studies, exist in RO system. 

Therefore, the question is whether the co-presence of microorganism in RO systems and 

CaSO4 will promote scaling and biofouling, i.e., can Ca+2 promote microbial growth and 

bio-enhance CaSO4 mineral formation? 

Furthermore, as discussed in detail, many polymers and antimicrobial 

nanomaterials have been used in membrane coating to prevent biofouling. But these 

researches have not deal with the interaction of these modified membranes with the mineral 

scaling. In addition, most studies focus on either to prevent the biofouling or the scaling, 

but no studies have deal with preventing both type of fouling simultaneously. Table 1 

summarizes the known and unknown interactions in RO systems. 

 

Table 1. Known and Unknown phenomena/interactions in RO Systems 

Known interaction/phenomena Un-known interaction/phenomena 

Interaction between organic foulants and 

Microorganisms (Butt et al., 1997) 

Interaction between inorganic foulants like 

calcium ions and microorganism present in 

RO system  

Role of antiscalants in reducing inorganic 

fouling or mineral scaling (Antony et al., 

2011) 

Interaction between antiscalants and 

microorganisms  
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Known interaction/phenomena Un-known interaction/phenomena 

Effect of physical parameters such as pH, 

temperature, cross flow velocity on 

membrane fouling (or membrane flux) as a 

whole (Ashfaq et al., 2017) 

Effect of physical parameters such as 

temperature on type of scalants (e.g. 

polymorphs of calcium sulfates) 

Role of membrane coatings (polymers and 

nanomaterials) in enhancing membrane 

features (smoothness, hydrophilicity) to 

reduce biofouling or scaling (Chae et al., 

2017) 

Simultaneous reduction of both biofouling 

and scaling through modified membranes 

Role of antimicrobial coatings on reducing 

biofouling (Antony et al., 2011) 

Interaction between antimicrobial coatings 

with scaling (e.g. CaSO4) 

 

By keeping into consideration, the unknown interactions and knowledge gaps in 

the literature, Figure 2 summarizes the unknown interactions and research gaps that will 

be studied in this research project and research objectives will be formulated accordingly.  

 

 

Figure 2. Identification of "Research gaps" in physical-chemical-biological interactions in 

RO systems 
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1.3 Research Rationale 

The Qatar Environment and Energy Research Institute has declared that Qatar’s 

residents consume about 500 liters of water per day. This amount makes Qatar one of the 

largest water consumers in the world. The reason for such large water consumption is the 

dry climate and the population lifestyle. One solution for this high-water consumption is 

the development or improvement of desalination technologies with little or no negative 

effect on the environment. Reverse Osmosis has been described as the most suitable and 

environmentally friendly desalination technology and in the past 25 years this technology 

has been evolving and able to separate product waters from 90% to 98% from total 

dissolved solids (TDS) concentrations ranging from 1500 mg/L to 3000 mg/L. This was 

mainly possible due to research focusing on improving the membrane quality and finding 

alternative methods to prevent membrane fouling. Initially, RO systems used polyamide 

and cellulose acetate membranes, today membranes are made of thin composites and can 

withstand higher temperatures and wider range of pH values. Overall, the RO desalination 

plants are extremely effective to produce clean water from marine water; however, fouling 

is still a major issue in these systems. The understanding of fouling (biological and 

chemical) is essential for the development of more effective desalination technologies that 

will prevent membrane fouling.  

The project will benefit the Qatari society’s clean water supply and reduce 

membrane maintenance costs, by providing important scientific information to prevent 

scaling and biofouling on RO membranes. The project will advance our scientific 

understanding on the complex problem of simultaneous scaling and biofouling on RO 

membranes. At the same time, a transformative approach will be used to improve the 
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efficiency of preventing scaling and biofouling in RO water treatment processes. By 

investigating the complex interactions among CaSO4, polymer antiscalants, 

microorganisms, antimicrobial nanomaterials, and polymer-modified antimicrobial 

nanocomposites, the project will fill out important information gaps (as shown in Figure 

6), and contribute greatly to the scientific basis for efficiently preventing both scaling and 

biofouling on RO membranes. This project will be the first one investigating biofouling 

and scaling simultaneously in RO systems. PAA-GO (Poly acryl amide – Graphene oxide) 

is a newly synthesized material that has seen increasingly used in material science and 

biomedical engineering; the proposed project will establish its value for RO systems. By 

adopting these advanced materials and novel techniques, the proposed project will allow 

new scientific and transformative findings and will advance discovery across disciplines 

of environmental science, chemistry, biology, and materials science by addressing the 

questions mentioned in the Figure 2.  

 

1.4 Research Focus 

The overarching research objective is to understand the synergistic interactions of 

preventing CaSO4 scaling and biofouling in the presence of polymer-modified graphene 

oxide (PAA-GO and PMA-GO) on RO membranes.  

 

1.4.1 Research Questions 

During the course of research, the answer to the following important research 

questions will be investigated: 

1. Will anti-microbial nanomaterials promote CaSO4 scaling? 
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2. Will the antiscalants be biodegraded by microorganisms common in RO system 

and therefore promote both scaling and biofouling? 

3. Will the co-presence of microorganisms and CaSO4 promote scaling and biofouling 

i.e. Ca promoted microbial growth and bio-enhanced CaSO4 mineral formation? 

4. Will anti-microbial materials modified with antiscalants inhibit better both scaling 

and biofouling? 

 

1.4.2 Research Objectives 

Specific objectives and associated hypotheses are:  

Objective 1: Understand effects and mechanisms of anti-microbial nanomaterials (GO) on 

CaSO4 scaling.  

Hypothesis 1.1 Anti-microbial nanomaterial (e.g., graphene oxide) coatings on RO 

membranes will change the membrane surface properties and affect CaSO4 scaling on 

membranes.  

Hypothesis 1.2 Both the membrane surface physicochemical properties and the CaSO4 

precipitation will depend on the coating used on the membrane, solution compositions, and 

temperatures.  

Objective 2: Demonstrate and determine biodegradation of polymer antiscalants used in 

RO systems.  

Hypothesis 2.1 The polymer antiscalants (PAA, PMA) can be degraded by microorganisms 

found in RO systems and it will promote microbial growth and biofouling.  

Hypothesis 2.2 PAA and PMA may have varied microbial degradation rates and pathways.  

Objective 3: Investigate the interactions between microorganisms and CaSO4 in RO 
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system.  

Hypothesis 3.1 The presence of CaSO4 can promote the growth of microorganisms found 

in RO systems.  

Hypothesis 3.2 The microorganisms existing in RO systems will promote CaSO4 scaling 

on membrane.  

Objective 4: Determine whether new coatings (GO-PAA, GO-PMA) will prevent 

biofouling and scaling.  

Hypothesis 4.1 The antimicrobial nanomaterials (e.g., GO) can be modified with polymer 

antiscalants (PAA and PMA) to form PAA-GO and PMA-GO.  

Hypothesis 4.2 PAA-GO and PMA-GO will be antimicrobial and non-biodegradable in 

RO systems.  

Hypothesis 4.3 PAA-GO and PMA-GO will inhibit both CaSO4 scaling and biofouling on 

RO membranes. 
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CHAPTER 2: LITERATURE REVIEW1 

 

2.1 Reverse Osmosis  

The Osmosis is a naturally occurring process in which the water from a diluted 

solution tends to move towards the concentrated solution. The Reverse Osmosis (RO) is 

the same process but in reverse direction. In RO systems, water is pushed through a 

semipermeable membrane thereby retaining the dissolved and suspended substances. Thus, 

the RO membrane is a semipermeable membrane that allows only water molecules to pass 

through it and withholding majority of dissolved salts, microorganisms, viruses, organic 

compounds, and dissolved ions. Nonetheless, the pressure of 20 - 80 MPa is needed to push 

the water molecules through the membrane (Saleem and Zaidi, 2020).  

There are several mechanisms of mass transfer in RO systems such as size or charge 

exclusion, solution-diffusion mechanism, and physico-chemical interactions between 

water (solvent), dissolved and substances (solute) and membrane (Malaeb and Ayoub, 

2011).  

The most common application of RO is its utilization in the purification and 

filtration of seawater to produce drinking water, thereby, removing all the contaminants, 

salts and other substances. Similarly, RO can also be utilized for the treatment of 

wastewater coming from a wide variety of industries such as textile, chemical, food, pulp 

 

1 Contents of this chapter have been published. Reference: Ashfaq, M.Y., Al-ghouti, M.A., Qiblawey, H., 

Zouari, N. Rodrigues, D.F., Hu, Y. 2018. Use of DPSIR Framework to Analyze Water Resources in Qatar 

and Overview of Reverse Osmosis as an Environment Friendly Technology. Env. Prog. Sustain. 38, 1–13. 
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and paper, petroleum and petrochemical industries and from domestic sources. This is 

mainly because of RO’s ability to provide higher percentage salt rejection and higher 

removal efficiencies. (Lee et al., 2011). RO can be used in combination with other 

techniques such as Ultrafiltration - RO (UF-RO), or Microfiltration - RO (MF-RO) to 

develop a hybrid process and gives better efficiency and higher rejection (Ang et al., 2015). 

The RO concept has been known for many years, but it became practical to be 

utilized at industrial level after 1960s when cellulose acetate asymmetric membranes were 

produced which possess both higher water flux and removal efficiency (Greenlee et al., 

2009). Later, the new generation membranes were developed such as Thin Film Composite 

(TFC) membrane which is resistant to high temperature, wide pH range and severe 

chemical environments and has higher water flux and percentage salt rejection. The 

development of such new generation membranes enhances their applications at industrial 

scale. It has developed over the past 50 years to a 44% share in world desalination capacity 

in 2009, and 80% share in the total number of desalination plants installed worldwide 

(Greenlee et al., 2009). In addition to the traditional seawater and brackish water 

desalination processes, RO membranes have found uses in wastewater treatment, 

production of ultrapure water, water softening, and food processing as well as many others. 

 

2.2 Membrane Structures 

Membrane structures are of different kinds and are integral part of RO systems. 

These are critical in determining the performance, cost and sensitivity to temperature, pH, 

pressure and other environmental factors. The types of membrane structures include 

symmetric membranes, asymmetric membranes and composite membranes. 
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Symmetric membrane: These membranes are always made using single material 

(homogenous) with uniform pore structure (US EPA 2005).  

Asymmetric membrane: In asymmetric membranes, there are two or more 

structural layers (filtration layer and support layer) of different morphologies i.e. filtration 

layer is denser than support layer and is used for solute rejection. Asymmetric membranes 

may also possess porous material of varying density from feed to permeate side. (US EPA 

2005). The asymmetric membrane is made up of one polymer usually cellulose acetate. It 

is formed by forming a thin film of acetone-based solution of cellulose acetate polymer. In 

1962, the first RO membrane of this type for commercial application was developed (Loeb 

and Sourirajan, 1962). 

Composite membrane: These membranes are made up of three different layers 

with materials of structurally or chemically distinct characteristics. The three layers include 

upper most ultra-thin selective layer made up of polyamide polymer, micro porous 

interlayer made up of polysulfonic material and polyester support layer. The composition 

of the composite membranes is heterogenous and is widely utilized in Membrane filtration 

systems. Polyamide TFC (Thin film composite) is the example of widely used RO 

membrane (US EPA 2005). The thickness of upper most layer in TFC is of 0.2 µm, 

intermediate layer of around 40 µm and a support layer of about 120 – 150 µm (Figure 3) 

(Akin and Temelli, 2011). 

The top layer of polyamide material act as a barrier layer which is made by 

interfacial polymerization between two monomers such as amine and acid chloride. The 

thickness of top barrier layer is reduced to suppress its resistance to transport of permeate 

and to achieve higher rejection. The intermediate layer is added in between to enhance the 
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thin topmost layer’s resistance to higher pressure.  

 

 

Figure 3. Cross section of Thin Film Composite membrane (Akin and Temelli, 2011). 

 

The most popular RO membrane materials are cellulose acetate (CA) and thin film 

composite polyamides (PA). For a complete study of RO membrane materials for 

desalination, a review on RO membrane materials is reported by Lee and his coworkers 

(Lee et al., 2011). The advantages and disadvantages of both types of RO membranes are 

summarized in Table 2. In general, PA based RO membranes formed by interfacial 

polymerization exhibit better performance than CA based membranes due to higher water 

flux, enhanced physical and chemical resistance and wider range of processing pH and 

temperature conditions. 

 

Table 2. Advantages and Disadvantages of Asymmetric and Composite Membranes 

Structure Material Advantages Disadvantages 

Asymmetric Cellulose 

acetate 
• Resistance to chlorine 

• Resistance to adsorption of 

natural organic matter 

• Biodegradable 

• Severe flux decline 
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Structure Material Advantages Disadvantages 

Composite Polyamides 

(top layer), 

Polysulfone 

(interlayer) 

• Better water flux, % 

rejection,  

• Resistant to wider 

temperature and Ph range 

• Susceptible to 

chlorine 

• Sensitive to fouling 

 

2.3 Reverse osmosis process parameters 

 

2.3.1 Percentage membrane rejection 

The percentage rejection (percentage R) is one of the performance indicators for 

RO and is defined as the amount of material or salts being rejected by the membrane from 

the feed water. Thus, it can be calculated for any specific contaminant in feed water or by 

using overall characteristic such as turbidity or conductivity. (Crittenden et al., 2005, 

Greenlee et al., 2009). The percentage R can be calculated using following formula 

(Crittenden et al., 2005):  

 

𝑅 = 1 − 
𝐶𝑝

𝐶𝑓
  ----------------------------------------------------- (1) 

 

Where, R is rejection, Cp and Cf are permeate and feed water concentrations 

respectively (mole/L or mg/L),  

Alternatively, following formula can also be used: 

 

𝑆𝑎𝑙𝑡 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 (%) =   
𝐹𝑒𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦−𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑤𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

𝐹𝑒𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦
 𝑥 100 --(2) 
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2.3.2 Salt Passage % 

The percentage of salt passage is the amount of salt that has passed through the 

membrane into the permeate water. The increase in percentage of salt passage shows the 

decrease in performance of RO membrane system. 

 

Salt  Passage  %  = 1 − Salt Rejection % --------------------------(3) 

 

2.3.3 Mass Balance 

The Mass balance is done to check if the system is running and giving the reading 

correctly. In order to do the Mass balance, flow rate of feed, permeate and concentrate 

should be known. Furthermore, the data related to conductivity of feed, permeate and 

concentrate needs to be collected.  

The Equation for mass balance is given by: 

 

𝐹𝑒𝑒𝑑 𝑓𝑙𝑜𝑤 𝑥 𝐹𝑒𝑒𝑑 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = (𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑙𝑜𝑤 𝑥 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦) +

(𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑙𝑜𝑥 𝑥 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦) ---------- (4) 

 

2.3.4 Recovery  

The fraction of feed water that becomes permeate after the filtration run is called as 

Recovery. The following equation is sued to calculate the Recovery (Crittenden et al., 

2005).  

 

 𝑅𝑤 =  
𝑄𝑝

𝑄𝑓
 ----------------------------------------------------------------- (5) 
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Where, Rw represents recovery and Qp signifies permeate flow rate (m3/s), and Qf 

represents feed flow rate (m3/s). 

 

2.3.5 Permeate Flux 

The volume of water treated by the membrane per unit time per square meter of the 

membrane is called as membrane permeate flux. The most used parameter to investigate 

membrane performance and it is given by the following Equation. 

 

 𝐽 =  
𝑄𝑝

𝐴
 -------------------------------------------------------------------- (6) 

 

Where, J denotes permeate flux (l/m2/h), Qp represents permeate flow rate (l/h) and A 

denotes the active membrane surface area (m2).  

 

2.3.6 Membrane Resistance 

Membrane resistance is an important feature that needs to be monitored in order to 

understand the fouling mechanisms. Each type of resistance such as Resistance due to cake 

layer formation, due to membrane or due to concentration polarization provides in-depth 

knowledge about the phenomena of fouling. Furthermore, it also provides important 

information required for scale-up studies for Industrial implementation. It is also important 

to know about the type of resistances occurring in order to develop techniques for 

improvement in membrane rejection and overall membrane performance (Rezaei et al., 

2014).  
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2.3.6.1 Darcy’s law and Resistance in Series Model. In membrane filtration 

systems, Darcy’s law can be used to model water flow through the semi-permeable 

membrane. The following equation shows how the water flux is related to the total 

membrane resistance under Darcy’s law (Hassan et al., 2013):  

 

 𝐽 =
𝑇𝑀𝑃

µ .  𝑅t
 --------------------------------------------------------------- (7) 

 

Where,  

 

𝑇𝑀𝑃 =
𝑃𝑓+𝑃𝑟

2
− 𝑃𝑝 ------------------------------------------------------ (8) 

 

J is flux, TMP is transmembrane pressure, µ is dynamic viscosity of the feed water, 

RT is total resistance, Pf is feed pressure, Pr is retentate pressure and Pp is permeate 

pressure 

Rearranging the equation, 

 

𝑅𝑡 =
𝑇𝑀𝑃

µ .  𝐽
 -------------------------------------------------------------------(9) 

 

Thus, the equation can be used to find out the total resistance of the membrane. 

However, the above equation does not provide in depth knowledge about different types of 

resistances occuring in a membrane filtration system. Therefore, the Resistance in Series 
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model can be used for this purpose. The Resistance in Series model is used to quantify each 

type of resistance occuring due to different type of fouling mechanisms (Figure 4). 

 

 

Figure 4. Schematic representation of different resistances during filtration (Shirazi et al., 

2010) 

 

Thus, the total resistance (m-1) can also be expressed using the following Equation: 

 

𝑅𝑡 =  𝑅𝑚 +  𝑅𝐶 +  𝑅𝑐.𝑝 +  𝑅𝑖𝑓  -------------------------------------------(10) 

 

Rm is membrane resistance, Rc is resistance due to cake layer formation, Rc.p is 

resistance due to concentration polarization and Rif is resistance due to irreversible fouling. 

All these parameters can be measured as following (Rezai et al., 2011): 
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Table 3. Types of Membrane Resistance and their Measurement Methods 

Type of Resistance Measurement Method 

Rm + Rc +Rc.p. + Rif Permeate flux measurement at the end of the run 

Rm + Rif + Rc Water flux measurements in situ at the end of the run 

Rm + Rif After mechanical removal of the deposited cake layer on 

the membrane surface, gently with a sponge and a 20-

minute water flushing 

Rm Water flux measurement on a clean membrane. 

  

 

In some cases, the membrane resistance due to each fouling mechanism is not 

required to be calculated. Since, Rc, Rc.p and Rif represents resistance due to fouling (Rf). 

The equation can also be simplified to give the following: 

 

RT = Rm + Rf ---------------------------------------------------------------- (11) 

 

Since, there is no resistance due to fouling (Rf) for clean membrane, the Darcy’s 

law can be used to calculate the membrane resistance (Rm) as following: 

 

𝑅𝑚 =
𝑇𝑀𝑃

µ .  𝐽𝑜
 ------------------------------------------------------------------ (12) 

 

Where JO represents the initial membrane flux of clean water at the start of filtration 

experiment (Kumar et al., 2007). Thus, by combining the two equations, the membrane 

resistance due to fouling can be calculated as: 
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𝑅𝑓 =
𝑇𝑀𝑃

µ .  𝐽
 − 𝑅𝑚 ------------------------------------------------------------ (13) 

 

The flux loss after the filtration experiment can be calculated using:  

 

𝛥𝐽 =
𝐽𝑜−𝐽𝑠

𝐽𝑜
 𝑥 100 -------------------------------------------------- (14) 

 

Where JO is initial filtration flux and JS is the stabilized filtration flux during the 

experiment (Hassan et al., 2013).  

 

2.4 Membrane Fouling 

The major problem associated with the widespread use of membrane technology is 

Membrane fouling. It is a process in which particles/solutes present in feed water gets 

deposit on the surface of the membrane partially or completely blocking the membrane 

pores. The process results in decline in flux with time and increase in operating cost of a 

system. Membrane fouling can be of two major types i.e. Reversible and Irreversible 

fouling. As the name indicates, reversible fouling can be removed using different physical 

and chemical cleaning methods. On the other hand, irreversible fouling refers to the 

condition when membranes cannot be cleaned using either physical or chemical methods 

or thus permanent blockage results (Mansoor and Toraj, 2007). According to Brans et al. 

(2004), there are four mechanisms of membrane fouling i.e. 1) pore blockage, 2) formation 

of cake layer, 3) in-depth fouling and 4) adsorption (as shown in Figure 5). 
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Figure 5. Mechanism of membrane fouling 

 

International Union of Pure and Applied Chemistry (IUPAC) defines membrane 

fouling as a process that results in loss of membrane’s performance which could be because 

of dissolved or suspended solids’ deposition at the surface or inside the pore or at the pore 

opening (Aptel et al., 1996). In case of RO membrane, the possibility of pore blockage or 

depth fouling is less because of its pore-less structure. Therefore, fouling in RO usually 

occurs due the formation of cake layer (solids deposition) above the membrane surface. 

The membrane fouling causes decrease in flux, percentage rejection and deterioration of 

membrane structure and material (Flemming, 1997). The phenomenon of membrane 

fouling is complex and dynamic as it is affected and modified due to several factors such 

as the quality of feed water, pretreatment of feed water, operating conditions etc. 

Furthermore, type and nature of substances also dictate the fouling type and its kinetics. 

There are different types of fouling based on foulants that are participating in membrane 

fouling. However, each type does not occur individually. Instead, they occur together most 
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of the time and interact with each other to affect the membrane’s performance (Tang et al., 

2009 and Tang et al., 2011). 

 

2.4.1 Concentration Polarization (CP) and Fouling 

In addition to membrane fouling, concentration polarization is another phenomenon 

which results in decline in flux. The concentration polarization refers to the accumulation 

of solids near the surface of membrane with time. This accumulation of solids give rise to 

a boundary layer (called as gel layer) below which is the super-saturation of rejected 

substances from the membrane. However, the loss of flux due to this process can be 

partially restored by decreasing the pressure or feed concentration and also by increasing 

the crossflow velocity (Cheryan, 1998).  

In pressure driven membrane treatment systems such as RO, NF; the rejection of 

suspended and dissolved substances results at the feed waterside results in the 

accumulation of these rejected substances above the membrane surface, which eventually 

leads to the concentration gradient. Thus, the particles will move towards the membrane 

under the influence of pressure called as convective transport and there will be back 

diffusion of substances from the region above membrane surface to the bulk solution. Due 

to high pressure, convective transport rate will be higher than back diffusion rate, which 

leads to the formation of dense layer that contains significantly higher concentration of 

rejected substances. This phenomenon of formation of dense layer or boundary layer is 

called as Concentration polarization (abbreviated as CP) (Baker, 2004).  The concentration 

polarization has a major influence on the membrane fouling. If the concentration of salts 

of calcium or magnesium such as calcium sulfates increases its solubility limit in the 
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boundary layer, they will precipitate on the membrane surface causing membrane scaling. 

Furthermore, the concentration of nutrients are high at boundary layer. The concentration 

polarization provides optimum conditions for microbial growth causing biofouling (Paul 

and Abanmy, 1990). 

However, the increase in cross flow velocity generates turbulence above the 

membrane surface, which in turn reduces the concentration polarization and membrane 

fouling. Similarly, pressure affects the concentration polarization as increasing the pressure 

will enhance the convective transport of solutes towards the membrane.  

In some membrane modules, feed spacers are used to enhance the turbulence near 

the membrane surface and reduce the influence of CP (Paul and Abanmy, 1990, Sudak, 

1990). The ratio of concentration of solute at the surface of membrane to that in the bulk 

solution is called as concentration polarization factor and is given by the following 

equation: 

 

𝐶𝑃 =  
𝐶𝑚

𝐶𝑜
    ----------------------------------------------------------------- (15) 

 

2.4.2 Types of Fouling  

The general classification of membrane fouling includes organic fouling, inorganic 

fouling or scaling, colloidal fouling and biofouling (Chian et al., 2007). Membrane fouling 

usually occurs as a result of combination of different type of foulants. However, it is also 

possible that one foulant might be dominant over the other. It has been reported based on 

several fouling experiments that biofouling is the most common type of fouling 

constituting 48% as compared to other types (Khedr, 2002).  
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2.4.2.1 Organic Fouling  

The fouling that results due to the deposition of organic substances present in sea 

and wastewater is called as Organic fouling. They also act as a nutrient source for biofilm 

growth (Spyres et al., 2000). Although, the concentration of natural organic matter (NOM) 

present in seawater is less as compared to other substances, the fouling caused by NOM is 

generally harder than others (Shon et al., 2009). It has been shown that humic substances 

represent as much as 30% of the dissolved organic carbon content in seawater (Simon et 

al., 2012). The biochemical substances such as amino acids, lipids and carbohydrates also 

constitute nearly 30% of the dissolved organic matter and as much as 80% of the particulate 

organic matter (Ogawa and Tanoue, 2003). Organic fouling in RO can be reduced by 

pretreating the seawater. Thus, total organic carbon should be present in amount not more 

than 0.5 mg/l to avoid organic fouling.  

Generally, the total organic carbon content ranges from 1-10 mg/l in seawater that 

usually results from algal bloom. The major problem of organic foulants is that they 

comprise a major constituent in the biofilm and become a carbon source for 

microorganisms. Thus, organic content was found to be 60% of the biofilm layer by weight 

(Butt et al., 1997).  

 

2.4.2.2 Inorganic Fouling/Scaling 

Inorganic fouling is caused by inorganic constituents of feed water and is also called 

as scaling. Due to an increase in % recovery of RO membranes, the concentration of 

sparingly soluble inorganic salts such as calcium sulfates, calcium carbonates etc increases 
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above saturation level on the feed side of the membrane. As a result, these salts crystallize 

on the membrane causing membrane scaling (Shih et al., 2005). The scaling causes decline 

in flux and reduction in membrane life. Although various salts have been associated with 

membrane scale formation such as sulfates (SO4) and carbonates (CO3) of calcium, 

aluminum, magnesium and iron; calcium carbonate and calcium sulfate dihydrate (also 

called as gypsum) are the most common scalants found during desalination of water (Shih 

et al., 2005). The most common calcium sulfate scale minerals include anhydrite (CaSO4), 

hemihydrate (CaSO4·1/2H2O) and gypsum (CaSO4·2H2O) (Kan et al., 2005; Schausberger 

et al., 2009). The pH adjustment can help to reduce the scaling caused by calcium 

carbonate, whereas, it does not affect the precipitation of calcium sulfate (gypsum) (Shih 

et al., 2005). If a solution is supersaturated with respect to one or more calcium sulfate 

minerals, precipitation can occur according to the reaction: 

 

Ca+2 + SO4
-2 + xH2O → CaSO4.xH2O (x = 0 or ½ or 2) 

 

Concentration polarization also enhances the precipitation of inorganic salts as their 

concentration often exceeds the solubility limit near the membrane surface. Therefore, the 

extent of scaling depends upon the concentration of salts present in feed water e.g. sea 

water which is an aqueous solution of salts possess higher potential for scaling in RO 

membrane. These inorganic foulants such as nitrogen, phosphorus etc present in sea water 

also act as nutrients for microorganisms and therefore enhance the formation of biofilm on 

the membrane surface (Song et al., 2008, Van de Lisdonk et al., 2000).  

It has been noted that the amorphous solids comprised of alumino-silicates caused 
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scaling in hollow fiber RO membranes (Butt et al., 1995). In addition, it was also noted 

that scaling resulted due to the formation of calcium or magnesium phosphonates by the 

antiscalants themselves (Butt et al., 1995). Sometimes, the calcium ions (Ca+2) present in 

feed water may also create bonds with carboxylic functional groups and produce 

macromolecules which has potential for scaling and reducing the flow of permeate (Ang 

et al., 2006). Another research has also shown the involvement of calcium ions in the 

formation of scales with humic substances during sea water reverse osmosis (SWRO) 

(Monruedee et al., 2012).  

 

2.4.2.2.1 Stages in Scale Formation. The process of scaling can be divided into 

different stages. The first step is Induction in which nucleation occurs. The process of 

nucleation involves the complex organization of ions / molecules. The deposition step is 

then followed in which the nuclei thus formed will start depositing on the surface (Figure 

6). The adhesion / deposition step results due to Van der Waals and electrostatic forces as 

well as other type of interactions such as hydrophobic or ion bridging interactions. At the 

end, the aging period starts during which changes in crystal structure occurs (Antony et al., 

2011). 
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Figure 6. Contributing factors and steps in scale formation (adopted from Antony et al., 

2011) 

 

2.4.2.2.2 Surface and Bulk Scaling. Surface scaling occurs near the membrane 

surface as a result of supersaturation or due to the presence of substances responsible for 

crystals formation in the solution or due to the presence of conditions responsible for 

nucleation (Lee and Lee, 1999). Such conditions lead to the formation of scale at the 

membrane surface. When the supersaturation occurs in the bulk solution i.e. away from 

membrane surface, crystals will form away from membrane surface in the bulk solution 

and then settles on the membrane surface (Hasson et al., 1996). It is now accepted that 

mineral salt scaling occurs by both the deposition of bulk formed crystals onto the 

membrane surface and direct surface crystallization on the membrane surface (Figure 7) 

(Shih et al., 2005). 
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Figure 7. Conceptual representation of scaling (Shih et al., 2005) 

 

2.4.2.2.3 Factors Affecting Scaling. There are several factors that affects the 

formation of scale such as temperature, pH, membrane materials, geometry and roughness 

(Sheikholeslami and Ng, 2001; Hamrouni and Dhahbi, 2001). In addition, presence of other 

substances also enhances crystal growth and membrane scaling via providing nucleation 

sites. 

• Supersaturation. As discussed above, the main cause of scaling is the 

supersaturation of salts. Due to the increase of solubility product of calcium 

carbonate and calcium sulfate above the saturation value, their precipitation results 

on the membrane surface (Lee and Lee, 1999). 

• Velocity and Shear Rate. The velocity of feed water affects the boundary layer 

formation. Because the turbulence induced by increased cross flow velocity will 

wash away the accumulated solutes from the membrane surface and thus the 

concentration polarization and nucleation will not result. Other researchers 

(Alventosa-deLara et al, 2012; Nghiem et al, 2008) also reported similar results and 

they also linked the reduction in concentration polarization and membrane fouling 
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with rise in velocity. Thus, the scaling usually occurs in dead end zones where water 

flow velocity is low.  

• pH and Ionic Strength. The pH and ionic strength affect the supersaturation and 

rate of crystallization. The solubility of deposits such as calcium carbonate and 

magnesium hydroxide increase with the increase in pH (Sheikholeslami and Ng, 

2001).  Therefore, the deposition of such minerals can be controlled through pH 

adjustment. However, other deposits such as calcium sulfate’s (gypsum) solubility 

is not pH dependent and therefore, the pH adjustments will not help to control 

gypsum’s scaling. 

• Nucleation. The nucleation rate also affects the scale formation on membrane. The 

ions interact with each other to form clusters which act as a platform for more 

deposition of ions. However, for nucleation to occur, the barrier of activation 

energy of the nuclei should be overcome (Stumm and Morgan, 1981). 

• Temperature. The solubility of some salts such as calcium carbonate, calcium 

sulfate, calcium phosphate and magnesium carbonate, magnesium hydroxide etc is 

inversely proportional to temperature and thus, the solubility decreases with 

increase in temperature. However, at lower temperatures, the solubility of these 

salts will increase, and rate of crystallization will rise.  

 

2.4.2.2.4 Calcium Sulfate Scaling. The most common scalant fount in seawater 

desalination is calcium sulfate. The scaling caused by calcium sulfate deposition is also 

called as non-alkaline scale (Patel and Finan, 1999). The calcium sulfate is white in color 

and is quite like calcium carbonate in appearance. It mainly exists in three forms i.e. 
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calcium sulfate anhydrite (CaSO4), calcium sulfate hemihydrate (CaSO4.0.5H2O) and 

calcium sulfate dihydrate or gypsum (CaSO4.2H2O). The solubility of these forms of 

calcium sulfates are more than calcium carbonate (Patel and Finan, 1999). The most 

commonly occurring form of calcium sulfate is gypsum and it has a monoclinic prismatic 

crystal structure containing either four or eight molecules in the unit cell (Figure 8) (Shih 

et al., 2005).  

  The phenomenon of gypsum crystallization is complex and various factors such as 

temperature and pressure affect the rate of crystallization and crystal growth. Furthermore, 

the presence of other minerals and dissolved substances can also affect the formation of 

calcium sulfate or gypsum crystals (Trivedi et al., 2014). The solubility of gypsum 

decreases with temperature and possess maximum solubility at temperature range of 30-

40oC. In reverse osmosis applications, the gypsum is commonly found deposit where 

temperature is about 50oC. In other applications where temperature is higher, the calcium 

sulfate hemihydrate and anhydrite are more common (Amjad, 2013; Muryanto et al., 2013). 

The precipitation of calcium sulfate is not pH sensitive unlike other scalants like calcium 

carbonate (Shih et al., 2005). The crystals of calcium sulfate can be as hard rock or soft 

granules depending upon the conditions at the time of precipitations. Like other scalants, 

presence of other dissolved substances can affect the gypsum scaling. It has been shown 

that organic compounds containing carboxylate as functional group severely affected the 

formation of gypsum deposits on the membrane surface (Liu and Mi, 2014). 
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Figure 8. (a) Monoclinic gypsum crystal morphology (numbers in parenthesis represent 

crystal orientation); (b) SEM image of gypsum crystal on membrane (Shih et al., 2005) 

 

2.4.2.3. Colloidal/Particulate Fouling: 

The type of fouling that result due to the presence of colloidal or suspended 

particles is called as Colloidal or particulate fouling. The colloidal particles can be 

categorized as following in order of increase in their size: 

• Dissolved solids (<0.001 µm) 

• Colloidal solids (0.001 µm to 1µm) 

• Supra–colloidal solids (1 µm to 100 µm) 

• Settle able solids (>100 µm) 

 

The colloidal substances could be of organic or inorganic nature (Yiantsios et al., 

2005). Table 4 shows some examples of both organic and inorganic colloids (Yiantsios et 

al., 2005, and Ning, 1999).  
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Table 4. Organic and Inorganic colloids involved in Colloidal Fouling 

Organic colloids Inorganic colloids 

Fats,  Iron and manganese oxides   

Proteins,  Calcium carbonate 

Oil,  Sulfur and sulfides   

Carbohydrates Aluminum silicates 

Lipoproteins (secretions) Silica 

Kerogen (aged polysaccharides, marine snow)  

Humic–like substances  

Biological debris (plant and animal)   

Polysaccharides (gums, slime, plankton, fibrils)  

Microorganisms  

 

Membrane fouling results when these particles agglomerate and form a cake layer 

on the surface of membrane. The particulate colloids either already presents in feed water 

or they are formed because of concentration polarization. The colloids then agglomerate 

and settle down on the membrane surface forming a cake layer thereby causing membrane 

fouling. Several factors such as salinity, increase in concentration, flocculation, interaction 

with membrane surface and other physicochemical aspects affect the cake layer formation.   

The inorganic colloids such as Aluminum silicates undergo polymerization reaction 

and by interacting with other organic and inorganic matter to form fouling layer.  Similarly, 

organic colloids such as proteins, oils and polysaccharides also enhance membrane fouling. 

Therefore, it is not easy to differentiate between fouling caused by organic and inorganic 

colloids (Yiantsios et al., 2005). Same as other type of fouling; the colloidal fouling also 

depends upon the quality of feed water, membrane roughness etc. Therefore, if the 

membrane surface is smooth, the colloidal fouling rate will be less (Zhu and Elimelech, 

1997). 
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2.4.2.4. Biofouling  

Biofouling refers to the formation of biofilm by the attachment and subsequent 

microbial growth on membrane surface (Chen et al., 2006). The Microorganisms can 

survive at wide temperature (-12°C to 110°C) and pH (0.5-13) ranges (Baker and Dudley, 

1998). Biofouling is major problem in RO plants especially in Middle East countries like 

Qatar where temperature of seawater entering the plants exceeds 25˚C which is optimum 

temperature for microbial growth (Al-Ahmad et al., 2000). It has been found that 

biofouling is most frequently occurring type of membrane fouling in membrane filtration 

plants. Thus, 82% RO plants in USA (Ridgway and Flemming, 1996) and 70% of RO 

plants treating sea water worldwide suffer from the problem of biofouling (Khedr, 2002).  

The microorganisms are usually present in water systems. Therefore, they affect 

the membranes irrespective of type of feed water (Rodriguez and Penate 2012, Pang et al., 

2005). It has been shown that the gram-negative bacteria are most common in causing 

biofouling in membrane systems such as Proteobacteria or Bacteroidetes (Ivnitskya et al., 

2010). It is also reported that the living bacterial cells causes the flux decline more than the 

biofilm made by dead cells. Furthermore, the EPS secreted by bacteria causes more 

hydraulic resistance than the bacteria themselves. The EPS are comprised of 

polysaccharides and proteins linked to functional groups such as phenolic alcohols (OH), 

methoxycarbonyls (CH3-O-CO) and carboxylic acids (COOH) (Tsuneda et al., 2003). The 

balance between the rate of attachment of microbial cells, their growth rate and their 

detachment rate govern the formation of biofilm (Wang et al., 2013).  

Biofilm formation affects the RO performance in several ways. It increases the 
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hydraulic resistance for the feed stream flow and reduces the transmembrane pressure. This 

will ultimately result in decline of membrane’s permeate flux and membrane rejection 

(Wang et al., 2013). Alternatively, the biofilm formation sometimes acts as an additional 

barrier to the salt passage through the membrane, which enhances the membrane salt 

rejection.  

During the initial stage of biofilm formation and growth, if the growth conditions 

are favorable, bacteria will grow rapidly which causes steep decline in permeate flux within 

the starting few days of membrane filtration operation. After reaching the threshold, the 

biofilm growth gets stable, which causes fewer declines in flux compared to initial days of 

operation. In membrane filtrations, the biofilm mostly results in the first membrane element 

of multi-elements membrane system or in the feed spacer of the membrane system.  

 

2.4.2.4.1 Steps in Biofilm formation. Typically, a biofilm develops through a series 

of following five phases.  

• Development of conditioning film: The biofilm formation starts with the 

development of conditioning film. This step involves adsorption and deposition of 

different substances (both organic and inorganic in nature). These organic and 

inorganic species are either present in water or released from microorganisms. The 

deposition of these substances helps in the attachment of living cells present in water. 

This step takes place before the attachment of cells (Ghayeni et al., 1998). The 

conditioning of membrane surface occurs within few minutes (Melo et al., 1988)  

In literature, there is no information related to the characterization of the substances 

forming conditioning layer on the membranes in desalination plants. However, 
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researchers have studied the phenomenon in different materials such as glass and steel 

and found that substances like humic acids (Loeb and Neihof, 1975) proteins 

(Compere et al., 2001) and carbohydrates (Garg et al., 2009) constitutes major part of 

conditioning film. The formation of the layer changes both physical and chemical 

properties of the membrane such as hydrophobicity, roughness and surface tension. 

The changes in membrane properties thus also aids in cells attachment to the surface.  

• Transport of Microorganisms to the membrane surface: Several factors play a role 

in bringing the microorganisms near the membrane surface and enhancing their contact 

with the surface. The factors include motility of microbes, permeate drag forces and 

diffusion. The operating conditions such as pressure and flow rate also play important 

role in bringing microorganisms near the membrane surface and consequently their 

attachment and growth on the membrane (Mansouri et al., 2010).  

• Microorganisms adhesion to the surface: In order to grow and form a biofilm layer, 

bacteria need to adhere to the surface of the membrane. Thus, it is the primary step in 

biofilm formation (Costerton et al., 1994). The bacterial attachment can be reversible 

and irreversible. During reversible adhesion, the bacteria gets detaches due to shear 

forces generated by feed stream. However, during irreversible adhesion, the bacteria 

secretes extracellular polymeric substances (EPS) which helps them to anchor the 

surface of the membrane (Subramani and Hoek, 2010). 

• Microbial growth: The main step of biofilm formation is microbial cells growth that 

results following microbial cells adhesion. The nutrients availability and operating 

conditions affect the growth of bacteria. The step usually occurs within days to weeks. 
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Some bacteria also release EPS, which helps them to protect the bacterial colonies thus 

formed.  

• Detachment and Dispersion. The final step is the detachment of bacteria and their 

dispersion into the feed stream. This takes place over weeks and months and depends 

upon hydrodynamic conditions and biofilm physiology.  

In literature, the process of biofilm formation has also been described in slightly 

different way as shown in Figure 9 (Monroe, 2007). This shows that the biofilm formation 

starts with initial (reversible) attachment followed by irreversible attachment, initial and 

final growth and then dispersion. However, the mechanism remains same as the process 

starts with the reversible and irreversible attachment of microorganisms followed by their 

growth and dispersion. As previously explained, there are several factors affect the 

formation such as flow rate of feed stream, nutrients availability and temperature. 

 

 

Figure 9. Five steps of Biofilm formation (1: Initial attachment, 2: Irreversible attachment, 

3: Initial growth, 4: Final growth, 5: Dispersion) (Monroe, 2007) 
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2.4.2.4.2 Factors affecting Biofilm formation. There are several factors that play 

a role in biofilm formation pertaining to surface of membrane, feedwater characteristics 

and type of microorganisms (Table 5).  The electrostatic and Vander Waal forces govern 

the attachment of bacteria to the surface. Furthermore, the type of membrane material 

(Flemming and Ridgway, 2009) and characteristics such as hydrophobicity (Daniels, 1980; 

Ridgway et al, 1985) and electrostatic charge (Daniels, 1980) also affects this step. It has 

been shown that the increase in ionic strength enhances attachment of bacteria. According 

to Mceldowney et al. (1986) increase in ionic strength increases the microbial adhesion. 

The effect of pH was also studied on three species of Pseudomonas on NF and RO 

membranes and it was shown that there was an increase in rate of attachment with increase 

in ionic strength of the medium (Ghayeni et al., 1998). Other factors such as cross flow 

velocity and back diffusion also affects the process of bacterial attachment to surface of 

membrane (Kang et al., 2004). The inorganic substances present in feed stream form 

crystalloids that settles on the membrane surface. These inorganic crystalloids enhance 

membrane roughness which is favorable for bacterial attachment and adhesion (Han and 

Lin, 2009). 

 

Table 5. Factors affecting Biofilm Formation (Nguyen et al., 2012; Flemming and 

Ridgway, 2009) 

Membrane Surface Feed water conditions Microorganisms 

Conditioning film Flow rate / shear rate Type (Bacteria / Fungi) 

Hydrophobicity/Hydrophilicity Nutrients availability Species 

Surface roughness Temperature EPS production 

Membrane Porosity pH Concentration of 

microbes 
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Membrane Surface Feed water conditions Microorganisms 

Surface charge Dissolved substances Adaptability / 

Physiological responses 

Membrane material/ 

configuration 

- - 

 

The composition of feed stream also affects the biofilm formation. It was reported 

that the feed stream despite having high substrate composition but with lack of phosphate 

substances caused less biofouling. Thus, antiscalants used in RO membranes may contain 

phosphate substances which will enhance the biofilm formation (Vrouwenvelder et al., 

2010). 

Due to the ability of microorganisms to grow and multiply at a much faster rate, 

even 99.9% removal of microorganisms does not prevent biofouling (Flemming, 1997). In 

terms of membrane materials, polysulfone and polyamide membranes promote more 

microbial growth than other materials (Flemming and Ridgway, 2009). Furthermore, the 

membrane configuration also affects the biofouling. It has been noted that spiral wound 

membrane configuration promotes higher bacterial growth as the environment inside the 

spiral wound membrane has optimum growth conditions in terms of temperature and low 

cross flow velocity and turbulence (Al-Ahmad et al., 2000). 

The water flow rate affects the biofilm formation by increasing the loading rate of 

nutrients to the microorganisms and by increasing the shear rate (Dreszer et al., 2013). The 

shear rate also affects the biofilm morphology. It was found that the low shear rate causes 

the biofilm more filamentous and compact as compared to high shear rate (Vrouwenvelder 

et al., 2010). 

Several researches have focused on the kinetics and dynamics of biofilm formation 
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on membranes. It was found that Gammaproteobacteria and Betaproteobacteria are the 

groups of bacteria that form biofilm on NF membrane despite the presence of less nutrients 

in feed stream (Horsch et al., 2005). Similarly, Bereschenko et al. (2010) analyzed the 

biofilm layer formed after 4, 8, 16 and 32 days in membranes and found that the biofilm 

was mainly formed by Sphingomonads (class Alphaproteobacteria). The techniques 

utilized in the study include both molecular (denaturing gradient gel electrophoresis, 

fluorescence in situ hybridization and cloning) and microscopic (field emission scanning 

electron microscopy and confocal laser scanning microscopy. Furthermore, the technique 

of 16s rRNA T-RFLP (terminal restriction fragment length polymorphism) was also 

utilized to characterize the biofilm on membrane and it was found that Leucothrix mucor 

(Gammaproteobacteria) was about 30% of the clone library (Zhang et al., 2011). 

 

2.5 Anti-Biofouling and Anti-Scaling 

Several techniques have been introduced and implemented to avoid biofouling and 

mineral scaling on RO membranes. Since many factors plays role in formation of mineral 

scales as discussed in previous sections; different treatment techniques are designed to 

tackle those factors and ultimately to reduce the RO scaling. The pretreatment techniques 

may include changes in feed water composition by addition of coagulants (coagulation) to 

remove scalants before RO step, softening of feed water through ion-exchange technique 

and changes in pH to enhance solubility of scales. In addition, other techniques such as 

addition of antiscalants, limiting product recovery etc have also been proposed and tested 

(Antony et al. 2011). Similarly, techniques to reduce biofouling may include removal of 

microorganisms from feed water and several disinfection techniques such as chemical, 
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thermal, UV light electrical and ultrasound techniques (Al-Juboori and Yusaf, 2012).  

In addition, efforts have also been made to improve the membranes through 

membrane coating and making them resistant to fouling. The techniques used for 

membrane coating may include physical coating, grafting (using techniques such as free 

radical, plasma/redox induced technique, photochemical technique (Bhattacharya and 

Misra, 2004)) or during membrane synthesis / fabrication (Louie et al. 2006). Most of the 

membrane coating techniques targets to enhance the membrane surface properties to make 

them resistant to fouling/scaling. However, modifying the characteristics of RO membrane 

may sometimes lead to other problems such as net negative charge on the surface will 

attract positively charged other fouling substances leading to enhanced fouling due to those 

substances. Similarly, hydrophilic membrane will have enhanced fouling due to 

hydrophilic compounds present in feed water (Kwon et al. 2004). 

 

2.5.1 Membrane coating using polymers and nanomaterials for anti-biofouling  

Since, biofouling occurs in a sequence of steps explained in Section 2.5.2.4.1; the 

anti-biofouling strategies focus on to stop biofouling by preventing one or more of these 

stages to happen such as preventing the bacterial adhesion to membrane surface or biofilm 

growth. This is achieved by modifying membrane surface to improve the features that are 

linked with membrane fouling potential such as surface roughness and charge, 

hydrophobic/hydrophilic properties etc. Since, the bacterial surfaces have negative charge 

in water (Hori and Matsumoto, 2010); the negative charge on the membrane introduced 

through coating helps to create repulsion between membrane and bacteria and avoids 

microbial attachment. Similarly, the hydrophilicity of membrane surfaces enhances its 
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interaction with water molecules instead of microorganisms and therefore, inhibits their 

attachment and growth (Al-Juboori and Yusaf, 2012).  

Different polymers have been used for membrane coating to impart anti- biofouling 

properties into the RO membrane. Figure 10 shows the comparison of different polymers’ 

performance against biofouling of RO membranes. For example, 80% reduction in 

biofouling result (Figure 10) when the polyamide RO membrane was coated with 

polysulfobetaine (Ginic-Markovic et al. 2015). This was achieved by increasing the 

hydrophilicity and surface smoothness of the membrane. Water contact angle analysis 

showed that the contact angle reduced from 62 ± 1° to 16.8 ± 2° after coating. Furthermore, 

transmission electron microscopy showed that the membrane surface smoothness has 

significantly enhanced after modification of membrane surface with polysulfobetaine 

polymer. 

Similarly, Blok et al. (2014) modified the polyamide RO membrane via 

polymerization process in two steps i.e. the layer of 2-bromoisobutyryl bromide initiator-

polydopamine (BiBBr-initiator-PDA) was formed on the membrane surface followed by 

grafting of polymer chains of [2-(methacryloyloxy) ethyl-trimethylammonium chloride 

(MTAC). The results showed that modified membrane (abbreviated as PDA-g-PMTAC) 

had relatively higher hydrophilicity than unmodified membranes. Furthermore, the results 

clearly show that the modified membrane possess promising anti-biofouling properties as 

shown in Figure 10. 

Thus, it can be concluded from Figure 10 that several polymers have been used 

against biofouling and showed satisfactory performance. However, to the best of our 

knowledge, there is no research done related to polymer coating to reduce scaling. Instead, 
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antiscalant polymers such as poly acrylic acid and poly maleic acid have been used in feed 

water to reduce scaling.  

 

 

MPC: 2-methacryloyloxyethyl phosphorylcholine; ADMH-MBA: 3-allyl-5,5-dimethylhydantoin (ADMH) 

crosslinked by N,N′-Methylenebis(acrylamide) (MBA); CPPC: Cationic phosphorylcholine polymer; PDA-

g-PMTAC: Poly [2-(methacryoyloxy) ethyl]trimethylammonium chloride; Z – PCBAA: Zwitterionic 

structures containing polycarboxybetaine acrylic acetate (PCBAA); HEMA-PFDA: Hydrophilic 

hydroxyethyl methacrylate (HEMA) and the hydrophobic perfluoro decylacrylate (PFDA); GO*: Graphene 

oxide layer in both polyamide active and polysulfone support layer; GO: Graphene oxide embedded TFC 

membrane 

Figure 10. Example of some polymers and nanomaterials used recently for anti-biofouling 

research. (Chae et al. 2017, Chae et al. 2015, Ginic-Markovic et al. 2015, Shafi et al. 2015, 

Blok et al. 2014, Matin et al. 2014, Saeki et al. 2014a, Saeki et al. 2014b, Zhang et al. 2013) 

 

Other than modifying the membrane surface features using polymers, antimicrobial 

89.2

80

96.9 96.9
93.2

98 99

77

98

0

20

40

60

80

100

P
er

ce
n
ta

g
e 

re
d
u

ct
io

n
 i

n
 b

io
fo

u
li

n
g



 

71 

 

agents in the form of nanomaterials have also been used in membrane coating such as 

graphene oxide (Chae et al. 2017), zwitterion functionalized carbon nanotubes (Chan et al. 

2016) and silver nano-particles (Rahman et al. 2014) into the RO membrane. Among these 

antimicrobial nanomaterials, graphene oxide has been given importance due to their unique 

properties in terms of mechanical strength, high surface area (Ong et al. 2016) and anti-

microbial properties (Chen et al. 2014; Yu et al. 2013). The GO inhibits biofilm formation 

by producing reactive oxygen species or by removing lipid contents from bacteria thereby 

deactivating them or by changing the membrane surface charge (Ong et al. 2016). Recently 

a novel approach was adopted by embedding GO layer into both polyamide active layer 

and polysulfone support layer (Chae et al. 2017). The resulted membrane showed 77% 

improvement in antibiofouling capabilities and 17% increase in permeability. This is 

because of changes in surface charge, roughness, and hydrophilicity of the modified 

membrane. The CLSM images of the modified membranes in comparison with bared 

membranes clearly showed that the biofilm formed on modified membranes was 

significantly less than bared membranes. 

 

2.5.2 Membrane coating using nanomaterials for anti-scaling.  

Nanomaterials have also been used in membrane coating to enhance the membrane 

flux and thereby enhancing antiscaling capabilities such as graphene oxide (Chae et al. 

2017), silica (Bao et al. 2013 and Yin et al. 2012), carbon nanotubes (Zhang et al. 2011), 

titanium dioxide (Kim et al. 2016) and zwitterionic structures (Chan et al. 2013) (Figure 

11). The increase in permeability was achieved through providing water transport network 

structures in the membrane. Titanium dioxide is famous for membrane coating due to their 
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properties such as chemical stability, photocatalytic activity, high membrane flux and low 

cost. Therefore, these materials are used for membranes to reduce fouling (Buonomenna, 

2013). Recently, Kim et al. (2016) proposed a novel sol gel-derived spray coating method 

for coating titanium dioxide nano particles on reverse osmosis membranes. The coating 

resulted in negative charge on the membrane surface with hydrophilic properties. Thus, the 

coated membrane showed 25% increase in flux as compared to non-coated membrane 

which showed its enhanced resistance to fouling/scaling.  

The comparison shown in Figure 11 reveals that nanotubes such as zwitterion 

functionalized carbon nanotubes and multiwalled carbon nanotubes have shown 

tremendous improvement in terms of membrane permeability and antiscaling properties as 

compare to other materials. Thus, the ability of carbon nanotubes (CNTs) to reject 

substances simultaneously providing path for water flow through the membrane has made 

these nanomaterials successful in membrane technology. The research group of Chan et al. 

(2013) showed that incorporation of zwitterion functionalized CNTs into polyamide 

membrane increased the membrane flux from 6.8 to 20.7 gallons/ft3/day (more than 2-fold) 

with just slight increase in percentage rejection. In addition to CNTs, zeolite nanomaterials 

are another type of nanomaterials that have shown their potential to improve RO 

membranes. Due to their ability to enhance molecular sieving mechanism and adsorption 

through providing cation exchange sites; the zeolite has shown to improve permeability 

more than 75% as well as increase in percentage rejection by about 5 % (Fathizadeh et al. 

2011). 
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Figure 11. Enhancement of permeate flux using some nanomaterials for RO anti-scaling 

research. (Chae et al. 2017; Kim et al. 2016; Bao et al. 2013; Chan et al. 2013; Yin et al. 

2012; Fathizadeh et al. 2011; Zhang et al. 2011) 

 

Although membrane modifications using nanomaterials and polymers have 

achieved great attention and considerable success have been achieved in terms of reduction 

in mineral scaling and biofouling. However, there are some issues related to their 

widespread usage at larger scale. The issues related to economic feasibility, complicated 

operation and maintenance process, time consuming membrane modification process, 

mechanical strength and durability are some key issues associated with their use at large 

scale (Ong et al. 2016). In addition, statistics have shown that 500 research papers haven 

been published to address the issue of biofouling during last 10 years. Similarly, 

researchers have also put efforts on to reduce scaling caused by carbonates and sulphates. 
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However, it can be deduced that the researchers have tried to resolve one of the two 

problems (biofouling and scaling) at a time. Since, the two problems often co-exist in RO 

systems and may also help to promote each other such as microbial mediated precipitation; 

there is need to look for solutions to tackle both issues together. Therefore, novel materials 

such as combination of both or individual polymers and nano materials needs to be 

introduced and tested for their ability to reduce both scaling and biofouling simultaneously. 

 

2.6 Analytical techniques used to characterize scaling. 

There are several techniques used for the characterization of scaling. By knowing 

the chemical composition of the deposits, it helps to understand different processes that are 

involved in scale formation. There are two types of techniques i.e. Destructive and Non-

Destructive. The Nondestructive techniques provides information about the chemical 

composition of the deposits as well as the links between the scalants and other substrates. 

Whereas, the destructive techniques provide information about the elemental profiles of 

the deposits and their degree of reactivity. Visual techniques help to explain the structure 

of the scales formed and their characteristics such as hardness and porosity. In addition, 

information about degree of crystallinity, the size of crystals and their morphologies can 

also be obtained using these techniques. The detailed analysis of the deposits helps the 

investigator to develop the best antiscaling strategy, its mechanism of action, its 

effectiveness and cleaning protocols for the membrane (East et al., 2015). 

 

2.6.1 Scanning Electron Microscopy (SEM)  

SEM offers more quantitative approach as compared to light microscopy, which 



 

75 

 

relies on qualitative analysis of deposits. In SEM, elemental analysis is done including 

images that are collected from secondary electrons and back scattered electrons from the 

specimen. Back scattered electrons show about the density differences in the area, which 

is based on the atomic number of atoms in the sample. Whereas, secondary electrons help 

to generate image of high resolution that shows topography of scales and deposits with 

details up to 100 nm sale.  In order to avoid the charge buildup in the sample and its damage, 

the specimen should be coated with gold or carbon as a conductive material. However, 

coating is not required for backscattered imaging for elemental analysis as the coating itself 

may become the source of contamination. However, carbon coating can be done which 

does not affect the results of elemental analysis significantly (East et al., 2015). 

The working principle of SEM relies on striking the beam of electrons on the 

surface of the specimen and then detecting the interactions of electron beam with the 

surface. After the electrons beam hits the surface, it will eject electrons from the (electron 

orbital of) atom on the surface. These ejected electrons are called as Secondary electrons, 

which is used to generate an image on the computer. The electron, thus, emitted from the 

inner orbital will be replaced by the electron from the outer orbital releasing x-ray. The 

energy of the x-ray depends upon the atom and therefore, it is called as characteristic x-

ray. These radiations are then detected using x-ray detector to perform the elemental 

analysis of the foulants which tells both the nature of foulants as well as their amounts 

present. This is called as Energy dispersive spectroscopy (EDS).  

The atoms present in the deposits may also scatter the electron beam without losing 

energy. When this electron beam reflected from the sample, it is detected using backscatter 

detector. The atoms with higher atomic number reflect more electrons leading to brighter 
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image of these atoms. Thus, the image from these backscattered electrons is used to 

understand and know about the density differences in the area. 

It is important to obtain information about the elemental profile of the scales and 

deposits. The techniques such as ICP and XRF do provide such information. However, 

sample preparation processes for these techniques causes loss of structural information of 

scales and therefore, EDS-SEM technique is useful for this purpose. The drawback for EDS 

technique is that the sample preparation is a time-consuming process. 

Elemental mapping; a form of EDS is another technique that can be used for the 

analysis of elements in scales. It analyzes each point separately and then produces a profile, 

which provides information about the elements present in scale as well as their distribution 

throughout the specimen.  Thus, combining all these techniques in SEM will be helpful for 

the analysis of scales and deposits. 

 

2.6.2 X-ray Diffraction (XRD)  

This technique is used for the mineral’s identification in deposits and scales. Both 

powder diffraction and surface techniques are used. In these techniques, the x-ray of known 

wavelength strikes on the surface and its diffraction pattern is then recorded as shown in 

Figure 10. The pattern is the product of the incident and reflection angle from the surface, 

the distance between crystal planes within the sample. When the x-ray will incident on the 

sample, some rays will be reflected from the surface while some travels into the crystal 

planes and then reflected (Atkins and De Paula, 2002) (Figure 12). Since, the crystalline 

materials have their own characteristic distances between their crystal planes; this 

information is used for the identification of crystalline phases in the sample. Thus, X-ray 
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diffraction technique is useful in getting the details about the crystalline phases of the 

sample. Furthermore, it can also be used to estimate the non-diffracting content (i.e. 

amorphous part) of the sample.  

 

 

Figure 12.  Principle of X-ray diffraction, where d is the distance between crystalline planes 

(Atkins, 2002) 

 

2.6.3 X-ray Fluorescence (XRF).  

This technique is used to perform the elemental analysis of the scales / deposits. 

The principle is same as Energy dispersive spectroscopy in SEM. However, the only 

difference is that XRF uses X-rays instead of electron beams. Thus, the X-rays are used to 

emit the electron from the inner orbital (lower energy orbital i.e. K-shell) which is then 

replaced by the electrons from outer orbitals (higher energy orbital i.e. M-shell or L-shell). 

The electrons from the outer orbital releases the energy (x-ray fluorescence) upon moving 

to inner orbitals (as shown in Figure 13) which is then detected to perform elemental 

analysis of the scale. The technique depends upon the penetration capability of the X-rays 
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and fine details are difficult to obtain since the size of sample is usually in mm range 

(Seltzer, 1993). The requirement of sample preparation is less in XRF techniques. 

However, it is important to ensure that the sample fits in the sample holder. 

 

 

Figure 13. X-ray Photoelectron and X-ray Fluorescence Spectroscopy (Seltzer, 1993)  

 

It has been shown that the XRF is useful technique for scale analysis. This 

technique has been utilized to characterize the amorphous deposits as well which cannot 

be detected by other techniques such as XRD. Thus, the identification of aluminosilicates, 

calcium / magnesium phosphonates have been done on RO membranes using XRF 

technique (Butt et al., 1995). It can also be used in combination with SEM and XRD to 

confirm the elemental analysis of deposits and scales.  

 

2.6.4 X-ray Photoelectron Spectroscopy (XPS).  

XPS; also called as Energy spectroscopy for Chemical analysis; is a technique to 
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analyze the atomic structure, the electronic structure of an atom and ionization energies. 

This is done by irradiating the atoms/elements/sample with X-rays to eject the electrons 

and then measuring the kinetic energy of the ejected electrons and number of electrons 

ejected from the sample. This helps to know about the chemical elements of the materials 

and about the nature of chemical bonds exist in the material. It is a non-destructive surface 

analysis technique (Briggs and Seah, 1990).  

The energy of the ejected photoelectrons is measured using electron detector and 

information is given in terms of intensity against binding and kinetic energy. The energy 

is usually expressed in eV. 

 

BE = hʋ – KE -------------------------------------------------------------------- (16) 

 

Where, BE is the binding energy of an electron core electron, h is Planck’s constant, 

ʋ is the frequency of the exciting radiation, and KE is the kinetic energy of an emitted 

electron. 

 

2.6.5 Fourier Transform Infrared Spectroscopy (FTIR).  

FTIR is another technique that can also be used for analyzing scales and deposits. Infrared 

Spectroscopy helps to gather information about the functional groups and chemical species 

present in scales. The technique does not only detect the presence of CaCO3 in scales but 

it can also differentiate between the presence of CaCO3 in calcite, vaterite, aragonite and 

amorphous forms due to difference in the vibrational frequencies of C-O bonds in these 

substances (Al-Hamzah et al., 2014). In organic chemistry, FTIR is widely used technique 
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and is mainly suitable for detection of humic substances in deposits (Al-Amoudi and 

Lovitt, 2007, Melian-Martel et al., 2012).  

  Attenuated Total Reflectance- Fourier Transform Infrared spectroscopy (ATR-

FTIR) is also used for determining the functional groups present in scale surface. In this 

technique, infrared radiations are reflected from the surface made from diamond (Tay and 

Kazarian, 2007), germanium (Tang et al., 2007) or zinc selenide (Xu et al., 2010) crystal 

and the sample. Consequently, radiations with wavelengths corresponding to the molecular 

vibrations of substances present will be absorbed while reflecting the radiations of different 

wavelength which will help to obtain reflectance spectra.   

 

  Table 6. Comparison of Different Techniques used to Study Membrane Scaling 

Technique Analysis Type Technique Type Detection Limit Information type 

Visual inspection and 

Light Microscopy 

Scaling surface layer 

and cross section 

Qualitative 

Non-destructive 

w100 mm for 

visual, 

100 nm for light 

Surface morphology 

and layering 

SEM - Secondary 

electron 

Surface, cross-

section 

Quantitative 

Non-destructive 
>50 nm Surface morphology 

SEM - Backscattered 

electrons 

Surface, cross-

section 

Quantitative 

Non-destructive 
>50 nm Density distribution 

SEM – Energy 

Dispersive 

Spectroscopy (EDS) 

Bulk, surface, cross-

section 
Semi quantitative  0.1 wt% Elemental analysis 

SEM - Elemental 

mapping 

Bulk, surface, cross-

section 
Semi quantitative  0.1 wt% Elemental analysis 

Fourier Transform 

Infra-red 

Spectroscopy (FTIR) 

Bulk, surface Destructive  
Chemical composition, 

chemical mapping 

X-ray fluorescence 

(XRF) 
Bulk and surface Quantitative 

Bulk samples 

>500 mg 
Elemental analysis 
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Technique Analysis Type Technique Type Detection Limit Information type 

X-ray diffraction 

(XRD) 
Bulk and surface 

Quantitative and 

Qualitative 

  

Variable 

depending on 

crystallinity and 

composition. 

Quantitative crystalline 

phase determination 

or qualitative crystalline 

phase detection. 

X-ray Photoelectron 

Spectroscopy (XPS) 
Surface Quantitative Lesser amounts 

Elemental analysis and 

Chemical bonding  

Raman Spectroscopy 
Bulk, Surface, 

Cross-section 
 >1 µm 

Chemical composition 

and mapping 

Thermogravimetric 

analysis 
Bulk Quantitative 5-50 mg Phase determination 

ICP – MS 
Bulk (digested 

scale) 
Quantitative In ppm, ppb, ppt,  Elemental analysis 

HPLC Bulk Quantitative  

Organic content 

(carbohydrates, organic 

acids) 

Tof-SIMS Surface Quantitative  

Organic content on the 

surface (amino acid, 

polymers) 

 

 

2.6.6 Other Techniques.  

There are several other techniques that are used for characterization of scales such 

as Raman spectroscopy, ICP-MS, Thermogravimetric analysis etc. In Raman spectroscopy, 

the sample will scatter the monochromatic light in-elastically resulting in the loss or gain 

of energy in frequencies that are specific to the molecular vibrations of the sample (Table 

6). Thus, the Raman spectroscopy is the form of vibrational spectroscopy and it uses 

smaller wavelengths which is suitable for mapping surfaces that can be done at a resolution 

of around 5 mm. This technique is good for exploring and investigating inorganic surfaces 

and can easily differentiate between scales of carbonates and sulfates. However, this 

technique is not as efficient as FTIR for resolving specific chemical species (Siozos et al., 

2013). 



 

82 

 

In scaling studies, Thermogravimetric analysis is used for quantifying the changes 

in mass due to change in temperature. The changes in mass occur due to the loss of water 

content and formation of gases like CO2 loss from carbonate scales. Thus, mass loss is 

quantified to determine the changes in scales as a function of temperature.   

 The ICP-MS is a bulk analysis technique that can be used for identifying and 

determining the concentration of elements after dissolving scale samples in acid. 

Furthermore, it can also be used to analyze the feed solution itself to determine its scaling 

potential and mechanism of scaling. However, the drawback of ICP is that the sample 

should be analyzed in the form of solution.  

Similarly, there are several other techniques that can be utilized for the deposit’s 

analysis such as HPLC (high performance liquid chromatography), atomic spectroscopy 

and Tof-SIMS (time of flight – Secondary ion mass spectrometry). HPLC is used in scaling 

studies for determining the organic content (such as carbohydrates and organic acid) of 

scales and deposits whereas, Tof-SIMS being a surface technique; can be used to determine 

organic content such as amino acids and polymers with atomic mass unit up to 10,000 on 

the surface of the scales with depth of about 5 – 10 nm. 
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CHAPTER 3: METHODOLOGY2 

 

3.1 Investigating effect of calcium ions and temperature on scaling3 

 

3.1.1 Membranes used 

Thin film composite RO polyamide membranes (ESPA – Energy saving 

polyamide) were obtained from Hydranautics Inc. (USA). The graphene oxide (GO) 

functionalized RO membranes were obtained from our collaborators (Cao et al., 2018), to 

carry out initial studies during Objective 1. However, the GO functionalization was also 

done as part of research during Objective 4.  

 

3.1.2 Model scaling solutions 

In seawater of Arabian Gulf, the concentration of calcium ions varies from 225 - 

500 mg/L (Matin et al., 2019). Considering the percentage RO recovery of 30-70%, the 

concentration of calcium ions can exceed 130 mM (Hasson et al., 2001; Rahman, 2013). 

All the scaling experiments were performed using different solution compositions chosen 

to represent the expected conditions of calcium ions in feedwater and to ensure that the 

solution is supersaturated with respect to different polymorphs of calcium sulfate: 

anhydrite (CaSO4), bassanite (CaSO4·1/2H2O) and gypsum (CaSO4·2H2O). In this 

research, CaCl2 and Na2SO4 salts were used to prepare solutions with Ca+2 and SO4
-2 

 

2 Contents of this chapter have been published in various International Journals. 
3 This content has already been published. Reference: Ashfaq, M.Y., Al-Ghouti, M., Qiblawey, H., Zouari, 

N. 2020. Investigating the effect of temperature on calcium sulfate scaling of reverse osmosis membranes 

using FTIR, SEM-EDX and multivariate analysis. Sci. Total Environ. 703, 134726. 
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concentrations between 20 mM and 150 mM (Table 7). The prepared CaCl2 and Na2SO4 

solutions were allowed to equilibrate for 24 h with the atmospheric CO2 before being 

mixed. After mixing, the ionic strength (IS), pH, and saturation indices (SI = log ([Ca+2] 

[SO4
-2]/Ksp), where [Ca+2] and [SO4

-2] are the activities of calcium and sulfate ions, 

respectively and Ksp is the solubility product) of the solutions with respect to gypsum, 

bassanite, and anhydrite were calculated using geochemists’ workbench (GWB, V11.0). 

The calculations at 30 ⁰C are shown here in Table 7. Solution with 30 mM Ca+2 and SO4
-2 

(#2, Table 7) will be saturated with respect to only gypsum; while solutions with 50 and 

100 mM Ca+2 and SO4
-2 (#3 and #4, Table 7) will be saturated with both gypsum and 

anhydrite. Based on classical nucleation theory (CNT) (Lee et al., 1999), bulk mineral 

precipitation in solution is likely to occur for highly supersaturated solutions, while surface 

precipitation is more dominant for slightly supersaturated solution. For example, for 

solution #5, bulk gypsum precipitation in solution is likely to occur as the solution is highly 

supersaturated to gypsum (SI = 0.83); while bassanite is likely to precipitate on RO 

membrane surfaces, since the solution is only slightly supersaturated with respect to 

bassanite (SI = 0.08). Hence, it is expected that different polymorphs of CaSO4 on RO 

membrane will result due to membrane scaling at all these different concentrations (Table 

7, Solution #1 to #5). Different morphologies of CaSO4 polymorphs will have different 

effects on the performance and properties of the membranes. The membrane performance 

was monitored in terms of salt rejection, flux decline over time and changes in terms of 

membrane resistance. The presence of different polymorphs was analyzed using XRD, 

FTIR, and SEM-EDX. To investigate the effect of temperature on membrane scaling, the 

operating temperature of feedwater was varied as 5, 15, 25, and 35⁰C for Solution 1 and 3.  
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Table 7. Solution compositions and SI of different polymorphs of calcium sulfate at 30⁰C. 

Solution 

# 

Concentration of ions (mM) 
pH 

SI 

bassanite 

SI 

anhydrite 

SI 

gypsum 
Na+ Cl- Ca+2 SO4

-2 

1 40 40 20 20 5.68 -0.8898 -0.2608 -0.1329 

2 60 60 30 30 5.69 -0.6852 -0.0561 0.0712 

3 100 100 50 50 5.70 -0.4349 0.1946 0.3208 

4 200 200 100 100 5.72 -0.1037 0.5263 0.6499 

5 300 300 150 150 5.73 0.0878 0.7185 0.8395 

 

3.1.3 Membrane filtration experiments 

The membranes were cut into appropriate sizes and were rinsed using deionized 

(DI) water thoroughly before use. The bench-scale membrane filtration setup was 

constructed (Figure 14) to carry out membrane scaling experiments. The feedwater was 

supplied from 20 L tank using high pressure feed pump (Baldor Reliance Industrial Motor) 

to the inlet situated at the base of the crossflow membrane filtration cell (CF042, Sterlitech 

Corporation, USA). The transmembrane pressure (TMP) was controlled through valves at 

the feedwater and concentrate water lines. The temperature in the feed water was controlled 

by recirculating the concentrate water line through the circulating water chiller to the feed 

tank. To maintain the feed water conditions, the experiments were performed in total 

recycle mode. To investigate the effect of temperature and concentration of ions, the 

operating conditions were fixed at 35 bars (TMP), 3 LPM (flow rate), 55.74 cm per second 

(crossflow velocity) and 30 ⁰C (temperature). Whereas, to investigate the performance of 

RO and modified RO membranes (prepared during this project), the operating conditions 

were varied as 20 bars (TMP), 1 LPM (flow rate), and 25 ⁰C (temperature). 

The experiments were performed in two steps. In first step, the membranes were 
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conditioned at desired operating conditions for 1-2 h using ultrapure water. In second step, 

the feed water was switched to model scaling solution (Table 7) and the resulting effect on 

flux decline over time was monitored until stable permeate flux was obtained. The effect 

of membrane scaling on salt rejection was calculated by measuring the conductivity of 

permeate and feed water samples using an electrical conductivity meter (HACH, HQ440d, 

multi). The membrane permeate flux, normalized permeate flux, %salt rejection, total 

membrane resistance and resistance due to fouling were calculated using Equations 

provided in Section 1.2.  

 

 

Figure 14. Process flow diagram of the membrane scaling experiments (Ashfaq et al., 

2020a). 

 

Furthermore, the mass of crystals formed on the membrane surface (Mt) can be 

calculated using the following mass balance Equation (17): 

 

  𝑀𝑡 =  𝐶𝑓𝑉𝑓 −  𝐶𝑟𝑉𝑟 −  𝐶𝑝𝑉𝑝 ---------------------------------------------(17) 
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Where, Cf, Vf, Cr, Vr, Cp and Vp are the concentration and volume of solutes in feed, 

retentate and permeate water samples, respectively (Lee et al., 1999), which was measured 

using ion chromatography (850 Professional IC, Metrohm).  

Using thin film model, the degree of concentration polarization (CP) can be 

calculated using Equation (18) (Zydney, 1997) 

 

𝐶𝑃 =  
𝑐𝑚

𝐶𝑏
 = exp ( 

𝐽

𝑘
 )---------------------------------------------------------(18) 

 

𝑅𝑂 =  1 −  
𝐶𝑝

𝐶𝑓
 ------------------------------------------------------------------(19) 

 

Where, Cm and Cb are the concentration of solutes near the membrane surface and 

in the bulk solution, respectively. The solute mass transfer coefficient is denoted by k 

which was calculated from Sherwood relations which is given by Equation (20).  

 

𝑆ℎ = 𝑘 . (𝐿
𝐷⁄ ) ----------------------------------------------------------------(20) 

 

Where L is the length of the channel (9.207 cm) and D is the solute diffusion 

coefficient (1.23 x 10-5 cm2/s). Sherwood number was calculated using Leveque solution 

for laminar wall mass transfer in a rectangular channel using Equation (21).  

 

𝑆ℎ = 1.47  (𝐿
𝐻⁄ )

2
3⁄  (µ. 𝐻𝑣)

1
3⁄  (𝑣

𝐷⁄ )
1

3⁄  -------------------------------(21) 
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Where, H is the height of the channel (0.23 cm), µ is the average crossflow velocity 

of the membrane cell frame (55.4 cm/s), 𝑣 represents solution kinematic viscosity (0.007 

cm2/s). 

 

3.1.4 Scaled membrane characterization 

After the second step of filtration experiment was completed i.e. recirculation of 

model scaling solution, the membrane was removed and was subsequently air-dried for 1 

h before subsequent analysis. To characterize the precipitates on the scaled membrane, 

Fourier Transform Infra-red (FTIR) spectroscopy, X-ray diffraction (XRD) and Scanning 

Electron Microscopy (SEM) – Energy-dispersive X-ray (EDX) spectroscopy techniques 

were used.  

During FTIR analysis, the spectra of 400-4000 cm-1 was obtained using Perkin Elmer 400 

spectrum instrument (UATR – Universal Attenuated Total Reflectance) and the spectra of 

the scaled membrane was compared with that of pure gypsum and virgin membrane (as 

blank). Through XRD analysis, the polymorphs of calcium sulfates were identified using 

PANalytical (Empyrean / Netherland). The SEM-EDX analysis was done using Nova™ 

NanoSEM 50 Series (FEI Company) and the images of the scaled membrane were captured 

at different magnifications. 

 

3.1.5 Contact angle measurements 

The changes in the hydrophilic properties of the membrane due to scaling was 

investigated through contact angle analysis which was measured using sessile drop method. 
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The water droplet of 2 µl was released onto the membrane surface placed in contact angle 

device (OCA15Pro, Germany). The contact angle was measured using SCA20 software 

after 5 seconds, at the minimum of 10 locations and the average water contact angle was 

then calculated.   

 

3.1.6 Multivariate Analysis 

Different mathematical and statistical methods known as Chemometric, are 

developed for the extraction of important information from the data obtained from 

chemical measurements. PCA is one of the technique for multivariate analysis that can 

serve the purpose of extracting useful information and interpreting the variance in 

multivariate data set (Ashfaq et al., 2019a). In this research, PCA was used for the 

categorization of flux decline over time data obtained, which aided in differentiating effect 

on permeate flux decline in response to different solution conditions. Hence, the variables 

were the two type of membranes (RO and GO-RO) and five different concentrations of 

ions in feedwater (Table 1), whereas, the observations were the normalized permeate flux 

values obtained. PCA was carried out using The Unscrambler (v10.4, Camo Analytics, 

Magnolia, TX, USA) using Singular value decomposition (SVD) algorithm.  

 

3.2 Isolation, Identification and Differentiation of antiscalant degrading bacteria4 

 

 

4 This content has already been published. Reference: Ashfaq, M.Y., Al-ghouti, M.A., Qiblawey, H., 

Rodrigues, D.F., Hu, Y., Zouari, N. 2019a. Science of the Total Environment Isolation, identification and 

biodiversity of antiscalant degrading seawater bacteria using MALDI-TOF-MS and multivariate analysis. 

Sci. Total Environ. 656, 910–920. 
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B 

A 

3.2.1 Seawater Samples Collection 

Samples were collected from both onshore and offshore marine environment 

(Figure 15A) including locations nearby a desalination plant (Figure 15B). The sample 

containers were autoclaved before use. Sample bottles were labelled after collection as per 

sample location and date of collection. The samples were then stored at 2 – 8 ᵒC before 

subsequent analysis. 
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Figure 15. Seawater sampling locations map (A) 7 sampling locations; (B) Enhanced view 

showing two sampling sites situated near desalination plant (QONSW – Qatar Onshore 

seawater, QOFSW – Qatar offshore seawater) 

 

3.2.2 Isolation of Microorganisms from Seawater 

 

3.2.2.1 Media Preparation. 

 Two types of media (mineral salt medium (MSM) and Luria Bertani (LB)) were 

prepared for the isolation of seawater microorganisms. MSM media was prepared as (g/L) 

4 ammonium nitrate, 2 disodium hydrogen phosphate, 0.53 potassium dihydrogen 

phosphate, 0.17 potassium sulphate, 0.1 Mg.SO4.7H2O, 20 Agar, 35 NaCl and 2 Glucose 

as carbon source. Trace element solutions (1 mL in 1 L media) was prepared as (g/L) 0.1 

EDTA, 0.042 ZnSO4, 0.178 MnSO4, 0.05 H3BO3, 0.1 NiCl2. Luria Bertani (LB) medium 

was prepared as (g/L): 10 tryptone, 5 yeast extract, 10 NaCl and 15 Agar.  

 

3.2.2.2 Membrane Filtration. 

 Seawater samples were filtered through 0.45 µm membrane filters. The filters were 

subsequently placed in LB and MSM media. Filtration was repeated thrice for each media 

and the sample volumes were 10, 20, and 30 mL. Plates were incubated for 24 to 72 h at 

30 ᵒC. Results were collected using colony counter instrument (SC6plus, Stuart colony 

counter, Bibby Scientific Ltd., Staffordshire, UK). Each type of colony was sub-cultured 

into new LB / MSM media for further analysis. 
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3.2.3 Screening of Antiscalant degrading Bacteria 

 

3.2.3.1 Initial screening using monomer antiscalant.  

Initial screening was carried out using antiscalant monomers i.e. acrylic acid 

(molecular weight: 72.06 g/mol from Sigma-Aldrich, South Korea) and maleic acid 

(molecular weight: 116.07 g/mol from Sigma-Aldrich, St. Louis, Missouri, USA). MSM 

media was used as described in Section 2.2.1. Glucose, used as carbon source, was replaced 

with respective antiscalants with concentration of 20 mg/L. During each experiment, 

glucose containing media was also used as a positive control. Fresh cultures were sub-

cultured in monomer antiscalant containing solid medium and incubated for 7 days at 30 

ᵒC. 

 

3.2.3.2 Bacterial Growth Kinetics.  

To study the growth kinetics of bacteria in antiscalant containing medium, five 

types of liquid MSM media as per the carbon source i.e. glucose/acrylic acid/maleic 

acid/poly acrylic acid/poly maleic acid (at 1 g/L) were used. The poly acrylic acid 

(molecular weight: 1800 g/mol) was obtained from Sigma-Aldrich (St. Louis, Missouri, 

USA) and poly maleic acid was supplied by 2A Biotech, (Lisle, Illinois, USA). The pH of 

the media was maintained at 7 + 0.5 by adding appropriate amount of 0.1M NaOH (Sodium 

hydroxide). The isolates were freshly cultured in solid LB medium. After 24 h incubation 

at 30 ᵒC, colonies were then harvested in sterile water and the calculated volume was 

transferred to all liquid MSM media to obtain the OD of 0.1. These liquid cultures were 

incubated at 37ᵒC and 180 rpm in shaking incubator (Innova40, New Brunswick Scientific, 
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Connecticut, USA) until analysis is complete. Microbial growth was monitored through 

optical density (OD) at 600 nm using UV/Vis. spectrophotometer (Model: 6715, Thermo 

fisher scientific, Staffordshire, UK) and through serial dilution for the colony forming unit 

“CFU” determination. The specific growth rate was calculated through determining the 

slope of the exponential phase of bacterial growth curve.  

 

3.2.4 Identification of isolates by MALDI-TOF MS 

 

3.2.4.1 Sample Preparation.  

The ethanol/formic acid method for protein extraction was adopted as reported by 

Bibi et al., (2018), as commonly used and generally recommended method by the 

manufacturer for identification through MALDI-TOF MS (Model: microflex LT/SH from 

Bruker Daltonics, Germany). Briefly, loop full of freshly grown bacterial cultures in solid 

LB medium were suspended in water (300 µl) and then in ethanol (900 µl) followed by 

centrifugation at 13,000 rpm for 2 min. The pellet obtained was then mixed with equal 

volume of formic acid (70%) and acetonitrile (100%). The resultant supernatant (extracted 

bacterial proteins) after centrifugation was then used for the identification and protein 

profiling using MALDI-TOF MS technique. 

 

3.2.4.2 Identification of Microorganisms.  

For identification, 1 µL of the sample was deposited on MALDI biotarget plate and 

was subjected to dry at room temperature. The dried sample spot was then overlaid with 1 

µL of CHCA (a-cyanohydroxycinnamic acid) matrix provided by the manufacturer for 
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crystallization of proteins in the sample. The MALDI biotarget plate was then loaded into 

the MALDI-TOF instrument. The sample spots were labeled in MALDI Biotyper Real 

Time Classification and identification process was initiated. The identification score from 

0 to 3 on a logarithmic scale was then used to express the level of mass spectral 

concordance with the database.  

 

3.2.4.3 Mass Spectra Acquisition.  

Bruker Flex Control software was used to acquire protein profiles of the isolated 

strains. Two sample spots for each strain were used and three protein profiles were obtained 

for each spot to obtain six profiles per strain. These profiles were then analyzed and 

processed using Flex Analysis and Biotyper RTC 3 software.  

 

3.2.4.4 Differentiation of Microorganisms (MALDI-TOF MS and PCA).  

Differentiation of isolated strains was carried out through combining the techniques 

of MALDI-TOF-MS and PCA. The raw peak spectra were processed through baseline 

subtraction, smoothing and then peak detection using default algorithms in Flex Analysis 

3.4. Briefly, the protein spectra with relative peak intensities (2000 – 20,000m/z) of isolated 

strains were divided into 3600 classes, each class with the width of 5 m/z. This is done to 

accommodate the mass accuracy of database-matching algorithm i.e. 0.08% (Kehramann 

et al., 2016). The relative peak intensities were calculated through the ratio of peak intensity 

to the base peak (the peak with highest intensity) and multiplying by 100. The data about 

the m/z classes with the relative peak intensities from different strains was then fed to PCA 

using singular value decomposition (SVD) algorithm in The Unscrambler x 10.5 software.  
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3.3 Interaction between microorganisms and antiscalants on RO membranes5 

 

3.3.1 Media Preparation 

 Mineral salt medium (MSM) was prepared as (g.l-1) namely, 4 ammonium nitrate, 

2 disodium hydrogen phosphate, 0.53 potassium dihydrogen phosphate, 0.17 potassium 

sulfate, 0.1 Mg.SO4.7H2O, 20 Agar, and 35 NaCl. Trace element solutions (1 mL in 1 L 

media) were prepared as (g.l-1), 0.1 EDTA, 0.042 ZnSO4, 0.178 MnSO4, 0.05 H3BO3, and 

0.1 NiCl2. Four carbon sources were used separately as (1g.l-1); glucose (G+MSM), acrylic 

acid (AA+MSM), maleic acid (MA+MSM), and poly acrylic acid (PAA+MSM).  

 

3.3.2 Inoculum preparation 

 The strain of H. aquamarina strain was inoculated in Luria Bertani (LB) medium 

containing (g.l-1); 10 tryptone, 5 yeast extract, 10 NaCl and 15 Agar. After 24 h of 

incubation at 37˚C in shaker set at 250 rpm, the bacterial culture was used for inoculum 

preparation in sterile distilled water.  

 

3.3.3 RO Membrane 

 Polyamide TFC (thin film composite) RO (Energy Saving Polyamide – ESPA 2) 

membrane was acquired from Hydranautics Inc. – USA. Membranes were stored at 4-8˚C 

in deionized (DI) water. The membrane samples were cut into desired sizes, thoroughly 

 

5 This content has already been published. Reference: Ashfaq, M.Y., Al-ghouti, M.A., Qiblawey, H., Zouari, 

N. 2019b. Evaluating the effect of antiscalants on membrane biofouling using FTIR and multivariate analysis. 

Biofouling 35 (1), 1–14. 
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washed with running DI water and then stored in DI water at room temperature for 24 hours 

before experiment. Initial characteristics of the membrane include pure water flux (5.1 + 

0.1 L m-2 h bar-1), surface roughness (74.98 + 5.60 nm), and salt rejection (99.0 + 0.1 %). 

 

3.3.4 Biofilm growth assay 

Polyamide TFC RO membranes (approx. 1.5 x 0.8 cm) were first rinsed with 70% 

ethanol and distilled water and were subsequently placed at the bottom of the 24-wells 

microtiter plate in a way that the active polyamide surface faces the medium. Four MSM 

liquid mediums were prepared as explained in Section 2.1 with different carbon sources 

i.e. glucose / acrylic acid / maleic acid / poly acrylic acid. MSM liquid medium without 

any carbon source was also prepared.   2 mL of each medium was added into each well 

followed by the addition of 40 µl of inoculum to finally achieve OD600 nm = 0.1. The 

microtiter plate was then incubated for 48 hours at 30⁰C at 180 rpm (Figure 16). The 

negative controls included MSM (no carbon source) with Bacteria and MSM (containing 

either acrylic or maleic or polyacrylic acid or glucose) without Bacteria. The positive 

control included MSM with glucose as carbon source and bacteria. 

 

3.3.5 Qualitative analysis of biofilm  

Qualitative analysis of biofilm formed on RO membranes was done through Fourier 

transform Infra-Red (FTIR) spectroscopy (Perkin Elmer 400 FTIR instrument). RO 

membranes were transferred to sterile petri dishes and were subjected to oven drying for 2 

hours at 35⁰C. The membranes were then subsequently subjected to FTIR analysis 

(Spectrum 400 FTIR from PerkinElmer using UATR) and spectra from 4000-400 cm-1 
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were obtained.  

 

3.3.6 Quantitative analysis of bacterial cells in biofilm (Serial dilution) 

Quantitative analysis of the bacterial cells in biofilm formed on RO membranes 

was done through measuring CFU counts as previously described by Lutskiy et al. (2015). 

Briefly, RO membranes after incubation, were transferred to centrifuge tubes containing 5 

mL of sterile water. The tubes were subjected to sonication for 2 minutes followed by 

vertexing for few seconds. This step was done to ensure biofilm detachment from RO 

membranes. The detached bacterial cells were then serially diluted and plated on LB 

medium. After incubation for 48 hours at 30 ℃, colony forming units (CFU) were counted 

and viable number of bacteria were then determined.  

 

 

Figure 16. Qualitative and Quantitative analysis of biofilm formation conducted in 24-

wells microtiter plate (modified from Lutskiy et al. 2015; Jung et al. 2018) 
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3.4 Interaction between Seawater Microorganisms and CaSO4 scaling6 

 

3.4.1 Seawater microorganisms 

In this research, three isolates of Pseudomonas fragi (P. fragi), and Halomonas 

aquamarina (H. aquamarina) and one isolate of Pseudomonas stutzeri (P. stutzeri) and 

Carnobacterium maltaromaticum (C. maltaromaticum) were used to investigate their 

ability to induce calcium sulfate precipitation. These strains were previously isolated in the 

framework of their ability to biodegrade antiscalants used in RO systems (Objective 2). 

However, C. maltaromaticum was newly isolated and identified through Matrix assisted 

laser desorption ionization – time of flight mass spectrometry (MALDI-TOF MS) 

following same protocol as described above. C. maltaromaticum was identified with the 

score of 2.43 in MALDI-TOF MS, which is considered as highly probable species level 

identification. All the strains were stored in 30% glycerol at – 80 ⁰C in Microbial strains 

bank at Qatar University and were revived before experimentation.  

 

3.4.2 Bacterial growth medium 

For the growth and preparation of fresh and pure cultures, Luria Bertani (LB) 

medium was used. LB medium was prepared as (g/L): 10 tryptone, 5 yeast extract, 10 NaCl 

and 15 Agar. The strains were routinely cultured by surface streaking on solid LB medium 

to obtain fresh, viable cells before each experiment.  

 

6 This content has already been published. Reference: Ashfaq, M.Y., Al-Ghouti, M.A., Al-Disi, Z., Zouari, 

N. 2020. Investigating the microorganisms-calcium sulfate interaction in reverse osmosis systems using 

SEM-EDX technique. J. Env. Chem. Eng. 8, 103963. 
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3.4.3 Modified media for biomineralization studies 

LB medium was modified to investigate the biomineralization of calcium sulfate. 

For this purpose, salts of sodium sulfate (Na2SO4) and calcium chloride (CaCl2) were added 

to LB medium. To investigate the effect of calcium and sulfate ions, the concentration of 

Ca+2 and SO4
-2 were varied as 20, 30 and 50 mM in the “modified LB medium”. The 

modified LB media were then designated as LBM1 (Ca+2 and SO4
-2 = 20 mM, 800 mg/L), 

LBM2 (Ca+2 and SO4
-2 = 30 mM, 1200 mg/L), and LBM3 (Ca+2 and SO4

-2 = 50 mM, 2000 

mg/L). Since, the concentration of Ca+2 and SO4
-2 are same in each media type, therefore, 

the concentration is referred with Ca+2 only during the discussion. 

 

3.4.4 Biomineralization studies using solid media 

Modified LB media plates were inoculated with selected bacterial strains by surface 

streaking and were then incubated aerobically for 3 weeks at 30 ℃. The formation of 

crystals in the plates were monitored through light microscopy at alternate days. All the 

experiments were carried out in triplicates and modified LB media plates without 

inoculated bacteria were used as controls.  

 

3.4.5 Biomineralization studies using liquid media 

Modified LB liquid media were used to investigate the formation of calcium sulfate 

crystals in suspended growth cultures. Briefly, 25 mL of freshly prepared autoclaved 

modified LB medium (LBM3) were added to 50 mL sterile centrifuge tube. The medium 

was then inoculated with appropriate volume of freshly prepared bacterial inoculum to 
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achieve the initial optical density at 600 nm (OD600) equal to 0.1.  

Polyamide RO membranes obtained from (Hydranautics Inc. USA) were sterilized 

by thoroughly washing with running distilled water several times before soaking them in 

ethanol for 30 min. After soaking, the membranes were washed again with autoclaved 

distilled water to remove residual ethanol from their surface. Two pieces of membrane (1 

cm x 1 cm) were then added to the cultures to investigate the interaction of microorganisms 

and calcium sulfate at the membrane surface. Then the cultures were incubated for up to 

14 days at 30 ℃ and 150 rpm in shaking incubator (SSI10R-2, Sheldon Manufacturing 

Inc., USA). After the end of experiment, membrane pieces were removed, dried and then 

immediately analyzed using scanning electron microscopy – energy dispersive x-ray 

spectroscopy (SEM-EDX) (Nova™ NanoSEM 50 Series, FEI Company). The liquid 

cultures were then filtered through 0.2 µm membrane filter to recover any crystals formed 

in the liquid medium and the filters were subsequently analyzed through SEM-EDX. To 

calculate the amount of calcium ions precipitated as CaSO4, the filtrate was also analyzed 

through Ion chromatography (850 Professional IC, Metrohm).  The biofilm layer formed 

at the bottom of the centrifuge tubes was also analyzed. All the experiments were 

performed in triplicates. Modified LB medium without bacteria as well as mixture of 

Na2SO4 and CaCl2 were used as controls.  

To investigate the kinetics of precipitation and effect of different concentrations of 

ions, similar protocol was adopted but the incubation times were varied as 1, 3 and 7 days 

and all the three modified LB media (LBM1, LBM2, and LBM3) were used.  

 

3.4.6 Effect of calcium and sulfate ions on bacterial growth 
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To investigate the effect of calcium and sulfate ions on bacterial growth, freshly 

prepared cultures of isolates were first harvested in LB to make an inoculum. Then, the 

specific volume of the inoculum required to reach OD600 equal to 0.1 was transferred to 

centrifuge tubes containing 25 mL of the freshly prepared and autoclaved LBM3 (Ca+2 and 

SO4
-2 = 50 mM, 2000 mg/L) and LB media, the latter being used as control. The liquid 

cultures were then incubated at 30 ℃ and 150 rpm in shaking incubator (SSI10R-2, 

Sheldon Manufacturing Inc., USA). The growth of strains was estimated through OD600 

measurements using UV/Vis. spectrophotometer (Model: 6715, Thermo fisher scientific, 

Staffordshire, UK) and also through spreading serial dilutions on LB solid plates for the 

colony forming unit “CFU” determination (Bibi et al. 2018). The specific growth rates 

were calculated through determining the slope of the exponential phase of bacterial growth 

curve. 

 

3.4.7 Protein profiles of biomineralizing strains 

To investigate the role of bacterial proteins in formation of calcium sulfate crystals, 

the protein profiles of bacteria growing in LB (used as control) and LBM3 (used as 

biomineral forming) media were analyzed and compared. Briefly, one selected strain of H. 

aquamarina (QOFSW-1 (#1)) was freshly cultured on LB and LBM3 solid plates. The 

plates were checked periodically for formation of minerals using light microscopy. After 

incubation for 4-7 days, the formation of crystals in LBM3 solid plates were noted. Then, 

as many as 10 colonies of bacteria were deposited to MALDI Biotarget plate as spots. Once 

air-dried, the spots were overlaid with 1 μL of CHCA (a-cyanohydroxycinnamic acid) 

matrix provided by the manufacturer for crystallization of proteins in the sample. The 
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MALDI biotarget plate was then loaded into the MALDI-TOF instrument (Model: 

microflex LT/SH from Bruker Daltonics, Germany). The protein profiles were then 

obtained using Bruker Flex Control software available in the instrument. 

 

3.4.8 Statistical analysis 

Principle component analysis (PCA), a type of multivariate analysis, was used to 

discriminate protein profiles obtained for bacteria growing in LB and LBM3 medium. The 

protein profiles were directly subjected to PCA using Flex Analysis and Biotyper RTC 3 

software available in MALDI-TOF MS. Inferential statistics such as t-test was performed, 

where needed, using MS Excel 2016.  

 

3.5 Development of polymer modified graphene oxide coated RO membranes) 

 

3.5.1 Materials and Chemicals 

Thin film composite RO polyamide membranes (ESPA – Energy saving 

polyamide) were obtained from Hydranautics Inc. (USA). Graphene oxide sheets (Code: 

763713-250MG) and other chemicals used during GO functionalization which includes i.e. 

N-hydroxysuccinimide (NHS, 98%), Ethylenediamine (ED, BioXtra), HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC, 98%), and MES monohydrate (>99.0%, BioXtra), 

were obtained from Sigma Aldrich, USA. Acrylic acid (molecular weight: 72.06 g/mol) 

used as antiscalant was also acquired from Sigma-Aldrich, South Korea. 
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3.5.2 Functionalization of RO membranes with Graphene oxide (GO) nanomaterials 

The functionalization of RO membrane with GO was done using previously 

reported procedure (Cao et al., 2018; Perrault et al., 2013) (Figure 17). In brief, the carboxyl 

groups on the membranes were converted to amine-reactive esters by exposing the 

membrane surface to coating solution “A” which contained 4 mM of N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, 98%), 10 mM of N-

hydroxysuccinimide (NHS, 98%) and 0.5 M Sodium chloride (NaCl) prepared in 10 mM 

MES monohydrate (>99.0%, BioXtra) at pH = 5 for one hour. The amide bond between 

ethylenediamine (ED, BioXtra) and activated esters were then formed by reacting the 

membrane with coating solution “B” which contained 10 mM of ED, 0.15 M NaCl 

prepared in 10 mM of HEPES(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer 

at pH=7.5 for 0.5 hour. To convert the carboxyl groups of the commercially available GO 

to amine-reactive esters, GO was first dispersed in MES buffer at pH = 6, and probe 

sonicated for 20 minutes to ensure good suspension. Then, centrifugation was done for 30 

minutes and the supernatant was diluted in MES buffer. 2 mM of EDC and 5 mM of NHS 

were then added to the solution (named as coating solution “C”) and the reaction was 

allowed to proceed for 15-20 minutes. The free amine groups of ED on RO membrane 

surface were then bonded to amine-reactive esters of GO by exposing the membrane 

surface to coating solution “C” for 1 hour at pH = 7.2. At the end, the membrane was 

washed with DI water twice and bath sonicated for two minutes to detach any non-reacted 

GO nanoparticles. 

 

3.5.3 Polymerization of acrylic acid or maleic acid on GO@RO membranes 
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The acrylic acid (AA) or maleic acid (MA) of 0.01 and 0.02 wt% were prepared 

and poured on the GO coated RO membrane. Immediately after pouring, the membrane 

was exposed to irradiation powers (Medium H1, 600W) for 40s time. The reaction was 

then allowed to proceed for 60 minutes. The excess solution was then disposed of and the 

membrane was exposed to hot air (at 70⁰C) for 5 minutes (Figure 17). Upon completing 

the procedure, the membrane was washed thoroughly to remove excess unreacted AA 

solution. The modified membranes were designated as PAA-GO@RO and PMA-GO@RO 

for 0.01 wt% and PAA-GO@RO* and PMA-GO@RO* for 0.02 wt%, respectively.
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3.5.4 Membrane permeability and separation experiments 

The pure water permeability (PWP) and percentage salt rejection was measured for both 

RO and modified RO membranes. The crossflow membrane filtration setup was used 

to carry out all filtration experiments. Briefly, the feedwater from high-pressure feed 

pump (Baldor Reliance Industrial Motor) was supplied to the inlet of membrane 

filtration cell (CF042, Sterlitech Corporation, USA). The temperature of feedwater was 

maintained by passing the concentrate water line through recirculating water chiller to 

the feed tank. The experiments were performed at fix operating conditions i.e. trans-

membrane pressure (25 bars), flow rate (1 L/h) and temperature (25 ℃) and in total 

recycle mode. The PWP (L/m2/h/bar) was measured using Equation 22. 

 

𝑃𝑊𝑃 =  
𝑄𝑝

∆𝑃 .𝐴
 --------------------------------------------------------(22) 

 

Where, Qp represents permeate water flow rate (L/h), A is the effective membrane area 

(m2), and ∆P is the trans-membrane pressure (bar). 

 

3.5.5 Membrane scaling experiments 

The membrane scaling experiments were performed in calcium sulfate solution 

as reported above. Briefly, the salts of CaCl2 and Na2SO4 were prepared to have 

concentration of Ca+2 and SO4
-2 ions equal to 800 mg/L (20 mM) (Table 7). The scaling 

experiment was carried out in two steps. First step was pre-conditioning in which the 

membrane was subjected to 20 bars pressure and 1 L/min flow rate using pure water 

for 2 hours. Then the pure water was replaced with calcium sulfate solution to start the 

scaling experiment. The bench-scale membrane filtration setup was used (Figure 14) to 

carry out these experiments. The feed water (pure water or calcium sulfate solution) 
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was supplied from 20 L tank using a high-pressure feed pump (Baldor Reliance 

Industrial Motor) to the inlet situated at the base of the crossflow membrane filtration 

cell (CF042, Sterlitech Corporation, USA). The temperature of feed water was 

controlled by recirculating the concentrate through the water chiller to the feed tank. 

To maintain the saturated conditions, the experiments were performed in total recycle 

mode at operating conditions outlined in Table 1. The transmembrane pressure (TMP) 

was controlled through valves at the feedwater and concentrate water lines.  

 

3.5.6 Membrane biofouling studies 

In this research, the Halomonas aquamarina (H. aquamarina) strain isolated 

previously from Gulf seawater (Ashfaq et al., 2019a) was used. This strain has 

demonstrated its ability to use antiscalants as a source of carbon and energy and cause 

biofouling. The bacterial strain was preserved in 30% glycerol at –80 ⁰C in Microbial 

strains bank at Qatar University and reviving was done before biofouling studies. To 

confirm the purity and identity of strain, the fresh bacterial culture was re-identified 

using Matrix assisted laser desorption ionization – time of flight Mass spectrometry 

(MALDI-TOF MS) following same protocol as previously reported (Ashfaq et al., 

2019a; Bibi et al., 2018). The bacterium was again identified as H. aquamarina ruling 

out any contamination/impurity during preservation.  

The antibacterial activity of membranes can be determined through 

bacteriostasis rate determination as it is commonly used technique in the literature 

(Duan et al., 2015; Yu et al., 2013). Briefly, both modified and unmodified RO 

membranes were weighted to obtain 0.05 g of membrane samples, which were then 

washed thoroughly with running distilled water followed by soaking them in 70% 

ethanol. After 30 min, the membranes were washed again with autoclaved distilled 
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water to ensure removal of residual ethanol from their surfaces.  

Luria Bertani (LB) medium was freshly prepared comprising (g/L): 5 yeast 

extract, 10 tryptone and 10 NaCl. Then, 10 mL of LB liquid medium was added to 50 

mL sterile centrifuge tube and was inoculated with appropriate volume of freshly 

prepared bacterial inoculum to reach initial OD600 (optical density at 600 nm) equal to 

0.1. The membranes samples were then added to this centrifuge tube to investigate their 

impact on bacterial growth following incubation for 18 hours at 30 ℃.  The actual 

number of cells at t = 0 (beginning of experiment) and at t = 18 h (end of experiment) 

were calculated using standard serial dilution method. The antibacterial activity 

(bacteriostasis rate, BR) of the membranes was then calculated using Equation 23:  

 

𝐵𝑅 =  
𝑛𝑜− 𝑛1

𝑛𝑜
 𝑋 100 --------------------------------------------------(23) 

 

Where 𝑛𝑜 is the number of colonies on the plates treated with control membrane 

(unmodified RO), while 𝑛1 is the number of colonies on the plates treated with modified 

membranes.  

 

3.5.7 Inhibition of minerals precipitation and microbial growth, simultaneously 

The inhibition of both minerals precipitation and growth of bacteria was done 

using modified LB medium. Thus, LB medium was prepared as described in section 

2.4 and was then supplemented with salts of Na2SO4 and CaCl2 to attain the 

concentration of Ca+2 and SO4
-2 equal to 800 mg/L in the “supplemented LB medium”. 

This supplemented growth medium helped to explore the formation of calcium sulfate 

crystals in suspended growth cultures. Briefly, 25 mL of freshly prepared autoclaved 

growth medium was added to 50 mL sterile centrifuge tube followed by addition of 
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bacterial inoculum to obtain initial OD600 equal to 0.1. As mentioned in section 2.4; the 

membrane samples were sterilized by soaking them in ethanol for 30 min followed by 

washing them with autoclaved distilled water to remove residual ethanol from their 

surfaces. The membranes samples were then added to the cultures and the incubation 

was done for 3 days at 30 ℃ in shaking incubator (SSI10R-2, Sheldon Manufacturing 

Inc., USA) at 150 rpm.  At the end of experiment, the membrane samples were 

subsequently removed, dried and analyzed using SEM-EDX for the formation of 

biofilm and calcium sulfate precipitates. After the end of experiment, membrane pieces 

were removed, dried and then immediately analyzed using SEM-EDX (Nova™ 

NanoSEM 50 Series, FEI Company) for the formation of biofilm and calcium sulfate 

precipitates.  

 

3.5.8 Membrane surface characterization 

To investigate the effect of coating on membrane surface properties, various 

techniques like SEM-EDX, AFM, Raman and FTIR spectroscopic techniques were 

used. Moreover, the hydrophilicity tests were performed using sessile drop method 

through contact angle instrument (OCA15Pro, Germany). Briefly, the water droplet of 

2 µL was released onto the membrane surface placed inside the instrument and the 

contact angle was subsequently measured using SCA20 software after 5 seconds. The 

measurements were taken at the minimum of 10 locations across the membrane surface 

and the average water contact angle was then calculated.  The SEM-EDX analysis was 

done using Nova™ NanoSEM 50 Series (FEI Company) and the images of the 

membrane surface were captured at different magnifications. The AFM was done in 

conjunction with a Nano indenter (AFM-MFP-3D, Asylum Research). The values of 

root mean square roughness (RMS) and average roughness (Ra) were determined from 
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various locations on the membrane surface and reported as average. During FTIR 

analysis, the spectra of 400-4000 cm-1 was obtained using Shimadzu FTIR spectrum 

instrument, while, Raman spectroscopy was carried out through Raman Microscope 

(Thermo Fisher, DXR Dispersive Raman) using wavelength of 532 nm, and laser power 

of 10.  

In addition to SEM-EDX and FTIR techniques, XRD analysis using 

PANalytical, Empyrean / Netherland was also done for the scaled membrane to identify 

polymorphs of calcium sulfate precipitated on the membranes. Before scale layer 

characterization, the membrane was removed from the crossflow cell and was 

subsequently air-dried for 1 h. During sampling, the samples were taken from various 

locations across the membrane surface to investigate the formation of precipitates at 

both less saturated zone, LSZ (water flow entry region) and high saturated zone, HSZ 

(water flow exit regions).  
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CHAPTER 4 – OBJECTIVE 01: UNDERSTANDING EFFECTS AND 

MECHANISMS OF ANTI-MICROBIAL NANOMATERIALS (GO) ON CALCIUM 

SULFATE SCALING  

 

4.1 Effect of concentration of calcium and sulfate ions on gypsum scaling of RO and 

Graphene oxide (GO) coated RO membranes 

 

4.1.1 Introduction 

In arid countries like Qatar, seawater desalination industry has faced rapid 

growth to fulfil increase in water demands resulted from both population and economic 

growth. Due to the environmental impacts caused by the thermal desalination 

techniques, seawater reverse osmosis (SWRO) is being recommended to be utilized for 

new desalination industries (Ashfaq et al., 2018; Qiblawey et al., 2009). Nevertheless, 

membrane fouling (organic, inorganic, colloidal and biofouling) is affecting the 

widespread application of SWRO (Ashfaq et al., 2019a).  

The inorganic fouling or mineral scaling is mainly caused by calcium 

carbonates, calcium sulfates, barium sulfates and silicates in reverse osmosis (RO) 

technique (Ashfaq et al., 2019b; Wang et al., 2019). Due to the increase in percentage 

of recovery by RO membranes, the concentration of sparingly soluble inorganic salts 

such as calcium sulfates, and carbonates increases above saturation level on the feed 

side of the membrane. As a result, these salts crystallize on the membrane causing 

membrane scaling (Karabelas et al., 2011; Mitrouli et al., 2013). The scaling causes 

decline in flux and reduction in membrane life (Vatankhah et al., 2018). Since, the 

scaling caused by calcium carbonates can be controlled by pH adjustments, therefore, 

calcium sulfate scaling is expected to be most dominant as compared to others (Benecke 

et al., 2018). If a solution is supersaturated with respect to one or more calcium sulfate 
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minerals, precipitation can occur according to the reaction 4.1: 

 

Ca+2 + SO4
-2 + xH2O → CaSO4. xH2O (x = 0 or ½ or 2)           (4.1) 

 

Concentration polarization also enhances the precipitation of inorganic salts as 

their concentration often exceeds the solubility limit near the membrane surface. 

Therefore, the extent of scaling depends upon the concentration of salts present in 

feedwater e.g. seawater which is an aqueous solution of salts possess higher potential 

for scaling in RO systems. Various previous studies have focused on calcium sulfates 

scaling on membranes to investigate the effect of operating pressure and cross flow 

velocity (Lee et al., 1999), effect of organic macromolecules in forward osmosis (Liu 

and Mi, 2014), effect of antiscalants (Ali et al., 2015), kinetics of precipitation (Alimi 

et al., 2003), diagnostic characterization of calcium sulfate (Rahardianto et al., 2006), 

antagonistic gypsum and calcium carbonate scaling (Rahardianto, 2008), analysis of 

the onset of scaling (Shmulevsky et al., 2017) and calcium sulfate adhesion on different 

membranes (Su et al., 2018). Since, the concentration of calcium ions may vary widely 

in seawater such as from 225 to 500 mg/L in the case of Arabian Gulf (Matin et al., 

2019), it is important to investigate the effect of calcium ions on membrane scaling of 

different RO membranes. 

Graphene oxide has been catching attention in the field of research and 

industries due to its unique properties such as antimicrobial activity, hydrophilicity, 

smoothness, negative charge, and its functionalization with carboxyl, hydroxyl, epoxy, 

and ether groups (Inurria et al., 2019; Sun and Li, 2018). Recent research by Cao et al., 

(2018) has shown that the presence of high number of -COOH functional groups on 

GO-coated RO membrane resulted in increase in calcium ions adsorption on the 
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membrane which was subsequently hard to remove during the cleaning process with 

fresh water circulation. Therefore, both RO and GO-coated RO membranes were 

studied in this research. 

Hence, in this research, the effect of different concentration of calcium ions on 

membrane scaling was investigated on bared RO and GO coated RO membranes. The 

effect of membrane scaling at different conditions on membrane flux, resistance, and 

solute rejection was explored. The mechanism of membrane scaling at different 

conditions was studied through combining the techniques of SEM-EDX, FTIR and 

XRD. Furthermore, PCA was applied on the results of flux decline data to explore its 

ability to differentiate membrane performance at different conditions. 

 

4.1.2 Results and Discussion 

 

4.1.2.1 Initial characterization of membranes 

To initially characterize the RO and GO-RO membranes, parameters such as 

pure water flux, salt rejection, membrane hydrophilicity and roughness were 

investigated. The membrane transport and rejection characteristics were studied in 

terms of pure water permeability and percentage of salt rejection. After coating with 

GO, pure water permeability increased from 5.0 ± 0.2 to 5.2 ± 0.4. Additionally, the 

percentage rejection of sodium ions was found to be 98.6 ± 0.1% and 98.4 ± 0.4 for RO 

and GO-RO membranes, respectively. Such changes in membrane transport and 

rejection properties after coating with GO has also been noted in previous studies (Cao 

et al., 2018; Faria et al., 2017). 

GO nanosheets have been found to be hydrophilic with smooth surface (Inurria 

et al., 2019; Sun and Li, 2018), which helped to improve the hydrophilic and surface 

smoothness properties of the RO membrane. The water contact angle of RO membrane 
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was 80.1 ± 1.6, which was reduced to 46.8 ± 1.3 after functionalizing with GO. The 

membrane roughness was measured through Atomic force microscopy (AFM), and it 

was found that the surface roughness reduced from 75.0 ± 8.0 (RO) to 62.8 ± 1.2 nm 

(GO-RO). The solid-liquid interfacial energy (-∆GSL = ϒL [1 + cos Ѳ/∆], ϒL denotes 

surface tension of pure water) which relies on the water contact angle (Ѳ) and relative 

surface area (∆) of the membrane was found to be 72.2 and 98.0 (mJ.m-2) for RO and 

GO-RO membranes, respectively.  

 

4.1.2.2 Effect of Calcium ions concentration on membrane scaling and performance.  

For each set of experiment, there were two steps. Initial preconditioning of 

membrane for 1-2 h at 30⁰C, 3LPM with DI water. Once, the stable flux was obtained, 

the second step was initiated in which the mixture of CaCl2 and Na2SO4 solutions (#1 - 

#5 as outlined in Table 7) were used as feed water. The effect of concentration on 

membrane scaling was evident from the results of flux analysis as shown in Figure 18. 

It was noted that the extent of flux decline increased with the increase in concentration 

of ions in the feed water (Figure 18A and 18B). Hence, as the concentration of calcium 

ions increased in the solution to 100 and 150 mM; the membrane flux decreased by 

more than 99% due to the membrane surface blockage by the precipitates (Gilron and 

Hasson, 1987). This is in line with the previous findings, which conclude that the 

intensity of calcium sulfate scaling increases with increasing the saturation conditions 

of feed water (Dydo et al., 2004; Uchymiak et al., 2008). Since, the feed water was 

undersaturated; the flux decline can be attributed to the saturated conditions near the 

membrane surface as a result of concentration polarization. The percentage decline in 

flux obtained is plotted against the initial concentration of calcium ions in the 

feedwater. Figure 18C shows that if the concentration of calcium ion will exceed 30 
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mM in feed water, the % flux decline will increase sharply from around 45 % at 30 mM 

to more than 90% at 50 mM. While studying the effect of gypsum precipitation on flux 

decline of RO membrane, 50 – 80 % decline in flux was also noted at low concentration 

of 16.4 mmol/l but after long experimental time period of 4-6 days ( Brusilovsky et al., 

1992).  This shows that the membrane scaling becomes highly intense at certain 

concentration of ions (above 30 mM) and therefore, the pre-treatment of feed water 

should ensure that the concentration does not exceed certain limit within the RO 

systems. 

PCA was used to elucidate the differences between the flux decline curves over 

time at different concentrations obtained using RO and GO-RO membranes. Using two 

principle components (PC-1 and PC-2), PCA showed 99% variability in the data set 

and helped to cluster the similar data together. Hence, through PCA, 3 clusters were 

obtained (Figure 18D). Since, PC-1 shows 96% of the variability, the distance between 

the two points on x-axis shows higher variability as compared to the distance on y-axis. 

Therefore, cluster 1 i.e. flux decline curve obtained for both RO (RO, 20) and GO-RO 

(GO-RO, 20) membranes at lowest concentration (Ca+2 = 20 mM) was significantly 

different from the flux decline curve obtained at 30 mM concentration of Ca+2 (cluster 

2). Furthermore, since, flux declined sharply over time when higher concentration of 

calcium was used, the cluster 3 comprising points belonging to RO and GO-RO at Ca+2 

concentration equal to 50, 100, 150 mM is located far from both cluster 1 and 2. The 

distance between the points within the same cluster are shows that the flux decline 

curves were different for the two membranes tested. In fact, it was found that less severe 

decline in flux was obtained for GO-RO membrane as compared to RO membrane 

(Figure 18A and 18B). Thus, PCA helped to elucidate the differences related to the 

extent of membrane scaling at the studied conditions. Such an application of PCA in 
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membrane fouling studies is seldom reported. Previously, the bio-film layer formed on 

RO membranes in the presence of different antiscalants was categorized using PCA 

(Ashfaq et al., 2019). The technique helped to differentiate the biofouling intensity and 

composition for various antiscalants, which subsequently aided in determining their 

fouling potential. SIMCA (Soft independent modeling of class analogy) models, 

another type of multivariate analysis, was also utilized by Gelaw et al., (2011, 2014), 

and was combined with FTIR technique to demonstrate the differences between the 

fouled and cleaned membranes which helped to determine best cleaning practice. 

Hence, it can be concluded that the multivariate analysis such as PCA and SIMCA helps 

to provide various insights into the fouling mechanisms, their type and intensity (such 

as using flux decline curves). In addition, fouling mitigation studies such as through the 

addition of antiscalants or membrane coating or changing operating conditions can also 

employ PCA to differentiate among the flux decline curves obtained with and without 

mitigation strategy, which can help to decide best fouling mitigation technique in 

membrane sciences.  
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(A) 

 

(B) 
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(C) 

 

(D) 

Figure 17. Flux decline curves obtained at different concentration of Calcium ions (A) 

RO membrane, (B) GO-RO membrane, (C) Correlation between Flux decline and 

concentration of calcium ions, (D) PCA for flux decline over time; 

 

The estimation of membrane resistance mainly depends upon the stabilized flux 

obtained at the end of scaling experiments. It was noted that at low initial concentration, 

the increase in membrane resistance was minimal (Table 8). For example, the initial 
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membrane resistance of the RO membrane (Rm) i.e. 6.65 x 1013 doubled to 12.96 x 1013 

(Rt) due to additional resistance imposed by the scaling layer (Rf), which was calculated 

to be 6.31 x 1013. However, at higher initial concentrations, the membrane resistance 

increased manifolds due to more intense scaling as the Rf surged to as much as 1823.28 

x 1013.  Similar increase in membrane resistance was noted for GO-RO membranes. It 

was also noted that the percentage rejection of solutes decreased markedly with the 

increase in concentration which could be due to the formation of porous scale layer on 

the membrane and its interaction with the functional groups of the membranes as will 

be discussed in preceding sections. Since, more functional groups were involved in 

interaction with the scale layer, their interaction with the solutes would have decreased. 

Furthermore, it can also be deduced that the scale layer deposited on the membrane 

altered the porous structure of the membrane affecting its rejection capabilities.  

 

Table 8. Effect of concentration of calcium ions on permeate flux, membrane 

resistances and % salt rejection 

Concentration 

of Ca+2 (mM) 

Rt (m
-1) 

 (1013)  

Rf (m
-1)  

(1013)  

%R CP 

RO GO-RO RO GO-RO RO GO-RO RO GO-RO 

20 12.96 12.45 6.31 5.31 99.50 99.60 1.15 1.16 

30 17.27 16.32 10.62 9.60 99.00 99.08 1.12 1.12 

50 189.84 162.07 183.18 155.36 95.00 95.25 1.02 1.02 

100 424.19 366.84 417.54 360.12 81.12 81.58 1.01 1.01 

150 1829.93 1674.19 1823.28 1667.48 43.50 43.61 1.00 1.00 

%R was calculated using Equation 19 and Membrane resistance terms i.e. Rt Rm, Rf  

were calculated through Equation (11, 12, and 13) using mean permeate flux values. 

The Rm for RO and GO-RO was 6.65 x 1013 and 6.61 x 1013 respectively, at the 

experimental conditions. 

 

The time required from reaching supersaturation stage to the time when the first 

crystal deposit is detected is known as Induction time (tind.). It is the sum of the time 
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required for the nucleus to form (tn) and the time taken for the nucleus to grow into the 

visible size (tg). The increase in temperature as well as supersaturation decreases the 

induction time. The time at which the membrane permeability starts declining can be 

correlated with the tind (Hasson et al., 2009; Shmulevsky et al., 2017).  As shown 

previously in Figure 18A and 18B, the membrane flux started decreasing immediately 

after the start of experiment, which showed that the induction times initiated 

immediately after mixing of CaCl2 and Na2SO4. It has been noted previously that the 

induction times decreased from 105 to 100 seconds when the supersaturation with 

respect to calcium sulfate in the feed water increased from 2 to 12 (Alimi et al., 2003). 

Furthermore, it was also found that the activation energy reduces with the increase in 

supersaturation which is related to the tind through the following Equation (24). 

 

𝐿𝑜𝑔  1
𝑡𝑖𝑛𝑑.

⁄ = 𝐴 −  
𝐸

2.303 𝑅𝑇
  ----------------------------------------(24) 

 

Where A is a constant, E is the activation energy for the nucleation (J/mol), R 

is the universal gas constant (8.31 J/K. mol) and T is the temperature (⁰K).  

In addition to the supersaturation conditions in the bulk and at the membrane surface, 

the presence of external body can also decrease the activation energy significantly. The 

activation energy for calcium sulfate precipitation has been found to be in the range of 

51 – 160 kJ/mol for the concentration between 0.01 – 0.05 mol/L. Nevertheless, the 

activation energy was found to be lower i.e. 42.4 – 48.2 kJ/mol for the concentration 

between 0.05 – 0.075 mol/L (Hoang et al., 2007). This shows that the membrane surface 

can act as a nucleating site for calcium sulfate crystallization causing heterogeneous 

nucleation which require much less activation energy as compared to homogenous 

nucleation, forming scale layer and reducing the membrane flux.  
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 4.1.2.3 Characterization of membrane scale layer.  

The morphology of the crystals formed after the experiment was investigated 

using SEM. The SEM images also helped to obtain information about the surface 

coverage of membrane by deposits. Figures 19 and 20, shows the morphology and 

surface coverage of crystals on the surface of RO and GO-RO membranes at both lower 

(20 to 30 mM) and higher (50 to 150 mM) concentrations, respectively. It is evident 

from these Figures that the surface coverage by scales increased with increase in 

concentration. Thus, membrane surface was fully covered with the scales when the 

concentration of calcium was more than 50 mM.  

There are two pathways of scale formation i.e. bulk crystallization (homogenous 

or heterogenous nucleation) and surface crystallization (heterogenous nucleation). 

Surface scaling occurs near the membrane surface as a result of supersaturation or due 

to the presence of substances responsible for crystals formation in the solution or due 

to the presence of conditions responsible for nucleation (Lee et al., 1999). Such 

conditions lead to the formation of scale at the membrane surface. When the 

supersaturation occurs in the bulk solution i.e. away from the membrane surface, 

nucleation will occur in the bulk solution on the nano-particles which are almost always 

present in water (Popov et al., 2019), and the resulting crystals then settles on the 

membrane surface, forming a cake layer (Hasson et al., 1996). It is now accepted that 

mineral salt scaling occurs by both the deposition of bulk formed crystals onto the 

membrane surface and direct surface crystallization on the membrane surface. The 

membrane materials can also affect the mechanism of scaling as it was noted that the 

gypsum scaling occurred as a result of surface crystallization on polyamide membranes, 

while, bulk crystallization was dominant mechanism in the case of cellulose acetate 
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membranes (Mi and Elimelech, 2010). 

Thus, in this research, it was also noted that the solutions that are less 

concentrated (20, 30 and 50 mM); the surface crystallization resulted as also evident 

from needle like crystals protruding into the membrane surface in SEM images (Figure 

19 and 20A, 20B). However, from Figures 20C to 20F of RO and GO-RO membranes, 

it can be concluded that both the bulk crystallization as well as surface crystallization 

occurred at higher saturated conditions (100 and 150 mM) which resulted in cake layer 

formation on the membrane surface causing more severe decline in Flux as noted 

previously in Figure 18. The EDX analysis confirmed the crystals on the membrane 

belong to calcium sulfates as the ions of calcium, sulfur and oxygen were found to be 

present in abundance. 

Furthermore, it was also noted that the increase in concentration altered the 

morphology of crystals. The needle-like structures were noted at lower saturation 

conditions on both membranes. However, at higher concentrations, the crystal growth 

increased which resulted in orthorhombic or hexagonal prismatic shapes causing floral 

structures at these conditions. In general, typical needle like structure is for gypsum 

precipitates as previously reported in the literature (Antony et al., 2011; Rahman, 2013; 

Shih et al., 2005). Karabelas et al., (2014) investigated the incipient CaSO4 scaling in 

narrow spacer filled channel using SEM. It was also noted that the needle like structures 

appeared at lower saturation conditions, while, broader, rosette-like structures were 

visible at higher saturation conditions. The kinetic model for gypsum crystallization 

explain this trend as follows (Lee et al., 2000; Ozkar, 2001; Shih et al., 2005): 

 

𝑑𝑚

𝑑𝑡
= 𝑘 (𝐶𝑚 −  𝐶𝑠)𝑛 ---------------------------------------------------(25) 
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Cm and Cs is the gypsum concentration at the membrane surface, and the calcium 

sulfate solubility at the experimental conditions, respectively and k is the growth rate 

constant. Whereas, n represents the kinetic order, in which value of 1 describes the 

diffusion-controlled process, and 2 defines the surface reaction mechanism.  

Hence, the increase in concentration of calcium sulfate at the membrane surface 

(Cm) at higher saturation conditions caused the increase in rate of scale formation 

(dm/dt) which modified the crystal structures at higher concentrations.  In previous 

research (Shih et al., 2005), which deals with the axial development of gypsum crystals 

on the membrane surface, it was noted that the rod shaped structures were present at 

the entrance region of the feed water where the Cm is usually low. Whereas, towards 

the exit region, the crystals appeared were of rosette structures where the Cm is high. In 

addition to the changes in crystal morphology, more intense scaling resulted due to 

higher saturation conditions has also been demonstrated through scale layer thickness 

and mass density (g/cm2) measurements (Table 9). Previous researches (An et al., 2011; 

Chai et al., 2007), has shown that the mass density (g/cm2) increases at regions 

characterized with higher saturation conditions in spiral wound modules. For instance, 

membrane coverage by CaSO4 increased from 0.00025 to 0.00426 g/cm2 along the 

direction of feed flow, corresponding to higher saturation conditions and concentration 

polarization near the exit region (An et al., 2011) (Table 9). Similarly, in terms of scale 

layer thickness, Rahardianto et al., (2006) estimated the thickness of scale layer to be 

15 µm formed on RO membrane at concentration of 16.4 mM. In this research, the scale 

layer thickness was also found to increase from 40 to 246 µm when the concentration 

of calcium ions was increased from 20 to 150 mM (Table 9).  
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Table 9. Comparison of scale layer thickness and density with the literature at different 

conditions 

Concentration 
Scale layer 

measurements 
Operating conditions Reference 

16.4 mmol Thickness: 15 µm 

Polyamide composite 

membrane,  

Fully recycle mode 

Rahardianto et al. 

2006 

39.92 mmol/L 

Mass density: 

0.00132 - 0.0216 

g/cm2 

Spiral wound membrane,  

Fully recycle mode 

Pressure: 0-28 bar 

Chai et al., 2007 

12.5 mmol/L Thickness: 2-29 µm 

Polyamide/Polysulfone 

composite membrane,  

Partial recycle mode 

(retentate recycling) 

Pressure: 41.4 bar 

Matral et al., 

2000  

50 mmol/L 

Mass density: 

0.000256 - 0.004 

g/cm2 

Spiral wound membrane,  

Fully recycle mode 

Pressure: 10 bar 

An et al., 2011 

17 mmol/L 
Density: 0.001 

g/cm2 

Spiral wound membrane,  

Pressure: 25 bar 

Benecke et al., 

2018 

20-150 mmol 

Density: 0.01-0.05 

g/cm2 

Thickness: 40-246 

µm 

Polyamide composite 

membrane,  

Fully recycle mode 

This research 

Average thickness of the scaled layer was calculated from mass of crystals (Mt estimated using Equation 

18) per membrane surface area and average density of gypsum (2320 kg/m3). 

 

 Uchymiak et al., 2008 studied the kinetics of gypsum scaling on RO membranes 

and found that the crystal number density (CND) temporal profiles were similar to 

logistic growth model, in which, CND (#/cm2) increased rapidly initially until limiting 

SND was reached. At that point, additional increase in crystals was depending upon the 

availability of free surface area, while, existing crystals grew further to rosette 

structures occupying more surface area. In addition to the concentration of ions in 

feedwater, other operating parameters such as cross flow velocity and pressure has also 

been shown to modify the morphology of gypsum crystals (Lee et al., 1999). On the 

other hand, it has also been demonstrated that the presence of microorganisms 
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(Thompson et al., 2012) and organic macromolecules (Liu and Mi, 2014) also plays 

role in enhancing gypsum scaling by reducing induction times and modifying crystal 

morphologies. The results also show that the morphology of crystals did not change 

significantly after coating the RO membrane with GO. 
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Figure 18. SEM-EDX analysis for scaled membranes at concentrations of 20 and 30 

mM. 
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Figure 19. SEM-EDX analysis for scaled membranes at concentrations of 50 to 150 

mM. 

 

To identify the polymorph of precipitates on the scaled membrane, XRD 

technique was used. In all the experimental and solution conditions investigated in this 

research, the precipitate formed on the membrane was found to be only gypsum 

(CaSO4.2H2O) and no other polymorphs were formed. The peaks at 11.5, 20.6, 23.1, 

29.0⁰  (Farrah et al., 2004) demonstrates the presence of gypsum on the membrane 

(Figure 21). The strong intense peaks showed the formation of well crystalline gypsum 

structures at higher concentration. Whereas, at lower concentration, the amorphous 

form of gypsum was found as indicated by the presence of broader less intense peaks. 

This was further confirmed by calculating the degree of crystallinity using the Equation 

26.  

 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑎𝑘𝑠

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑒𝑎𝑘𝑠 (𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒+𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠)
 𝑥 100 ------------------(26) 

 

Where, the area under the peaks was calculated using Origin Pro 8 software. It 

was found that the degree of crystallinity increased with the increase in concentration 

of calcium ions. Hence, at low concentration i.e. RO membrane at 30 mM 

concentration, the degree of crystallinity was just around 12% as there were smaller 

number of sharp intense crystalline peaks noted in the XRD spectrum. Whereas, at high 
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concentration i.e. at 150 mM, degree of crystallinity increased to 37%.  

 

Figure 20.  XRD results of deposits on RO and GO-RO membranes (A) Low 

concentration of calcium ions (20 and 30 mM); (B) High concentration of calcium ions 

(50 – 150 mM). 

 

 

(A) 

 

(B) 
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4.1.2.4 Mechanism of interaction between gypsum and membrane surface at different 

feedwater conditions. 

To understand the interaction between the gypsum at various concentrations 

with the membrane surface, FTIR spectra of the scaled membrane was used and was 

compared with the reference spectra of pure gypsum and pure membrane. Figure 22 

shows the FTIR spectra obtained for the scaled and virgin GO-RO and RO membranes. 

Since the scaling progressed with the increase in concentration, Figures 22 (A, B, and 

C) provides interesting transition or stepwise interaction of gypsum (CaSO4.2H2O) with 

the membrane surface. At lower initial concentration (Ca+2 = 20 mM, Figure 22A), the 

OH groups that typically appears around 3400 cm-1 as broad bands transitioned to the 

less broad and stronger bands which showed their interaction with the water molecules 

of gypsum. This is in consistent with the literature (Bo, 2004; Dabbas et al., 2014), that 

the water molecules in the gypsum appears at the peaks of 3580 and 3430 cm-1 and their 

interaction with OH groups has also been previously noted in forward osmosis during 

surface crystallization of gypsum on polyamide membranes (Xie and Gray, 2016). 

Furthermore, as the scaling progressed further when the higher concentration of 

calcium ions was used (Ca+2 = 30 mM, Figure 22B), the C-H stretching of carboxyl 

groups of the polyamide layer which typically appears at 2970 cm-1 (Tang et al., 2007) 

disappeared completely possibly due to its interaction with the calcium ions. However, 

when the initial concentration of 50 to 150 mM of calcium ions were used and the 

scaling got intense on the membrane, then the presence of sulfate groups from gypsum 

was evident in the FTIR spectra (Ca+2 = 50 to 150 mM, Figure 22C). In general, the 

strong bands centered around 1140 cm-1 splitting into two components at around 1146, 

1116 cm-1 and 669, 662 cm-1 represents stretching and bending modes of SO4 from pure 

gypsum (Bo, 2004; Dabbas et al., 2014). Hence, the possible interaction of amide bands 



 

131 

 

(NH2) which appears at 1542, 1609, 1662 cm-1 from polyamide RO membrane surface 

(Tang et al., 2009) with SO4 groups resulted in the disappearance of these peaks in the 

scaled membrane.  

Through comparing the FTIR spectra of pure gypsum and gypsum scaled 

membranes, these interactions of water molecules and sulfate group from gypsum with 

these functional groups (-OH, -COOH, -NH2) of the membrane were also evident in the 

form of peak shifts. For example; the stretching vibration of water molecules from 

gypsum, which usually appears at 3580 and 3430 cm-1 shifted to 3518 and 3400 cm-1  in 

the scaled membrane due to its interaction with the OH groups of the membrane that 

appear in this region (Table 10).  

 

Table 10. Peak Shifts through Comparison between the Pure Gypsum and the Gypsum 

Scaled Membrane 

# 
Peak assignments 

(Gypsum) 

Pure gypsum 

(cm-1)*   

Gypsum scaled 

membrane (cm-1)   

Peak shifts 

(Difference) (cm-1)   

01 Stretching vibration of 

water molecules 

3580 3518 62 

02 3430 3400 30 

03 

Stretching and bending 

modes of SO4 group 

1146 1108 38 

04 1116 1108 8 

05 669 667 2 

06 602 595 7 

* Bo, 2004; Dabbas et al., 2014 

 

In addition to provide insights about the mechanism of scaling, FTIR spectra 

also provided useful information about the extent of scaling. The peaks of polysulfone 

support layer of the membrane such as 1587, 1541, 1504, 1488, and 1055 cm-1 (Tang 

et al., 2009) were present at lower saturation conditions (Figure 22A, 22B), but 

gradually disappeared in Figure 22C which showed that the infrared radiations were 

not able to travel down to the support layer as the scaling layer was thicker and was 
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fully covering the membrane surface at higher saturation conditions. This is also in 

consistent with the SEM-EDX results that the membrane surface coverage by gypsum 

crystals increased with the concentration of calcium ions.  

 

 

(A) 

 

(B) 
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(C) 

Figure 21. FTIR spectra of the scaled membranes (A) Ca+2 = 20 mM; (B) Ca+2 = 30 

mM (C) Ca+2 = 50 to 150 mM. The black colored arrows and texts refers to the 

functional groups of membrane and red-colored to the functional groups of gypsum. 

 

4.1.2.5 Effect of scaling on membrane hydrophilicity.  

The foulant – foulant and membrane - foulant interactions are important in 

membrane sciences to predict and understand the interaction of foulants with other 

foulants and with membrane. Previous research investigated the effect of hydrophilicity 

of pure membrane on scaling by gypsum. It was found that the hydrophilic membranes 

of cellulose acetate (50.0⁰) and nylon (44.9⁰) polymer showed highest adhesion energy 

to gypsum crystals measured through interaction energy (Ein). The research concluded 

that the polymers containing various carboxylic, hydroxyl and other functional groups 

demonstrated enhanced interaction with gypsum crystals as they can form hydrogen 

bonds with water molecules of gypsum crystals (Su et al., 2018). Therefore, hydrophilic 

membranes with higher wettability possesses higher surface energy, which results in 

increased affinity to gypsum crystals.  

In terms of foulant-foulant interaction, the hydrophilicity is a property of the 
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foulant which can have a profound effect on membrane fouling by altering its 

interaction with other foulants and now this area is receiving extensive attention in 

membrane fouling research (Mu et al., 2019). Since, the membrane fouling is caused 

by organic, inorganic (mineral scaling), colloidal and microorganism, the 

hydrophilicity of the scaled membrane can determine its interaction with other foulants. 

If the scaled membrane becomes more hydrophobic, it is expected that its interaction 

with the organic foulants will increase resulting in enhanced membrane fouling. 

Previous research has shown that the hydrophobicity of the dissolved organic matter 

caused the fouled membrane surface more hydrophobic, which caused the severe 

decline in flux. Hence, the membrane fouled with more hydrophobic DOM had lowest 

permeate flux as compared to the membrane fouled with less hydrophobic (or 

hydrophilic) DOM (Mu et al., 2019). Furthermore, it was also noted that the organic 

fouling caused by sodium alginate, and humic acid enhanced gypsum crystallization on 

the membrane by acting as a nucleus for crystals formation (Liu and Mi, 2014). The 

research concluded that the density of carboxyl groups of organic foulants will 

determine their interaction with gypsum scaling (Liu and Mi, 2014). Various factors 

such as the hydrophilicity of the virgin membrane, the foulants involved and the extent 

of scaling will determine the hydrophilicity of the scaled membrane (Mu et al., 2019). 

In this research, it was found that the hydrophilicity of the scaled membrane increased 

with the extent of scaling. As shown in Figure 22, as the concentration of calcium ions 

increased from 20 mM to 150 mM, the water contact angle of the scaled membranes 

decreased to the extent that it was non-measurable at the experimental conditions. Thus, 

the water droplet of 2 µL dispersed in less than 3 seconds after it was placed on the 

extensively scaled membrane. Therefore, the foulant-membrane interactions and 

inter/intra foulant interactions are very important to understand, in order to predict the 
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behavior of membrane fouling in both single and mixed foulant environments. Hence, 

further research is being done to investigate the intra-foulant interactions between 

gypsum and microorganisms in membrane filtration systems. 

 

 

Figure 22. Contact angle (⁰) for gypsum scaled membranes at different concentration of 

calcium ions in feedwater. 

 

4.1.3 Conclusion 

In this research, the effect of concentration of calcium ions in feed water was 

investigated on scaling of RO and GO-RO membranes. The effect of GO coating on 

RO membrane did relatively reduce the severity of flux decline due to membrane 

scaling. In general, it was found that the intensity of membrane scaling increased with 

the increase in concentration as reflected by the increase in intensity of flux decline 

over time as well as mass density of crystals formed on the membrane surface. As a 

result, the membrane resistance increased due to fouling (Rf) and was found to be 

highest at highly concentrated solution conditions (i.e. 150 mM). The membrane 

surface coverage by the scales also increased at higher concentrations as shown by 
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SEM-EDX and FTIR results. The morphology of the crystals varied from thin needle 

like structures to broader floral structures when the concentration was increased. FTIR 

results showed that the mechanism of interaction of gypsum with membrane surface 

also varied with the extent of scaling as hydroxyl groups were found to be involved 

when the scaling was less intense. Whereas, interaction of carboxyl and amide groups 

were also found when the scaling was more intense. The results of XRD confirmed that 

the gypsum (CaSO4.2H2O) was the only polymorph formed on the membrane. The 

water contact angle analysis showed that the gypsum scaling on the membrane 

enhanced its hydrophilicity, which may develop its inter- / intra- foulant interactions 

with other ions present in water. Since, the presence of other foulants such as 

microorganisms may also alter the mechanism and extent of membrane scaling as a 

result of foulant – foulant interactions between them, further research is being done on 

the effect of microorganism on gypsum scaling. 

 

4.2 Effect of temperature on gypsum scaling of RO and GO coated RO membranes7 

 

4.2.1 Introduction 

Recent estimations of World Health Organization (WHO) has shown that in 

every 10 individuals, one does not have access to clean drinking water (Ashfaq et al., 

2019). With the increase in population and growth in economy, countries are 

increasingly relying on seawater desalination industry to fulfil rising water demands. 

Due to the bigger environmental and economic footprint, it is recommended that the 

thermal desalination techniques need to be replaced by membrane desalination systems 

 

7 This content has already been published. Ashfaq, M.Y., Al-ghouti, M.A., Qiblawey, H., Zouari, N. 

2020. Investigating the effect of temperature on calcium sulfate scaling of reverse osmosis membranes 

using FTIR, SEM-EDX and multivariate analysis. Sci. Total. Environ. 703, 134726. 
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such as seawater reverse osmosis (SWRO) for the new desalination industries (Banat 

et al., 2009). However, the issue of membrane fouling especially biofouling is affecting 

the widespread use of SWRO in the desalination industry.  

The inorganic fouling or mineral scaling is also a type of membrane fouling 

which is mainly caused by the precipitation of calcium sulfates, calcium carbonates, 

barium sulfate and silicates (Ashfaq et al., 2019). There are two pathways proposed for 

mineral scaling: 1) homogeneous process as bulk crystallization followed by deposition 

and 2) heterogeneous process of surface crystallization (Mi and Elimelech, 2013). 

However, recent research has shown that the bulk crystallization is also a heterogeneous 

process as the nucleation takes places on the nanoparticles which are almost always 

present in water (Popov et al., 2019). The operating conditions such as cross flow 

velocity and pressure can affect which mechanism (bulk or surface crystallization) 

dominates the membrane scaling. It was noted that increase in operating pressure 

enhances the surface crystallization, whereas the increase in cross flow velocity reduces 

the surface crystallization. Hence, the extent of concentration polarization will be a 

dominant factor in this case. On the other hand, intermediate cross flow velocity with 

high pressure enhances the chances of bulk crystallization followed by deposition (Lee 

et al., 2000; Lee et al., 1999). The presence of organic macromolecules also affects the 

membrane scaling. It was noted that humic acid and alginate conditioning on the 

membrane surface enhances the gypsum scaling in forward osmosis by shortening the 

nucleation time and increasing the flux decline (Liu and Mi, 2014). Similarly, the 

temperature is another factor that can influence the membrane scaling through altering 

activation energy (Hoang et al., 2007). Previous research has shown that the 

precipitation of calcium sulfate in pipes increased at higher temperatures. It was 

concluded that higher temperature provided additional energy for molecules to 
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overcome activation energy for the precipitation reaction and fasten the transportation 

of ions from bulk solution to the surface (Hoang et al., 2007). However, effect of 

membrane scaling on membrane performance (flux, resistance, solute rejection) and 

scale layer characteristics (crystals morphology, layer thickness etc.) at different 

temperatures has not been investigated in detail. The application of antiscalants is 

shown to be effective in controlling mineral scaling, however, their dosage may also 

need to consider the variation in intensity of scaling as a result of different operating 

conditions such as temperature.  

Hence, in this research, the effect of temperature on membrane scaling was 

investigated on bared RO and GO coated RO membranes using two initial solution 

conditions. The effect of temperature on permeate flux decline, total mass of crystals 

precipitated on the membrane, morphology, and polymorphs of scales formed was 

explored. Furthermore, PCA was applied on the results of flux decline over time data 

to explore its ability to differentiate membrane scaling at different conditions and 

establish its significance and use in membrane fouling studies.  

  

4.2.2 Results and Discussion 

 

4.2.2.1 Characterization of RO and GO-RO membranes. 

Initial characterization of RO and GO-RO membranes was done in terms of 

membrane roughness, pure water flux, hydrophilicity and salt rejection. Due to the 

hydrophilic and smoothness of GO (Inurria et al., 2019; Sun and Li, 2018), the GO 

functionalized membrane was found to be more hydrophilic as the water contact angle 

was reduced from 80.1 ± 1.6 (bared RO membrane) to 46.8 ± 1.3. Furthermore, the 

membrane roughness characterized through Atomic Force Microscopy (AFM) showed 

that the surface roughness of the membrane also reduced as shown in Table 11 after 
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modification with GO. The solid-liquid interfacial energy (-∆GSL = ϒL [1 + cos Ѳ/∆]) 

was also calculated (Wang et al., 2018) (Table 11), in which, ∆ is the relative surface 

area obtained from atomic force microscopy, ϒL is the surface tension of pure water 

(at 25 ⁰C: 72.8 mJ.m-2). The membrane transport and salt rejection properties measured 

in terms of pure water flux and percentage sodium rejection were also changed slightly, 

which is in consistent with the previous researches (Cao et al., 2018; Faria and 

Perreault, 2017) 

 

Table 11. Properties of RO and GO-RO membranes (Ashfaq et al., 2020a). 

Properties RO membrane GO-RO 

membrane 

Water permeability (L.m-2.h.bar-1) at 25 ⁰C, 35 

bars 

5.0 ± 0.2 5.2 ± 0.4 

Average Na+ rejection (%) (25 ⁰C, 35 bars, 0.04 

M NaCl) 

98.6 ± 0.1 98.4 ± 0.4 

Contact angle (Ѳ) 80.1 ± 1.6 46.8 ± 1.3 

Surface roughness (nm) 75.0 ± 8.0 62.8 ± 1.2 

Solid-liquid interfacial energy (-∆GSL) (mJ.m-2) 72.2 98.0 

Solid-liquid interfacial energy was calculated as: -∆GSL = ϒL [1 + cos Ѳ/∆] (Wang et al., 2018). Where, 

∆ is the relative surface area obtained from atomic force microscopy, ϒL is the surface tension of pure 

water (at 25 ⁰C: 72.8 mJ.m-2).    

 

4.2.2.2 Effect of Temperature on membrane scaling and performance  

In general, the solubility of calcium sulfate polymorphs decreases with 

temperature. Nevertheless, the solubility of gypsum (CaSO4.2H2O) slightly increases 

from 2.02 to 2.18 and then to 2.10 g/L when the temperature increases from 20 to 30 

and then to 40 ⁰C, respectively. When the temperature further exceeds to 50 and 60⁰C, 

the solubility starts decreasing to 2.07 and 2.01 g/L, respectively. That is why, the 

gypsum is commonly found deposit at temperature about 50⁰C. In other applications 
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where temperature is higher, the calcium sulfate hemihydrate and anhydrite are more 

common (Muryanto et al., 2013).  

In general, increase in temperature results in an increase in permeate flux 

(Ashfaq et al., 2017; Gönder et al., 2011) which can be attributed to the decrease in 

viscosity of water, increase in diffusion coefficient and thermal expansion of membrane 

pores (Kowalska et al., 2006; Tsai et al., 2006). In this research, it was also noted that 

the stable permeate flux (Jf) obtained at the end of experiment was highest at 35⁰C and 

lowest at 5⁰C. To investigate the rate of flux decline due to scaling, normalized flux 

(𝐽𝑛 = 𝐽𝑓 𝐽𝑜⁄ , where Jo is the pure water membrane flux at a specific temperature) was 

calculated and depicted in Figure 24 (a-d). The initial membrane flux (Jo) for RO 

membrane was found to be (LMH): 98 ± 3 (5 ⁰C), 129 ± 6 (15 ⁰C), 178 ± 8 (25 ⁰C) and 

245 ± 10 (35 ⁰C). While, the initial membrane flux (Jo) for GO-RO membrane was 

found to be slightly higher than RO i.e. (LMH): 102 ± 4 (5 ⁰C), 136 ± 5 (15 ⁰C), 182 ± 

5 (25 ⁰C) and 250 ± 8 (35 ⁰C). It was noted that Jn decreased with increase in temperature 

indicating more intense scaling. It can be deduced that increase in permeate flux 

brought more solutes towards the membrane surface, intensifying concentration 

polarization and causing more severe scaling at higher temperatures which ultimately 

resulted in more intense flux decline at these temperatures.  In addition, higher feed 

water temperature also provided enough energy to the molecules to overcome the 

barrier of activation energy of the precipitation reaction (Hoang et al., 2007; Ashfaq et 

al., 2019) resulting in more intense scaling. It can also be deduced from Fig. 2a that the 

permeate flux was higher when initial concentration was lower (Ca+2 = 20mM, solution 

1) as compared to higher initial concentration conditions (Ca+2 = 50mM, solution 2). 

This could be attributed to the higher saturation conditions in the latter as outlined in 

Table 7. Furthermore, the concentration polarization effect is also expected to be more 
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intense at higher concentration as compared to lower concentration. 

The results of flux decline over time for different temperatures and membrane 

was also analyzed using PCA to elucidate the differences of flux decline at different 

conditions. Figure 24e and 24f shows that the flux behavior was significantly different 

at different temperatures, but the difference between the two membranes (RO and GO-

RO) was lesser. At lower initial concentration (Ca+2 = 20mM, solution 1), the principle 

components (PC1 and PC2) together shows 99% of the variability in the data (Fig. 25e). 

It is worth noting that the distance between the two points along x-axis is much more 

significant than the distance along y-axis as 97% variability is shown in the former as 

compared to 2% in the latter. Hence, PCA graph showed that the flux decline due to 

membrane scaling got intense as the temperature was increased from 5 and 15⁰C to 

25⁰C and then to 35⁰C. Similar trend was also noted for the case of higher initial 

concentration (Ca+2 = 50mM, solution 2) as shown in Figure 24f.  The separation of 

points resulting from two different membranes (RO and GO-RO) at the same 

temperature also accounts for variation in the trend due to the two different membranes, 

which was not clear from flux decline graphs alone (Figure 24a-d). In this way, PCA 

can help to provide insights into the data set of flux decline over time in membrane 

fouling studies and can aid in differentiating the flux response to different 

conditions/foulants/membranes etc. Such an application of PCA in membrane fouling 

studies is seldom reported. PCA was utilized in our previous research to differentiate 

the bio-film layer on RO membranes formed in response to different antiscalants 

(Ashfaq et al., 2019). Gelaw et al., 2011 and Gelaw et al., 2014, combined SIMCA 

(Soft independent modeling of class analogy models) models with FTIR to differentiate 

the fouled and cleaned membranes, which helped them to identify best cleaning 

protocol. Thus, use of multivariate analysis in membrane fouling studies can help to 
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provide various insights into the fouling mechanisms, type, and extent at different 

conditions. In addition, it can also help in determining and differentiating the 

effectiveness of various antiscalants to diminish membrane scaling.  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 23. Flux decline curves for Solution 1 (Ca+2=20 mM) obtained using (a) RO 

membrane; (b) GO-RO membrane; and for Solution 2 (Ca+2=50 mM) obtained using 
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(c) RO membrane; (d) GO-RO membrane; and PCA graphs for (e) Solution 1, Ca+2=20 

mM, (f) Solution 2, Ca+2=50 mM (Ashfaq et al., 2020a). 

 

The estimation of membrane resistance mainly depends upon the stabilized flux 

obtained at the end of scaling experiments. It was noted that at low initial concentration, 

the increase in membrane resistance was minimal (Table 12). For example, the 

membrane resistance increased from 8.12 x 1013 m-1 (Rm) to 9.83 x 1013 m-1 (Rt) due to 

additional resistance caused by the scale layer/concentration polarization (Rf) which 

was estimated to be 1.71 x 1013 m-1 at 5 ⁰C for GO-RO membrane. Due to the decline 

of flux over time at higher temperatures, the Rf increased further to 5.39 x 1013 m-1 at 

35 ⁰C. Nevertheless, this increase in membrane resistance was more severe at higher 

concentrated solution as the Rf increased from 60.4 x 1013 m-1 (at 5 ⁰C) to 215.23 x 1013 

m-1 (at 35 ⁰C). Decrease in percentage rejection with increase in temperature was also 

noted especially at higher saturation conditions (Table 12) for both RO and GO-RO 

membranes, possibly due to the thermal expansion of membrane pores as discussed 

previously (Kowalska et al., 2006; Tsai et al., 2006). 
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Table 12. Effect of temperature on membrane resistance and percentage rejection (Ashfaq et al., 2020a). 

Solution  
Temp. 

(⁰C) 

Rm (m-1 ) (1013)  Rt (m-1 ) (1013)  Rf (m-1 ) (1013)  %R 

RO GO-RO RO GO-RO RO GO-RO RO GO-RO 

Ca+2 = 20 

mM 

5 8.45±0.42 8.12±0.41 10.22±0.51 9.83±0.49 1.77±0.09 1.71±0.09 98.7±0.6 98.6±0.4 

15 8.67±0.39 8.21±0.37 10.93±0.49 10.32±0.46 2.26±0.10 2.11±0.09 99.2±0.2 99.1±0.2 

25 7.95±0.38 7.77±0.37 11.19±0.54 11.11±0.53 3.24±0.16 3.34±0.16 98.7±0.1 98.7±0.3 

35 7.24±0.28 7.09±0.27 12.52±0.48 12.48±0.47 5.28±0.20 5.39±0.20 98.9±0.3 99.1±0.2 

Ca+2 = 50 

mM 

5 8.45±0.33 8.12±0.32 67.84±2.65 68.52±2.67 59.39±2.32 60.40±2.36 96.6±0.8 98.2±0.7 

15 8.67±0.43 8.21±0.41 96.63±4.83 89.75±4.49 87.97±4.40 81.54±4.08 95.5±0.5 97.8±0.8 

25 7.95±0.52 7.77±0.51 146.15±9.50 142.89±9.29 138.20±8.98 135.12±8.78 94.5±0.7 96.8±0.6 

35 7.24±0.44 7.09±0.43 228.82±13.96 222.32±13.56 221.59±13.52 215.23±13.13 91.5±0.7 91.4±0.5 

%R was calculated using Equation (19) and Membrane resistance terms i.e. Rt Rm, Rf were calculated through Equation (11, 12, and 13) using 

mean permeate flux values.
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4.2.2.3 Membrane Scale layer characterization  

Table 13 shows the increase in mass crystals and scale layer thickness with 

temperature calculated using mass balance equation (8) mentioned in Section 2.3. It should 

be noted that this method of calculating mass of crystals and scale layer thickness does not 

consider variability in the scale morphology. The thickness of the scale layer obtained in 

this research is higher than previously obtained  (Matral et al., 2000; Rahardianto et al., 

2006), which could be due to relatively lower initial concentration of calcium ions in the 

feed water adopted in those researches (4 and 16.4 mM, respectively) and difference in 

operating conditions such as crossflow velocity and temperature.  

 

Table 13. Total mass of crystals and thickness of scaled layer on the membranes at different 

temperatures (Ashfaq et al., 2020a). 

Solution  Temp. (⁰C) 

Total mass of crystals on 

the membrane, Mt (g) 

Average thickness of 

scaled layer (µm) 

RO GO-RO RO GO-RO 

Ca+2 = 20 mM 

5 0.32 ± 0.01 0.32 ± 0.01 32.40 ± 1.60 32.35 ± 1.65 

15 0.35 ± 0.01 0.35 + 0.01 35.95 ± 1.62 35.45 ± 1.60 

25 0.38 ± 0.02 0.37 ± 0.02 38.49 ± 1.85 38.30 ± 1.85 

35 0.41 ± 0.02 0.40 ± 0.02 41.58 ± 1.60 41.45 ± 1.55 

Ca+2 = 50 mM 

5 0.98 ± 0.04 0.95 ± 0.04 100.58 ± 3.90 97.55 ± 3.80 

15 1.02 ± 0.05 1.02 ± 0.05 104.17 ± 5.20 105.20 ± 5.30 

25 1.06 ± 0.07 1.04 ± 0.05 108.50 ± 7.05 107.10 ± 7.10 

35 1.13 ± 0.07 1.11 ± 0.07 115.82 ± 7.07 113.90 ± 7.95 

Mt was calculated using Equation (17), the average thickness of the scaled layer was 

calculated from mass of crystals per membrane surface area and average density of gypsum 

(2320 kg/m3). 

 

The correlation between the temperature and the mass of scale formed on the 
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membrane was estimated by plotting the inverse of temperature with scale mass (log) in 

MS Excel (Figure 25). The curves obtained were linear which showed that the exponential 

correlation exists between the scale mass and the temperature i.e. mass of scales on the 

membrane will rise exponentially in response to the temperature. Such a correlation was 

also previously obtained for precipitation of calcium sulfates in pipes at concentration of 

50 and 75 mM (Hoang et al., 2007).  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 24. Correlation between mass of scales on the membrane with temperature for RO 

membrane (a) Solution 1 (Ca+2=20 mM), (b) Solution 2 (Ca+2=50 mM) and for GO-RO 
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membrane (c) Solution 1 (Ca+2=20 mM), (d) Solution 2 (Ca+2=50 mM) (Ashfaq et al., 

2020a). 

 

Induction time (tind.) is the time taken from achieving supersaturation to the 

detection of first crystal deposit on the membrane. It is the sum of the time required for the 

nucleus to form (tn) and the time taken for the nucleus to grow into the visible size (tg). It 

has been noted that both the increase in supersaturation and temperature decreases the 

induction time (Alimi et al., 2003). Previous researches have shown the correlation 

between the effect of tind. with the initiation of the decline in permeability (Shmulevsky et 

al., 2017; Hasson et al., 2009).  In this research, it was noted that the permeability decreased 

immediately after the start of experiments (Fig. 25a-d) which showed that the induction 

times initiated immediately and therefore, it was difficult to detect the induction times in 

these conditions. Furthermore, the solutions of CaCl2 and Na2SO4 were mixed before 

introducing the solution to the feed tank, which means that the tn may have started before 

the start of scaling runs. The effect of temperature is related to the tind. by the Equation (27), 

which is similar to the Arrhenius equation for dependence of rate constants on temperature, 

 

𝐿𝑜𝑔  1
𝑡𝑖𝑛𝑑.

⁄ = 𝐴 −  
𝐸

2.303 𝑅𝑇
  ---------------------------------------------(27) 

 

Where A is a constant, E is the activation energy for the nucleation (J/mol), R is the 

universal gas constant (8.31 J/K. mol) and T is the temperature (⁰K).   

Thus, activation energy can be determined from the slope of the curve obtained by 

plotting the log of inverse tind. data against 1/T. It has been noted that the presence of 
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external body can significantly reduce the activation energy. For solution conditions in the 

range of 0.01 to 0.05 mol/L; the activation energy has been calculated to be in the range of 

51 to 160 kJ/mol. However, the presence of nucleation site reduced the activation energy 

to 42.4 – 48.2 kJ/mol for 0.05 – 0.075 mol/L (hoang et al., 2007). This shows that the 

presence of nucleation site affects the mechanism of crystallization of CaSO4 on the 

membrane. Perhaps, the membrane surface can act as a nucleating site causing 

heterogenous nucleation, which require much less activation energy than the homogenous 

nucleation. Furthermore, increase in temperature will provide additional energy to 

overcome activation energy for nucleation, reducing induction times and promoting 

crystallization and membrane scaling.  

 

4.2.2.4 Morphological characterization of the precipitates.  

To demonstrate the effect of temperature on morphology of precipitates, 

micrographs of the crystals were obtained at different temperature and solution conditions, 

using SEM-EDX. The needle-like crystals seen in SEM images (Figure 26 and 27) can be 

regarded as gypsum due to their similarity to previously reported morphology of gypsum 

(Rahman et al., 2013; Antony et al., 2011). Since, the solubility of gypsum is lowest as 

compared to other polymorphs (bassinite and anhydrite) between the temperatures 0 - 

40°C. Therefore, gypsum was the only polymorph obtained in this study. The EDX analysis 

(Figure 26 and 27) indicated that the ions of calcium, sulfur and oxygen are present in high 

abundance on the membrane confirming that the precipitates are mainly comprised of 

CaSO4.  

In this research, it was noted that the crystalline shapes of gypsum varied with the 
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temperature. This trend is more visible in Figure 27 when more concentrated solution 

(solution 2) was used. At lower temperatures (05°C and 15°C), the crystals are in small 

needle like structures protruding into the surface of the membrane which also shows that 

the contact nucleation of gypsum (surface crystallization) was dominant mechanism in 

membrane scaling as previously reported in the literature (Gryta, 2009; Xie and Gray, 

2016). However, at higher temperatures, the crystal growth increased which resulted in 

orthorhombic or hexagonal prismatic shapes causing floral structures, which may have 

caused additional resistance to the flow of water reducing membrane flux and membrane 

performance. Similar trend was also noted when GO-RO membrane was used, 

demonstrating similar mechanism behind gypsum scaling in both membranes. The 

development of rod and needle like structures to rosettes can be attributed to the higher 

concentration polarization and subsequently higher concentration of gypsum at the 

membrane surface as previously reported by Antony et al., (2011) and Rahman et al., 

(2013). Recent research by Stawski et al. (2016), has demonstrated the four stages of 

CaSO4 precipitation at different temperature and supersaturation conditions. It was noted 

that crystallization starts with formation of well-defined domains of primary species (sub-

3nm size) (stage I and II) followed by aggregation and self-assembly to form large surface 

fractal morphologies (stage III) and then growth of species in all dimensions eventually 

forming larger morphologies similar to what was noted in SEM results (Figure 26 and 27). 

The kinetic model for gypsum crystallization can explain the trend of formation of rod to 

rosette structures as follows [Lee et al., 1999; Ozkar, 2001; Shih et al., 2005): 
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𝑑𝑚

𝑑𝑡
= 𝑘 (𝐶𝑚 −  𝐶𝑠)𝑛 ------------------------------------------------------(28) 

 

Cm is the concentration of gypsum at the membrane surface, Cs is the calcium sulfate 

solubility at the experimental conditions and k is the growth rate constant. The kinetic order 

is represented by n; in which value of 1 and 2 shows the diffusion-controlled and surface 

reaction mechanisms, respectively.  

Hence, the increase in concentration polarization (Cp) and increase in concentration 

of calcium sulfate at the membrane surface (Cm) at higher temperature and saturation 

conditions caused the increase in rate of scale formation (dm/dt) (or reduction in induction 

times, as previously discussed) which subsequently transformed the gypsum crystals from 

rod shaped to rosette structures.  Such a phenomenon has also been noted in the axial 

development of crystal structures along the membrane surface, where the rod-shaped 

structures were noted at the entrance region referring to lower Cp and Cm, and the rosette 

structures were obtained at the exit region demonstrating the effect of higher Cp and Cm 

(Shih et al., 2005). In addition to the temperature, the variation in pressure and crossflow 

velocity has also been demonstrated to affect the morphology of gypsum crystals (Lee et 

al., 1999). Furthermore, in RO systems, variety of inorganic, organic and biological 

constituents of feed water can interact with each other and cause membrane fouling 

(Ashfaq et al., 2018). That is why, the presence of organic macromolecules (Liu and Mi, 

2014) and microorganisms (Thompson et al., 2012) has been found to enhance gypsum 

scaling through decreasing induction times, thereby, altering crystal morphologies.  
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Figure 25. SEM-EDX analysis of scaled membrane at different temperatures for Solution 

1, Ca+2=20 mM (Ashfaq et al., 2020a) 
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Figure 26. SEM-EDX analysis of the scaled membrane at different temperatures for 

Solution 2, Ca+2=50 mM (Ashfaq et al., 2020a). 

 

The XRD results shown in Figure 28 confirmed that the precipitates were mainly 

gypsum (CaSO4.2H2O) and no other polymorphs (anhydrite or hemihydrate) were formed 

in the experimental conditions. The peaks at 11.5, 20.6, 23.1, 29.0⁰ represents the presence 

of gypsum (Farrah et al., 2004) which are evident in Figure 28. The peaks were clearer at 

higher initial concentration as compared to lower concentration. The minor changes in the 

spectra at different temperatures could be associated with different needle, plate-like and 

floral structures obtained as indicated by SEM results. Other broad peaks obtained around 

18⁰ and in the range of 22 - 28⁰ could have resulted from the polyamide membrane surface.  
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(A) 

 

(B) 

 

(C) 

 

(D) 

Figure 27. XRD spectra of CaSO4 precipitates at different temperatures; (A) RO membrane 

(Solution 1, Ca+2=20 mM); (B) GO - RO membrane (Solution 2, Ca+2=20 mM); (C) RO 

membrane (Solution 2, Ca+2=50 mM); (D) GO - RO membrane (Solution 2, Ca+2=50 mM) 

(Ashfaq et al., 2020a) 

 

4.2.2.5 Mechanism of interaction of gypsum with membrane.  

The FTIR spectra of the scales were used to identify the functional groups involved 
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in the interaction between gypsum and membrane surface. These spectra were compared 

with spectra of pure gypsum and pure membrane surface to investigate peak shifts and 

appearance of new peaks/disappearance of peaks. Figure 29 shows the FTIR spectra 

obtained for the scaled RO and GO-RO membranes. According to the literature (Bo, 2004; 

Al Dabbas et al., 2014), the water molecules in the gypsum appears at the peaks of 3580, 

3430 and 1600 cm-1. The strong band centered around 1140 cm-1 splitting into two 

components at around 1146, 1116 cm-1 and 669, 662 cm-1 represents stretching and bending 

modes of SO4. However, the comparison between the gypsum scaled membrane, virgin 

membrane and spectra of pure gypsum showed that the peaks either shifted or disappeared 

completely (mainly in the case of virgin membrane) which can potentially reveal the 

involvement of functional groups in the adsorption of gypsum on the RO and GO-RO 

membranes as well as provide insights about the extent of gypsum scaling. The peaks 

around 3400 and 2970 cm-1 in the spectra of membrane represents stretching vibration of 

carboxylic and C-H groups of the polyamide layer as well as other O-H groups of the 

coating layer (Tang et al., 2007). The interaction of water molecules and calcium from 

gypsum with these groups shifted the peaks from 3580 and 3430 cm-1 (pure gypsum) to 

3518 and 3400 cm-1 (scaled membrane) (Table 14). Similar interaction of carboxylic and 

hydroxyl groups with gypsum as a result of surface crystallization has also been reported 

in forward osmosis through FTIR analysis, which was also confirmed through X-ray 

photoelectron spectroscopy (XPS) results (Xie and Gray, 2016). Furthermore, there were 

differences in the peaks showing SO4 vibrations (1146, 1116, 669, 602 cm-1 in pure 

gypsum), when compared with gypsum scaled membrane as shown in the Table 14. These 

differences may have resulted from the interaction of SO4 group with the C-O bonds 
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present in the virgin membrane and appears at 1150 cm-1. The peaks at 1663, 1609, and 

1541 cm-1 represent C=O stretching of amide I band and N-H in-plane bending and N-C 

stretching vibration of amide II bands of polyamide surface layer were present in virgin 

membrane but disappeared in scaled membrane (Figure 29c and 29d). Other peaks of 

polysulfone support layer of the membrane such as 1587, 1541, 1504, 1488, and 1055 cm-

1 (Tang et al., 2009) also disappeared (Figure 29c and 29d); which can be attributed to the 

surface coverage and thickness of the scale layer as the infra-red radiations could not travel 

to the support layer despite having a penetration depth of 300 nm at these wavenumbers. 

Nevertheless, the spectra obtained at lower feed water concentration (Ca+2 = 20mM, 

solution 1) (Figure 29a and 29b) did not show the disappearance of all the peaks in this 

region. This could be attributed to the less scaling resulted at these conditions and therefore, 

the membrane surface was not fully covered with the gypsum scales.  

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 28. FTIR results of (a) RO membrane, (Solution 1, Ca+2=20 mM); (b) GO-RO 

membrane, (Solution 1, Ca+2=20 mM); (c) RO membrane, (Solution 2, Ca+2=50 mM); (d) 

GO-RO membrane, (Solution 2, Ca+2=50 mM) (Ashfaq et al., 2020a) 

 

Table 14. Peak shifts through comparison between the pure gypsum and the gypsum scaled 

membrane (Ashfaq et al., 2020a) 

Peak Assignments (Gypsum) 
Pure Gypsum* 

(cm-1) 

Gypsum scaled RO 

(cm-1) 

Differences 

(cm-1) 

Stretching vibrations of water 

molecules 

3580 3518 62 

3430 3400 30 

 

Stretching and bending modes of 

SO4 

 

1146 1108 38 

1116 1108 8 

669 667 2 

602 595 7 

*(Bo, 2004 and Al Dabbas et al., 2014) 

 

Hence, FTIR is a powerful tool to elucidate the functional groups involved in the 

process of adsorption (Figure 30), thereby helping in understanding the adsorption 
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mechanisms (Iqbal et al., 2009; Elsehly et al., 2018). As per the results of FTIR, the 

functional groups of the membrane surface such as OH-, COO- and NH2 groups were found 

to be involved in gypsum scaling. This also shows that the membrane with high 

hydrophilicity and polar groups are more susceptible to gypsum scaling as compared to 

hydrophobic membranes with smaller number of functional groups.  

 

 

Figure 29. Interaction of membrane functional groups with gypsum and effect of 

temperature on scaling (Ashfaq et al., 2020a) 

 

4.2.2.5 Effect of scaling on membrane surface properties.  

 The hydrophilicity test of the scaled membrane was carried out to help in predicting 

its behavior during foulant-foulant interactions. The hydrophilicity is a property of the 

foulant which has profound effect on membrane fouling by altering membrane-foulant and 

foulant-foulant interactions and it has received extensive attention in membrane fouling 
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research (Mu et al., 2019). If the scaled membrane becomes more hydrophobic, it is 

expected that its interaction with the organic foulants will increase resulting in enhanced 

membrane fouling. Previous research has shown that the hydrophobicity of the dissolved 

organic matter caused the fouled membrane surface more hydrophobic which caused the 

severe decline in flux. Hence, the membrane fouled with more hydrophobic DOM had 

lowest permeate flux as compared to the membrane fouled with less hydrophobic (or 

hydrophilic) DOM (Mu et al., 2019) The interaction of calcium sulfate with organic fouling 

layer (i.e. sodium alginate, bovine serum albumin and humic acid) has already been 

investigated and it was noted that the humic acid and sodium alginate fouled membranes 

enhanced the surface crystallization of gypsum by acting as a nucleus for crystallization. It 

was concluded that the density of carboxylic groups play an important role in determining 

organic foulants’ interaction with gypsum (Liu and Mi, 2014). The water contact angle of 

the fouled/scaled membrane depends upon the hydrophilicity of the virgin membrane, and 

of the foulant/scalant itself and the extent of scaling layer on the membrane (Mu et al., 

2019). In this research, it was noted that the scaling increased the hydrophilicity of 

membranes. Therefore, at lower feed water conditions (Ca+2 = 20mM, solution 1), the water 

contact angle decreased with the increase in scaling caused by increase in temperature, 

demonstrating increase in hydrophilicity of the scaled membrane (Figure 31). Furthermore, 

at higher feed water conditions, since the scaling was intense as shown by the results of 

flux decline, SEM and FTIR results, the hydrophilicity increased to the extent that the water 

contact angle could not be measured in the experimental conditions. The water droplet (2 

µL) dispersed immediately (within 3 seconds) after its release to the scaled membrane 

surface. Hence, it can be concluded that the gypsum scaling on the membrane increases the 
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hydrophilicity of the membrane enhancing its inter- and intra- foulant interactions. The 

effect of pure membrane hydrophilicity on gypsum scaling was investigated and it was 

found that hydrophilic membranes such as cellulose acetate and nylon with contact angle 

of 50.0⁰ and 44.9⁰, respectively showed highest adhesion (or interaction, Ein) energy to 

gypsum crystals (Ein = -586.68 kJ/mol for cellulose acetate and -212.60 kJ/mol for nylon). 

This is mainly because these polymers are polar molecules with various carboxylic, 

hydroxyl and other functional groups which can easily form hydrogen bonds with water 

molecules in gypsum crystals (Su et al., 2018). In this research, the total mass of crystals 

on the GO-RO membrane was not found to be significantly higher than that on RO 

membrane, however, previous research has shown that the adhesion of gypsum crystals to 

hydrophilic GO membrane was so strong that it was subsequently hard to detach them 

through ultrapure water cleaning (Cao et al., 2018). Therefore, higher wettability of the GO 

membrane resulted in higher surface energy which in turn increased the affinity to the 

gypsum crystals. That is why, several researchers tried to increase the hydrophobicity of 

the membrane and consequently, proved reduction in mineral scaling (Gryta, 2016; Song 

et al., 2007). Hence, the understanding of inter/intra foulant interactions in addition to the 

foulant-membrane interactions are very important to understand and predict the behavior 

of membrane fouling in both single and mixed foulant systems. Therefore, further research 

is on-going to investigate the intra-foulant interaction of calcium sulfate with 

microorganisms to demonstrate their effect on each other.   
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Figure 30. Effect of gypsum scaling at different temperatures on wettability (Ca+2 = 20mM, 

solution 1) (Ashfaq et al., 2020a) 

 

4.2.3 Conclusion 

In this research, the effect of temperature on calcium sulfate scaling of RO and GO-

RO membrane was investigated. The results of flux decline over time, mass of crystals and 

thickness of scaled layer showed that the increase in temperature enhances the activation 

energy for the precipitation reaction leading to severe membrane scaling and increase in 

membrane resistance. Between the temperatures of 5 – 35 ⁰C, gypsum was the only 

polymorph formed on the membrane as confirmed by the XRD and SEM-EDX results. In 

addition, the morphology of the crystals also varied under the influence of temperature as 

the crystals structure changed from rod shape to rosette structures as the temperature was 

increased. The results of SEM and FTIR explained that surface crystallization of gypsum 

was the dominant mechanism in scaling. Overall, results did not show significant 

difference in terms of scaling intensity and crystals morphology between the two 

membranes used. The measurement of water contact angle of the scaled membranes 
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showed that the hydrophilicity increased with the increase in membrane scaling. This 

showed that the gypsum layer on the membrane will have enhanced inter/intra foulant 

interactions with other hydrophilic substances in combined foulant systems. The results of 

this research show that in harsh cold climate areas of the World such as Canada, China and 

USA, the intensity of membrane scaling will be less as the feed water temperature stays 

low. Whereas, in warm areas of the World such as Qatar and other Arabian countries, the 

membrane scaling will be more intense as the feed water temperature is often high. 

Therefore, there is a need to consider the temperature of feed water entering into the RO 

system while deciding the antiscaling measures and antiscalant dosages.   
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CHAPTER 5 – OBJECTIVE 02: DEMONSTRATE AND DETERMINE 

BIODEGRADATION OF POLYMER ANTISCALANTS USED IN REVERSE 

OSMOSIS SYSTEMS8 

 

5.1 Isolation, Identification and Differentiation of antiscalant degrading bacteria9 

 

5.1.1 Introduction 

As per the recent estimates of WHO (WHO UNICEF Joint monitoring program, 

2017), one in every 10 individuals do not have access to clean drinking water. With the 

rise in worlds’ population, this number is expected to increase further. For arid countries 

like Qatar and other Middle Eastern countries there is a severe shortage of renewable water 

resources such as groundwater and consequently, the countries are increasingly relying on 

seawater desalination to fulfil rising demands. Due to the population and economic growth 

in Qatar, there is rapid expansion in the desalination industry through increased 

construction of desalination plants. Although, Middle Eastern countries have been 

historically relying extensively on the thermal desalination technology (Darwish et al., 

2013). Nevertheless, seawater reverse osmosis (SWRO) has been catching attention 

recently owing to its lesser environmental footprint and economic viability. The major 

hurdle for the widespread use of reverse osmosis (RO) technology is the membrane scaling 

and biofouling. In RO operations, typical mineral scales are calcium carbonate, calcium 

 

8 The contents of this chapter have already been published. 
9 This content has been published. Reference: Ashfaq, M.Y., Al-ghouti, M.A., Qiblawey, H., Rodrigues, D.F., 

Hu, Y., Zouari, N. 2019a. Isolation, identification and biodiversity of antiscalant degrading seawater bacteria 

using MALDI-TOF-MS and multivariate analysis. Sci. Total Environ. 656, 910–920. 
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sulfate, silicate, and barium sulfate (Al-Shammiri et al., 2000; Lee et al., 2013; Li et al., 

2007; Shih et al., 2006). Antiscalants such as organic polymers and phosphonates are 

generally used to reduce mineral scaling (Shih et al., 2006). Phosphonates-based 

antiscalants can hydrolyze to orthophosphates and result in insoluble calcium 

orthophosphate precipitation in membrane systems (Antony et al., 2011). Polymer-based 

antiscalants like poly maleic acid (PMA) and poly acrylic acids (PAA) are commercially 

being used in membrane systems.  

These antiscalants have been performing satisfactorily against membrane scaling 

(Shih et al., 2006). They have played significant role in maintaining the efficiency of RO 

plants with maximum recovery rates, reducing the consumption of harmful substances, 

decreasing the consumption of energy and reducing the frequency of plant shutdown for 

cleaning (Greenlee et al., 2009; Darton, 2000). Nevertheless, the biodegradability of these 

antiscalants is rarely reported. The presence of microorganisms in feed water with ability 

to biodegrade antiscalants or use them as a source of energy will not only reduce the 

antiscalants’ efficiency to combat membrane scaling but it will also become a source of 

enhanced biofouling due to microbial growth. Previous works have shown that the bacterial 

attachment and subsequent biofouling by model microorganisms (Pseudomonas 

fluorescens) has increased due to the addition of various poly acrylate and poly phosphate 

based antiscalants (Sweity et al., 2015, Sweity et al., 2013). Nevertheless, the information 

related to biodiversity of microorganisms in seawater capable of biodegrading these 

antiscalant monomers and polymers is not yet reported. The seawater of Arabian Gulf is 

relatively polluted due to rapid industrialization and oil spills in the past and the microbial 

population in seawater is adapted to survive in such harsh environment. The presence of 



 

168 

 

antiscalant biodegrading microorganisms in the seawater will therefore raise the concern 

on the efficiency of these antiscalants to inhibit membrane scaling and the performance of 

SWRO in the region.  

Dereplication is a process of grouping identical strains together at a certain 

taxonomic level (Popovic et al., 2017; Ghyselinck et al., 2011). Since, isolation of large 

number of strains using different growth media and their identification using conventional 

microbiological and molecular techniques is a time-consuming and complicated process. 

Therefore, categorization of environmental strains from unknown sources is now important 

to obtain information about biodiversity and to reduce the need to adopt other procedures. 

Nowadays, Matrix assisted laser desorption ionization – time of flight mass spectrometry 

(MALDI-TOF MS) is being used for dereplication of isolates using protein spectra of the 

strains. The protein profiles are differentiated mostly using algorithms that are based on 

the absence/presence of peaks or the peak intensities (Spitaels et al., 2016).  The technique 

has been used for differentiation of strains from marine (Dieckmann et al., 2005) and 

hypersaline (Munoz et al., 2011) environments. Dereplication of isolates also helps to 

group microorganisms based on their specific characteristics like resistance/sensitivity or 

sources like clinical and environmental and therefore, reduces the workload for screening 

larger number of isolates.  MALDI-TOF MS technique is relatively rapid and cost effective 

as compared to its counterparts such as 16s rRNA technique (Almuzara et al., 2015; Caretto 

et al., 2013; Jamal et al., 2013). However, its application in environmental microbiology is 

still limited. Many investigators have attempted to compare the efficiency, reliability and 

accuracy of MALDI-TOF MS with other conventional microbiological techniques 

(Almuzara et al., 2015; Caretto et al., 2013; Jamal et al., 2013; Fang et al., 2012; Meex et 



 

169 

 

al., 2012; Zangenah et al., 2012).  Recently, the technique is gaining attention of 

researchers and is being recommended for environmental samples over molecular 

techniques (Koubek et al., 2012). Using MALDI-TOF MS, various bacterial strains such 

as V. furnissii and V. fluvalis (Schirmeister et al., 2014) and 30 closely related Vibrio 

isolates (Eddabra et al., 2012) have been differentiated for wide variety of applications. 

Similarly, Telesmanich et al., (2014) performed interspecific differentiation of Vibrio 

strains isolated from ballast waters, which helped them to detect both pathogenic and non-

pathogenic bacterial strains. Otherwise, the use of conventional molecular techniques 

would have been much more labor intensive and time consuming.  

Principle component analysis (PCA) is a type of multivariate analysis that helps to 

reduce redundancy in the data set (Kehrmann et al., 2016). It gives rise to new coordinates 

by linear combination of the actual ones i.e. m/z in the case of MALDI-TOF-MS, which 

represents principal components (PCs). These newly produced PCs are numbered as per 

the amount of variability they explain in the original data set. Mostly, first 2 or 3 PCs are 

used to analyze the data variability. Although, PCA has been widely used for its 

applications in various fields (Li et al., 2018; Kamijo et al., 2017; Kasban et al., 2016); its 

application in combination with MALDI-TOF-MS is limited. Kehrmann et al., (2016) 

combined PCA with MALDI-TOF-MS proteins spectral data to discriminate 

Mycobacterium abscessus subspecies for clinical significance. It was concluded that the 

PCA is a robust and easy method for microbial subspecies level differentiation.   

Thus, the aim of this research was to investigate the biodiversity of microorganisms 

in Qatar’s seawater with the ability to biodegrade organic antiscalants used in membrane 

systems. MALDI-TOF MS technique was combined with PCA to demonstrate the 
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biodiversity of isolated antiscalant degrading bacteria. The objectives of this research 

include (1) isolation and identification of antiscalant degrading bacteria using MALDI-

TOF MS; (2) investigating the biodiversity of antiscalant degrading bacteria through 

combining MALDI-TOF MS with PCA; (3) estimation of specific growth rates of selected 

strains in antiscalants containing medium. The antiscalants selected for this research 

include monomers and polymers of acrylic and maleic acids. The results of this research 

will help to understand the outcome and fate of using these polymer antiscalants in SWRO. 

To the best of our knowledge, this study is first of its kind to demonstrate the interaction 

of antiscalants used in SWRO with seawater microorganisms using multidisciplinary 

approach. 

 

5.1.2 Results and Discussion 

 

5.1.2.1 Screening of isolated bacteria for monomer antiscalant degradation 

Seawater samples from both offshore (QOFSW) and onshore (QONSW) were used 

to isolate the endogenous bacteria from Qatar’s seawater and study their potential to 

biodegrade antiscalant monomers. Seven samples from different locations across Qatar’s 

marine environment were collected to isolate and test a wide variety of bacteria for this 

purpose. The evaluation of monomers’ biodegradation was based on the estimation of 

colony size formed by each isolate by using them as carbon and energy source in 

comparison to the growth in glucose containing medium. It was noted that all strains were 

able to grow in maleic acid medium after 5 days of incubation. In general, all strains 

showed heavy growth in glucose medium (after 48 hours), moderate in maleic acid medium 
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(after 5 days), and there was no growth noted in acrylic acid medium even after 7 days of 

incubation. This showed that the two antiscalant monomers requires different 

biodegradation pathways and most of the bacteria lack the necessary catabolic pathways to 

use acrylic acid as a carbon and energy source in solid media.   

 

5.1.2.2 Identification of Antiscalant degrading bacteria using MALDI – TOF MS 

MALDI – TOF MS technique was used to identify seawater microorganisms. The 

technique is being used frequently to identify clinical isolates (Fang et al., 2012; Meex et 

al., 2012; Zangenah et al., 2012; Caretto et al., 2013; Jamal et al., 2013; Almuzara et al., 

2015), but it is not yet widely used to study aquatic microorganisms. Emami et al., (2012) 

used this technique to identify Vibrio species, P. aeruginosa, Enterococci species and 

coliforms in ballast waters. Hence, diversity of bacteria isolated from Qatari seawater, 

identified using MALDI – TOF MS include H. aquamarina, H. elongata, P. fragi, V. 

alginolyticus, and V. fluvalis (Table 15). The score between 2.3-3.00 shows highly probable 

species level identification and between 2.0 – 2.29 represents genus level identification and 

probable species level of identification. A score between 1.7 – 1.99 indicates probable 

genus level identification. As shown in Table 15, only 5 out of 20 strains had scores in the 

lower (1.7 – 1.99) range which means that 75% of the strains were identified up to species 

level.   

Halomonas species belonging to the family of proteobacteria, have been reported 

to be less frequent in Gulf waters (Sorkhoh et al., 2010). However, it was noted that the 

species of Halomonas were found in most of the offshore and onshore samples tested in 

this research. Halomonas bacteria are of ecologically importance due to their oil degrading 



 

172 

 

capabilities (Sorkhoh et al., 2010), biomineralization potential through ureolytic activity 

(Arias et al., 2017), EPS production and surface adhesion (Rodriguez-Calvo et al., 2017), 

biofouling potential and biofilm formation (Zhang et al., 2011; Ivnitsky et al., 2010; 

Bereschenko et al., 2010). These bacteria have also been studied to test the antibiofouling 

potential of different nanomaterials and polymers (Sathya et al., 2016; Inbakandan et al., 

2013).  Thus, the occurrence of Halomonas species in Qatar’s seawater should have 

significant ecological significance as they can potentially cause biofouling in RO 

membranes in desalination industry.  

Pseudomonas fragi; another bacteria obtained frequently from different seawater 

samples, is a psychorophilic Gram-negative Bacillus commonly found in temperate waters 

(Wang et al., 2017). Their ecological importance includes their ability to produce biofilm 

(Wirtanen, and Mattila-Sandholm, 1994) and food spoilage especially meat, fishes and 

other marine organisms (Ercolini et al., 2007; Tryfinopoulou et al., 2002).  Moreover, the 

complete genome sequence of P. fragi has shown their ability to biodegrade toxic 

compounds (Yanzhen et al., 2016). Therefore, showing the occurrence of P. fragi in 

Qatar’s seawater is important and relevant to the objectives of this research.  

 

Table 15. Identification of isolated strains from Seawater samples using MALDI-TOF-MS 

(Ashfaq et al., 2019a) 

# Station # Isolate code Identification  Score 

1 QONSW-1  

QONSW-1 (#1) Halomonas elongata  1.854 

QONSW-1 (#2) Halomonas aquamarina  1.78 

QONSW-1 (#3) Pseudomonas fragi  1.93 

2 QONSW-2  QONSW-2 (#1) Halomonas aquamarina  2.07 
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# Station # Isolate code Identification  Score 

3 QOFSW-1 

QOFSW-1 (#1) Halomonas aquamarina  2.08 

QOFSW-1 (#2) Halomonas aquamarina  2.04 

QOFSW-1 (#3) Pseudomonas fragi  2.4 

QOFSW-1 (#4) Vibrio fluvalis  1.75 

4 QOFSW-2  

QOFSW-2 (#1) Vibrio alginolyticus  2.04 

QOFSW-2 (#2) Pseudomonas fragi  2.39 

QOFSW-2 (#3) Pseudomonas stutzeri  2.47 

QOFSW-2 (#4) Halomonas aquamarina  2.07 

QOFSW-2 (#5) Halomonas aquamarina  2.02 

5 QOFSW-3 

QOFSW-3 (#1) Halomonas aquamarina  1.96 

QOFSW-3 (#2) Pseudomonas fragi  2.36 

QOFSW-3 (#3) Pseudomonas fragi  2.34 

6 QOFSW-4  
QOFSW-4 (#1) Halomonas aquamarina  2.01 

QOFSW-4 (#2) Pseudomonas fragi  2.33 

7 QOFSW-5  
QOFSW-5 (#1) Pseudomonas fragi  2.32 

QOFSW-5 (#2) Halomonas aquamarina  2.04 

 

5.1.2.2 Differentiation of Isolated Bacterial community using MALDI – TOF MS and PCA 

The protein profiles were established for all the isolates using MALDI-TOF MS for 

their subtyping. Even though, this technique is widely used for identification of bacteria at 

species and genus level, its potential for subtyping microorganisms was also proved 

(Rizzardi et al., 2013; Emami et al., 2012). The subtyping of strains is quite difficult since 

the strains are usually quite similar in terms of both phenotype and genotype. However, 

subtyping of strains like Vibrio alginolyticus, Pseudomonas sp. and Enterococcus faecalis 

(Emami et al., 2012); Methicillin-resistant Staphylococcus aureus lineages (Wolters et al., 

2011), Salmonella enterica (Dieckmann and Malorny, 2011), Yersinia enterocolitica 

(Rizzardi et al., 2013) and Streptococcus agalactiae (Lartigue et al., 2009) have been done 
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using MALDI-TOF MS.  

The strain differentiation is generally carried out based on the absence and presence 

of protein peaks at specific mass to charge ratio. The mass signals obtained between 2000 

to 20,000 m/z are used to produce profile spectra, which comprises series of peaks that are 

conserved at genus, species and even subspecies levels (Barbuddhe et al., 2008). In this 

work, PCA was used to process MALDI-TOF-MS protein spectral data. Previously, 

Kehrmann et al., (2016) used combination of MALDI-TOF-MS and PCA to characterize 

the Mycobacterium species i.e. M. abscessus, M. bolletii and M. massillense.  However, its 

utilization in literature is rarely reported. Hence, the results of PCA for the differentiation 

of H. aquamarina and P. fragi strains isolated from several locations in Qatar’s seawater 

are presented in Figure 32A. It is evident from Figure 32A that the isolated strains 

possessed wide biodiversity at proteins level. The three principle components i.e. PC-1 

(35%), PC-2 (27%) and PC-3 (16%) together showed 78% of the variance in the data. 

Using PCA, H. aquamarina strains can be distinguished into four categories. One major 

group encircled (in Figure 32A) contains several closely related strains i.e. B2 (QOFSW-1 

(#1)), C1 (QOFSW-2 (#4)), C2 (QOFSW-2 (#5)), D1 (QOFSW-4 (#1)), D2 (QOFSW-5 

(#2)). All strains belonging to this group were positively correlated to both PC1 and PC2 

representing 35 and 27% variance in the data, respectively. While all strains in this group 

were negatively correlated to PC3 (representing 16% of the variance). The case of D1 

(QOFSW-4 (#1)) is exceptional as it is situated on the boundary line (towards y negative 

axis) and thus is slightly negatively correlated to PC-2. Another group comprising B1 

(QONSW-2 (#1)) and B3 (QOFSW-1 (#2)) were found to be negatively correlated to PC-

1 and PC-3, but positively correlated to PC-2. The two uncategorized strains were A 
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(QONSW-1 (#2)) and C3 (QOFSW-3 (#1)). As shown in Figure 32A, the strain A was 

highly negatively correlated to both PC-1 and PC-2 and highly positively correlated to PC-

3. On the other hand, the strain C3 was highly positively correlated to PC-1 and PC-3 but 

highly negatively correlated to PC-2.  

The isolated strains of P. fragi were found to be widely diverse and therefore, not 

many categories were obtained through PCA. The first three principle components together 

represent only 57% of the variance in the data, which shows that the isolated strains are 

widely different from each other at protein level. The strains D1 and D2 isolated from the 

same location i.e. QOFSW-3 (QOFSW-3 (#2), QOFSW-3 (#3) respectively) were found 

to be positively correlated to all the three components and thus can be categorized together. 

On the other hand, the strains E (QOFSW-5 (#1)) and F (QOFSW-4 (#2)) isolated from 

two different offshore sampling locations were found to be negatively correlated to all the 

three components and thus can be grouped together. Other strains A (QONSW-1 (#3)), B 

(QOFSW-1 (#3) and C (QOFSW-2 (#2)) can be easily differentiated from each other and 

from the two groups as shown in Figure 32B. Thus, it can be concluded that PCA is a useful 

method for differentiation of environmental bacterial isolates using MALDI-TOF MS 

spectral information.   

Ghyselinck et al., (2011) compared MALDI-TOF MS with repetitive element 

sequence-based Polymerase Chain Reaction (rep-PCR) for differentiation of bacterial 

strains. It was noted that MALDI-TOF MS is more promising in terms of cost and time 

efficiency and high throughput analysis. In addition, the technique can differentiate till 

strains level and therefore, it is useful for differentiation of strains. PCA has also been 

applied to construct dendrograms through MALDI-TOF MS, which was able to 
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discriminate several Vibrio parahaemolyticus strains (Malainine et al., 2013). The 

combination of MALDI-TOF MS with PCA is a powerful tool for rapid categorization of 

strains. Niyompanich et al., 2014 classified strains of Burkholderia pseudomallei based on 

clinical and environmental sources. It remains unknown that if this tool can differentiate 

strains based on their environmental/ecological significance such as pollutant degrading 

strains and non-degrading strains. If it is achievable, then larger number of bacterial isolates 

can be easily screened for their potential to exhibit certain activity, which is of ecological, 

environmental, or biotechnological significance.  

 

 

(A) 

Legend: 

A - QONSW-1 (#2) 

B1 - QONSW-2 (#1) 

B2 - QOFSW-1 (#1) 

B3 - QOFSW-1 (#2) 

C1 - QOFSW-2 (#4) 

C2 - QOFSW-2 (#5) 

C3 - QOFSW-3 (#1) 

D1 - QOFSW-4 (#1) 

D2 - QOFSW-5 (#2) 
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(B) 

Figure 31. Differentiation of isolated strains using PCA (A) H. aquamarina; (B) P. fragi 

(Ashfaq et al., 2019a). 

 

Using PCA, biplot showing both the scores (strains) and loadings (m/z values) can 

be used to obtain information about the m/z of proteins playing significant role in strains 

differentiation. As evident from the Figure 33A, protein peak at m/z 5120 had higher 

intensities for all the isolated strains, except strain A (QONSW-1 (#2)), in which it was 

found to be completely missing. That is why, it is located far from strain A (QONSW-1 

(#2)) in Figure 33A. On the other hand, the protein peak at m/z 7345 was present at highest 

intensity in strain A (QONSW-1 (#2)) but was absent from strain B1 (QONSW-2 (#1)). 

Similarly, protein peaks at m/z 6055 (situated closely to strain C3) and 7350 (situated 

closely to strain B1) were only present in these respective strains and were absent from all 

other strains. Thus, biplot helps to obtain information about the presence and absence of 

Legend: 

A - QONSW-1 (#3) 

B - QOFSW-1 (#3)   

C - QOFSW-2 (#2) 

D1 - QOFSW-3 (#2) 

D2 - QOFSW-3 (#3) 

E - QOFSW-5 (#1) 

F - QOFSW-4 (#2) 
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different protein peaks among strains. Furthermore, protein peaks at m/z 3025, 3140, 3680, 

4470, 4710, 4830, 5145, 6285, 6300, 8715, 8940, and 10185 were found to be present in 

all the strains and thus can be used as possible biomarkers. The peaks that are 

differentiating among the strains are labelled, while, the peaks that can be possibly used as 

biomarkers are labelled as well as highlighted in Figure 33 (A and B). 

In the case of P. fragi, biplot (Figure 33B) shows that the protein profiles of strains 

were highly variable from each other and it is difficult to obtain information about the 

presence and absence of the protein peaks using only two components (PC-1 and PC-2). 

The protein peak at m/z 5065 was present in all strains at higher intensities. The protein 

peak at m/z 4430 was present in all strains at the relative intensity of more than 50, except 

in strain A (QONSW-1 (#3)) in which it was shifted to m/z 4440. Such a protein shift 

slightly affecting the m/z value of protein could be due to the replacement of one or few 

amino acids in this strain. Similarly, a shift of protein peak was also noted at m/z of 5090 

where the peak was present at a relative intensity in between 20-35 for all strains, except 

strain A (QONSW-1 (#3)). This peak was shifted to 5095 at a relative intensity of 23.26 in 

strain A (QONSW-1 (#3)). The peaks at m/z 2530, 3020, 3295, 3590, 3615, 3800, 4125, 

4400, 4420, 5065, 5670, and 11340 were present in all strains. Figure 34A shows the 

MALDI spectra obtained for P. fragi strains with enhanced views (Figure 34B, 34C and 

34D) showing some differences in peaks among the strains.  
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Figure 32. Biplot showing m/z loading values for (A) H. aquamarina and (B) P. fragi 

strains. The peaks of interest i.e. differentiating peaks are labelled and possible biomarkers 

are labelled and underlined (Ashfaq et al., 2019a).  [A: A - QONSW-1 (#2), B1 - QONSW-2 (#1), B2 - 

QOFSW-1 (#1). B3 - QOFSW-1 (#2), C1 - QOFSW-2 (#4), C2 - QOFSW-2 (#5), C3 - QOFSW-3 (#1), D1 - QOFSW-4 

(#1), D2 - QOFSW-5 (#2)) and B: A - QONSW-1 (#3), B - QOFSW-1 (#3), C - QOFSW-2 (#2), D1 - QOFSW-3 (#2), 

D2 - QOFSW-3 (#3), E - QOFSW-5 (#1), F - QOFSW-4 (#2)]. 
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Figure 33. Mass spectra obtained for P. fragi strains (A) Main spectra (2000 – 13000 m/z); 

Magnified regions (B) 7400 – 7700 m/z (C) 8100 – 8400 m/z (D) 8700 – 8900 m/z, showing 

the differences of mass spectra among the strains (Ashfaq et al., 2019a). [a – QOFSW-1 (#3), 

b – QOFSW-2 (#2), c – QOFSW-3 (#2), d – QOFSW-3 (#3), e – QOFSW-5 (#1), f – QOFSW-4 (#2)]. 
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5.1.2.3 Growth kinetics of Antiscalant degrading bacteria 

Initial screening for antiscalant degrading bacteria showed that the strains were able 

to grow in antiscalant containing media, especially in maleic acid media. The specific 

growth rates of antiscalant degrading bacteria were then investigated. It was noted that the 

growth rates vary for each antiscalant as well as with the bacterial strain used. As expected, 

the specific growth rates in glucose medium, used as positive control, were the highest as 

compared to antiscalant based media. The average specific growth rates of bacteria in 

glucose media were 1.467 + 0.79 (H. aquamarina), 1.02 + 0.79 (H. elongata), 1.03 + 0.21 

(P. fragi), 0.84 + 0.04 (P. stutzeri), 0.63 + 0.03 (V. alginolyticus), and 0.75 + 0.36 (V. 

fluvalis). The average specific growth rates for each type of isolated bacteria in antiscalants 

media are depicted in Figure 35A. By comparison, it is obviously clear that H. aquamarina 

strains isolated across various locations are characterized with the highest growth rates in 

antiscalant media as compared to other strains. It was also noted that the isolated strains 

were able to grow faster in poly maleic and poly acrylic acids as compared to their 

respective monomers.  

The process of microbial biodegradation occurs through different enzymatic 

activities and cleavage of bonds. Accordingly, the biodegradation of polymers occurs 

through the sequence of energy generating steps. It starts with breaking the bonds in 

polymer (biodeterioration and bio-fragmentation or digestion), obtaining energy and 

producing oligomers, dimers and monomers. All these macromolecules are then again used 

as carbon/energy source (assimilation and mineralization) for further microbial growth 

(Pathak and Navneet, 2017 and Lucas et al. 2008). Due to the stepwise degradation and 

assimilation of the polymer, the concentration of monomers remains below certain limit, 
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which reduces the chance of toxicity/growth inhibition induced by high substrate 

concentration. Moreover, it is also possible that relatively higher concentration of 

monomers in the medium could induce the phenomenon of carbon catabolite repression 

(Cecilia et al. 2019), affecting microbial growth. Further research is therefore needed to 

obtain information about the biodegradation pathways, the intermediate and end products 

of biodegradation and factors affecting the microbial growth rates and biodegradation rates. 

On the other hand, the difference of growth rates between poly acrylic and poly maleic acid 

media can be attributed to their different molecular structures. Thus, maleic acid was found 

to be easily assimilable carbon and energy source as compared to acrylic acid. Moreover, 

previous research of Larson et al. (1997) showed that the mixed microbial community from 

activated sludge was able to use acrylic acid as a carbon and energy source. Hence, the 

obtained results clearly show that the organic chemicals used to prevent scaling differ 

greatly in their ability to promote growth of microorganisms. Since, these organic 

antiscalants were found to be biodegradable by seawater microorganisms; their potential 

to promote biofouling in SWRO is highly expected. These observations conform with 

previous observations about potentialities of antiscalants to promote microbial growth and 

biofouling (Vrouwenvelder et al., 2000; Sweity et al., 2015, 2013).  
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Figure 34. (A) Comparison of specific growth rates of isolated seawater bacteria in 

different antiscalant containing medium (B) Specific growth rates of H. aquamarina 

(QOFSW-4 (#1)) at different concentrations of poly acrylic acid and poly maleic acid 

(Ashfaq et al., 2019a). 
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(Sweity et al., 2015). Depending upon the extent of concentration polarization, the 

concentration at the membrane surface will rise further. Therefore, dose-effect relationship 

of poly acrylic and poly maleic acid was also studied at 20, 50, 100, 200 mg/L. Figure 35B 

shows that the increase in concentration resulted in linear increase in microbial growth and 

there was no growth inhibition or toxicity effect of antiscalant within the dose range tested. 

Thus, it is expected that as the intensity of concentration polarization rises in RO systems; 

the concentration of antiscalants near the membrane surface will increase which will result 

in higher bacterial growth near/on the membrane surface.  

In the work of Vrouwenvelder et al, (2000), there were two different types of 

growth tests adopted to investigate the growth promoting properties of antiscalants. These 

tests include the assessment of assimilable organic carbon (AOC) and biomass production 

potential (BPP). The researchers successfully evaluated several antiscalants for their 

potential to cause biofouling and proposed the classification based on their AOC and BPP 

values. However, it was also concluded that these tests are complicated to assess the 

biofouling potential of antiscalants. On the other hand, the growth tests performed in this 

research relied on ensuring the antiscalants as the only source of carbon, which helped to 

investigate directly the growth promoting properties of antiscalants.  

The biofouling results in series of steps, which include (1) formation of 

conditioning film, (2) bacterial adhesion, (3) feeding of microorganisms on available 

nutrients and organic compounds in feed water, which subsequently leads to biofilm 

formation and growth. Thus, formation of conditioning film and source of energy 

(nutrients/carbon sources) are major pre-requisites for membrane biofouling. Previous 

researches have shown that the addition of antiscalants enhance biofouling through 
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increased organic fouling (Sweity et al., 2014; Surrat et al., 2000), which can also act as a 

conditioning layer for biofouling (step 1) and through altering membrane surface 

characteristics i.e. hydrophobicity (Sweity et al., 2013, 2015), which subsequently 

enhances bacterial attachment (step 2). Furthermore, it has also been demonstrated that the 

poly phosphates-based antiscalants can become a source of phosphorus for bacterial growth 

(step 3). It can also be concluded from this research and from the work of Vrouwenvelder 

et al., (2000, 2010), that the antiscalants can also be used as a source of energy and carbon 

by microorganisms subsequently promoting the biofouling and there is variety of such 

bacteria present in seawater. Thus, the effect of antiscalants on membrane fouling is 

explained in Figure 36. In the absence of microorganisms, (1) antiscalants will effectively 

reduce membrane scaling by delaying the nucleation time of salts or by distorting the 

crystals shape and making them soft and non-adherent. Furthermore, sometimes 

antiscalants adsorb on the crystals and impart anionic charge, which keep them separated 

from each other and from the membrane surface. Nevertheless, (2) the microorganisms 

present in feed water will biodegrade these antiscalants and use them as an energy/carbon 

source, which will ultimately (3) neutralize the effect of antiscalants causing both 

membrane scaling and biofouling. The membrane fouling will result in reduced water flux, 

decreased percentage rejection, higher energy requirements due to increased 

transmembrane pressure. To recover membrane performance; frequent cleaning would be 

needed which will lead to reduction in operational period and increase in cost of RO 

desalination plant. Therefore, it is now important to develop certain screening methods to 

investigate the potential of organic antiscalants to cause membrane biofouling before their 

application at the industrial level. Furthermore, inorganic polymers/nanomaterials need to 
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be prepared to modify RO membranes that are resistant to microbial biodegradation and 

can help to reduce both membrane scaling and biofouling. 

 

 

Figure 35. Schematic diagram depicting the effect of antiscalant biodegradation on 

membrane scaling and biofouling (Ashfaq et al., 2019a) 

 

5.1.3 Conclusion 

In this research, it was found that the microorganisms isolated from Qatar seawater 

has the ability to use antiscalants as a carbon and energy source for their growth. The 

isolated microorganisms were identified as H. aquamarina, H. elongata, P. fragi, P. 

stutzeri, V. alginolyticus and V. fluvalis using MALDI-TOF MS. By combining the 

techniques of MALDI-TOF MS with PCA, the isolated strains of H. aquamarina and P. 

fragi were categorized into several groups based on their differences in protein spectra 

showing the biodiversity of such antiscalant degrading bacteria in seawater. Hence, the 

combination of MALDI-TOF MS and PCA also has a potential to differentiate strains 

based on their environmental / biotechnological roles, which can reduce time and cost of 
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screening larger number of microorganisms isolated from different environments. It was 

also noted that the growth rates vary with type of antiscalant and bacteria used. Highest 

growth rates were obtained for poly maleic followed by poly acrylic acid media.  

Our study showed that there is wide variety of seawater bacteria possessing ability to 

biodegrade antiscalants used in SWRO. The biodegradation of these organic antiscalants 

will reduce their efficiency to combat membrane scaling and will become source of 

enhanced microbial growth causing membrane biofouling. Therefore, it is now a need to 

develop polymers/nanomaterials that are resistant to biological degradation and can be used 

to reduce both membrane scaling and biofouling in SWRO.   

 

5.2 Investigating the effect of antiscalants on biofouling of RO membranes10 

 

5.2.1 Introduction 

Membrane filtration technique is being adopted worldwide as an environment 

friendly and energy efficient technique in desalination industry as compared to thermal 

desalination techniques (Tang et al. 2009, 2011; Sun et al. 2016). However, the 

performance of membranes, which includes permeate flux and rejection is affected by the 

membrane fouling and scaling. To prevent mineral scaling on reverse osmosis (RO) 

membranes, antiscalants are added to suppress mineral scale formation. The most common 

antiscalants for calcium sulfate (CaSO4) include phosphonates and organic polymers (Shih 

 

10 This content has been published. Reference: Ashfaq, M.Y., Al-ghouti, M.A., Qiblawey, H. Zouari, N. 

2019b. Evaluating the effect of antiscalants on membrane biofouling using FTIR and multivariate analysis. 

Biofouling 35 (1), 1–14. 
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et al. 2006). In RO systems, phosphonates, however, tend to hydrolyze to orthophosphate 

and react with calcium ions to form calcium orthophosphate, which is insoluble (Antony 

et al. 2011). Therefore, most of the commercial antiscalants for RO membranes are organic 

polymer-based chemicals, such as poly acrylic acid (PAA), polymethacrylic acid (PMAA), 

and poly maleic acid (PMA). 

The use of polymer-based inhibitors has shown satisfactory performance in 

preventing membrane scaling (Shih et al. 2006). However, little research has been 

performed on their biodegradability. Due to the presence of microorganisms in seawater, 

these antiscalants may act as an energy/carbon source and their biodegradation will not 

only reduce their efficiency to control membrane scaling, but they will also become a 

source of enhanced microbial growth causing membrane biofouling. In preliminary 

research, the strain of Halomonas aquamarina was isolated from Arabian Gulf seawater 

and was identified using Matrix Assisted Laser Desorption Ionization – Time of Flight 

Mass Spectrometry (MALDI-TOF MS) technique. The strain was identified with a score 

of 2.02, which is interpreted as reliable genus level identification and probable species level 

identification as per the manufacturer (Bruker Daltonics, Germany) instructions. The strain 

was tested for the ability to use antiscalants as a carbon/energy source by providing growth 

medium containing only one of the targets antiscalant as a carbon source.  The antiscalants 

focused on that research included monomers of acrylic and maleic acids and poly acrylic 

acid.  It was found that the H. aquamarina strain was able to grow in an antiscalant 

containing medium with specific growth rates (h-1) of 0.076 (acrylic acid), 0.088 (maleic 

acid) and 0.115 (poly acrylic acid), which concluded that the strain was able to use these 

antiscalants as a carbon/energy source for its growth.  Furthermore, it has also been shown 
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in the literature that the antiscalants can enhance membrane biofouling either through their 

assimilation as a source of carbon (Vrouwenvelder et al. 2000) or phosphorus (Sweity et 

al. 2013) by microorganisms or through altering membrane surface properties 

(hydrophobicity) that favors biofouling (Sweity et al. 2015). Thus, it can be concluded from 

these researches that there is a need to develop certain screening methods to quickly 

evaluate the antiscalants and obtain early conclusion about their biofouling potential before 

their utilization at industrial scale. 

Conventionally, membrane fouling and anti-fouling studies are conducted in 

membrane filtration setup. Depending upon the type of fouling under investigation, the 

experiments are usually conducted from few hours to weeks and the setup mandates to 

include high-pressure pumps, flow meters, pressure gauges and membrane filtration cells, 

which makes it time consuming and a costly methodology. In recent research, a method of 

quantifying biofilm formation using microbiology-based assays was proposed (Lutskiy et 

al. 2015). The suggested methodology was successfully applied to quantify early stage of 

biofilm formation on RO and nanofiltration (NF) membranes. The effect of antimicrobial 

polypeptide (nisin) on biofouling was recently studied using similar methodology (Jung et 

al. 2018). Therefore, it can be concluded that such assays are useful to evaluate the 

performance of membranes coated with anti-microbial materials to give early conclusion 

about the performance of modified membranes without the use of complex filtration setups. 

Similarly, such assays can further be utilized to study the factors (e.g. effect of antiscalants) 

affecting microbial growth/viability, a critical step of biofouling. 

There are variety of microscopic methods that can be used to evaluate biofouling 

such as Epifluorescence, Confocal Laser Scanning, Atomic force, Nuclear magnetic 
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resonance and Electron Microscopy. However, inability to obtain information about 

biofilm composition, being labor intensive, and critical specimen preparation procedures 

are some of the disadvantages of these techniques (Nguyen et al. 2012). On the other hand, 

FTIR spectroscopy is a reliable, cheaper and quicker analytical technique (Amir et al. 2013; 

Al-Juboori and Yusaf, 2012), suitable for the detection and identification of functional 

groups in organic compounds or in biofilm layer on the membrane (Al-Degs et al. 2011; 

Gelaw et al. 2014). FTIR relies on the measurement of characteristic peaks associated with 

certain functional groups. The technique is designated as ‘fingerprint analytical technique’ 

for the identification of compounds as it is nearly impossible to obtain same spectrum for 

two different compounds (Al-Degs et al. 2011). It is rapid and a non-destructive technique 

and therefore, is good for qualitative analysis of membrane fouling. In addition, analytical 

information can also be extracted from overlapped FTIR spectra by using multivariate 

analysis (principle component analysis, PCA) and multivariate calibration (Al-Ghouti et 

al. 2008, 2010). Combination of FTIR and multivariate calibration has been successfully 

applied for various purposes such as fuel adulteration (Al-Ghouti et al. 2008), determining 

viscosity index and base number of motor oils (Al-Ghouti et al. 2010). However, its 

application in membrane sciences is seldom reported. Gelaw et al. (2014) used FTIR and 

multivariate analysis (Soft independent modeling of class analogy model, SIMCA) to 

investigate membrane fouling which helped them to differentiate between fouled and 

cleaned membrane and to determine best cleaning protocol for removal of organic foulants. 

Principle component analysis (PCA) is also a type of multivariate analysis that helps to 

reduce data redundancy. The technique is used for identification of a smaller number of 

uncorrelated variables from a larger set of data, which help to emphasize variation in the 
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dataset. These uncorrelated variables are known as principal components (PCs). The PCs 

are the new coordinates and are numbered as per the percentage of variance in the real data 

they explain, and they help to maximize variances between the clusters and minimize 

within the clusters. Thus, the tool of PCA can be combined with FTIR to differentiate 

between the fouling layers on the membrane receiving different treatments.  

The goal of the present study was to evaluate the effect of antiscalants on biofilm 

formation on RO membranes using relatively faster and efficient methodology. Therefore, 

FTIR spectroscopy with multivariate analysis (PCA) and microbiological based assay were 

employed in this research. It is expected that the results of this research will help to develop 

the application of FTIR with PCA in membrane sciences and to propose simple, rapid and 

cost-effective methods to investigate membrane biofouling.  

    

5.2.2 Results 

  

5.2.2.1 Qualitative analysis of Bio-fouled membrane 

5.2.2.1.1 FTIR analysis. Figure 37 shows the FTIR results of RO membranes 

exposed to media containing different carbon sources and H. aquamarina as a bacterial 

strain. Higher similarity among all FTIR spectra and absence of any peak shifts shows that 

there was no interaction between the RO membrane and the biofilm layer and thus 

biofouling did not cause any obvious structural changes on the RO membrane surface.  

However, through comparison with the negative controls and virgin RO membrane (pure 

RO membrane surface), decrease in percentage transmittance at specific wavenumbers 

shows that the formation of biofilm increased after the addition of antiscalants. Because, 
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the biofilm present on the RO membrane is subjected to IR radiations; the molecules 

present in the biofilm will absorb the radiations. The amount of radiation absorb by the 

molecules is directly proportional to the number of molecules present in the biofilm or the 

intensity of the biofilm (Wolf et al. 2002). This result can also be explained through Beer-

Lambert law, which states that the absorbance is directly proportional to the thickness and 

concentration of the sample (Salido et al. 2017; Stuart, 2004) as shown in Equation (29). 

 

𝐴 =  ℇ𝑐𝑙 ---------------------------------------------------------------------(29) 

 

Where, A is the absorbance, ℇ is molar absorptivity, c is the concentration and l is 

the path length of the sample, and the absorbance (A) is related to transmittance (T) through 

the Equation (30)  

 

𝐴 =  − log 𝑇 ---------------------------------------------------------------(29) 

 

Therefore, lower the % transmittance is, higher the absorbance will be and 

consequently, the concentration/thickness of the biofilm will be high. Similar changes in 

the intensity of the FTIR spectra of biofilm has also been obtained from different regions 

of the bio-fouled RO membranes (feed, middle and brine regions) and the increase in peak 

intensity for the RO membrane obtained from the brine region was also correlated with 

relatively higher intensity of biofouling (Khan et al. 2015).  
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Figure 36. FTIR spectra of RO membranes after exposure to different media in the presence 

of H. aquamarina (incubation for 48 hours at 30˚C, Concentration – 1g/L) (Virgin RO – 

Pure RO membrane surface, Negative control – MSM (no carbon source) with bacteria and 

MSM + Carbon source (acrylic/maleic/poly acrylic acid/glucose) without bacteria, Positive 
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control – Glucose in MSM, AA+MSM – Acrylic acid in MSM, PAA+MSM – Poly acrylic 

acid in MSM, MA+MSM – Maleic acid in MSM) (Ashfaq et al., 2019b) 

 

Table 16 shows various peaks and their assignments from the literature. The broad 

region from 2900 – 3300 and 900 – 1200 cm-1 represents polysaccharides region. In this 

region, vibrations result from stretching of C-OH and C-O-C bond (glycoside bond) (Jin et 

al. 2013). Absorbance in these peaks were also observed in the biofilm produced by 

Pseudomonas aeruginosa strain (Nivens et al. 2001). In addition, stretching vibrations of 

C-O of carbohydrates, P-O-P and C-O-P of polysaccharides of cell wall and symmetrical 

stretching of P=O of phosphate group in nucleic acids characterize this polysaccharide 

region (Karadenizli et al. 2007). The peaks at 2955 and 2930 cm-1 corresponds to C-H 

asymmetric stretching of -CH3 and >CH2 in fatty acids, whereas, peaks at 2870 and 2850 

cm-1 represents C-H symmetric stretching of -CH3 and >CH2 in fatty acids. In addition, 

peaks at 1240 and 1085 cm-1 has been assigned to P=O asymmetric and symmetric 

stretching of DNA, RNA and phospholipids in the literature. The protein component of the 

biofilm can be seen through the peaks at 3200 cm-1, which results from N-H stretching of 

amide A in proteins and peaks at 1650, 1540, and 1310-1240 cm-1 represents Amide I, II 

and III components of proteins respectively. The C = O bond in the peptide group resulted 

in Amide I peak, whereas, both N-H bending and C-N stretching combine to give Amide 

II peak (Long et al. 2009).  
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Table 16. Peak assignments to characterize biofilm layer (Boubakri and Bouguecha, 2008; 

Karime et al. 2008; Krishnamurthy et al. 2010; Xu et al. 2010; Rabiller-Baudry et al. 2012; 

Dixit et al. 2014) (Ashfaq et al., 2019b) 

Peaks    

(cm-1) 

Peak assignments  Feature(s) 

2900 - 3300  Polysaccharides Polysaccharides 

3200 N-H stretching of amide A in proteins Proteins 

2955 C-H asymmetric stretching of -CH3 in fatty acids Fatty acids/Lipids 

2930 C-H asymmetric stretching of >CH2 in fatty acids Fatty acids/Lipids 

2898 C-H stretching of ≥C-H of aminoacids Proteins 

2870 C-H symmetric stretching of -CH3 in fatty acids Fatty acids/Lipids 

2850 C-H symmetric stretching of >CH2 in fatty acids Fatty acids/Lipids 

1740 >C=O stretching of lipid esters Fatty acids/Lipids 

1715 >C=O stretching of ester, in nucleic acids and 

carbonic acids 

-- 

1650 Protein secondary structures (Amide I) Proteins 

1540 Protein secondary structures (Amide II) Proteins 

1468 C-H deformation of >CH2 in lipids proteins Lipids/Proteins 

1415 C-O-H in-plane bending in Carbohydrates, 

DNA/RNA backbone, proteins 

Proteins 

1400 C=O symmetric stretching of COO- group in amino 

acids, fatty acids 

Fatty acids 

1310-1240  Amide III band components of proteins Proteins 

1240 P=O asymmetric stretching of phosphodiesters in 

phospholipids 

Fatty acids/Lipids 

1100 Polysaccharides and alike substances Polysaccharides 

1085 P=O symmetric stretching in DNA, RNA and 

phospholipids 

Fatty acids/Lipids 

1342–952  Various cellular components -- 

720 C-H rocking of >CH2 in fatty acids, proteins Fatty 

acids/Proteins 

 

  Based on the peak assignments in Table 16, peaks were selected that represent 

protein, polysaccharides and lipids/fatty acids components of the biofilm to show increase 

in the absorbance in FTIR spectra. Figure 38 clearly shows that the absorption increased 
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with the addition of antiscalants, which corresponds to the increased biofilm formation on 

RO membranes. The t-test was also conducted which showed that the mean absorbance of 

bio-fouled membranes at various wavenumbers was significantly different from the 

negative control at 95% confidence level. Nevertheless, the absorbance obtained for maleic 

acid (MA+MSM) at 1100, 1650 and 1310 cm-1 and at 1540 and 1310 cm-1 for acrylic acid 

(AA+MSM), were not significantly different from the negative control at 95% confidence 

level. This could be attributed to relatively lesser biofilm formation when monomer 

antiscalants were used. Therefore, it can be concluded that the biofilm formation increased 

after the addition of antiscalants, in which, poly acrylic acid caused most intense biofouling 

on RO membrane. 
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Figure 37. Increase in absorbance for selected peaks representing: A. Fatty acids and 

phospholipids, B. Polysaccharides, C. Protein components of Biofilm layer (Neg. control 
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– MSM (no carbon source) with bacteria, and MSM + Carbon source (acrylic/maleic/poly 

acrylic acid/glucose) without bacteria, Pos. control – Glucose in MSM, AA+MSM – 

Acrylic acid in MSM, PAA+MSM – Poly acrylic acid in MSM, MA+MSM – Maleic acid 

in MSM) (Ashfaq et al., 2019b) 

 

5.2.2.1.2 Classification using Principal Component Analysis. PCA was carried 

out for FTIR spectra of biofilm formed on RO membranes because of addition of 

antiscalants and glucose (as positive control). PCA helped to cluster the variables (Positive 

control, AA+MSM, MA+MSM, PAA+MSM and Negative control in this case) based on 

their scores in PC1 and PC2. As shown in Figure 39, both PC1 and PC2 represents 96% of 

the data variance. Biofilm spectra obtained for poly acrylic acid and glucose was found to 

be positively correlated to PC1 and negatively correlated to PC2. Whereas, biofilm spectra 

obtained for acrylic acid and negative control was negatively correlated to both principle 

components. Biofilm spectra obtained for maleic acid is the only variable that was found 

to be positively correlated to PC2 and negatively to PC1. Briefly, three clusters can be 

obtained based on PCA ie Cluster 1 (PAA and Glucose), Cluster 2 (AA and negative 

control) and Cluster 3 (only MA) as shown in Figure 39. Hence, the biofilm spectra that 

corresponds to biofilm intensity as well as composition (polysaccharides/proteins/lipids or 

phospholipids) are similar for the variables qualifying for the same cluster, for example, 

poly acrylic acid and glucose under cluster 1. On the other hand, variables qualifying for 

different clusters are more different from each other, for example: acrylic acid (cluster 2) 

and maleic acid (cluster 3). Since, PCA helps to maximize the differences between the two 

clusters and minimize within the cluster, such clustering can help to understand the 
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variability among various class of antiscalants and can help to differentiate their effect on 

membrane biofouling.  

 

 

Figure 38. Clustering of variables obtained through PCA using The Unscrambler (V10.5) 

(Ashfaq et al., 2019b) 

 

5.2.2.2 Component wise analysis of biofilm using PCA 

5.2.2.2.1 Protein component. PCA was done for the peaks representing protein 

component of biofilm in XLSTAT 2016. The biplot in Figure 40A shows that the two 

factors or PCs (F1 and F2) represent 99.9% of the variance in the data. The data showed 

that biofilm spectra obtained from poly acrylic acid and positive control (previously 

categorized as cluster 1 using SVD-PCA) is positively correlated to F1 and negatively to 

F2. Whereas, spectra obtained for maleic acid, acrylic acid and negative control are 

positively correlated to both F1 and F2 and hence can be categorized as one cluster. The 
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biplot shows that peaks of 3200 and 1468 cm-1 has high loading value for negative control, 

acrylic acid and maleic acid spectra and corresponds to N-H stretching of amide A in 

proteins and C-H deformation of >CH2 in lipids proteins. On the other hand, peaks of 2898, 

1650, 1540, and 720 cm-1 have higher loading values for the biofilm obtained because of 

poly acrylic acid and glucose (positive control). These peaks mainly represent C-H 

stretching of ≥C-H of amino acids, protein secondary structures Amide I, Amide II and C-

H rocking of >CH2 in fatty acids, proteins.   

5.2.2.2.2 Lipids/Phospholipids component. The biplot obtained for peaks 

corresponding to lipids or phospholipids component of biofilm formed is shown in Figure 

40B. The results clearly showed that the lipid component of biofilm has negligible loading 

values for negative control, acrylic acid and maleic acid, whereas, several peaks (2955, 

2930, 2850, 2870, 1740 cm-1) has high loading values for biofilm spectra obtained in the 

presence of poly acrylic acid and glucose (positive control). 

5.2.2.2.3 Polysaccharides component. The biplot of polysaccharides results 

from PCA give somewhat contrasting results as compared to other two components. The 

Figure 40C shows that the peaks such as 3300, 3100, 3000 and 2900 cm-1 has higher loading 

values for biofilm spectra obtained for acrylic acid and maleic acid in opposed to, both 

positive and negative controls and poly acrylic acid spectra. 
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Figure 39. Biplot obtained for A. Proteins, B. Fatty acids and phospholipids, C. 

Polysaccharides components of Biofilm using XLSTAT (V2016) (Ashfaq et al., 2019b) 

 

5.2.2.2.4 Biofilm – combining all components. The biplot was also obtained 
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combining all the three components of biofilm. Figure 41 shows that spectra obtained for 

negative control, maleic acid and acrylic acid are positively correlated to both F1 and F2 

representing 99.85% of the variance. Whereas, poly acrylic acid and glucose (positive 

control) biofilm spectra are negatively correlated to F2 and positively to F1. Since, none of 

the variable are negatively correlated to F1, these values will have less loading values. Two 

classes can be observed considering positive correlation to F1, first cluster comprising 3300 

(polysaccharide), 3200 and 1468 cm-1 (proteins) have more influence on MA, AA and 

negative control spectra. Whereas, second cluster comprise of 2930, 2870, 1715, 1740, 

2850 cm-1 corresponding to lipid component, 900 and 2900 cm-1 to polysaccharide 

component and 2898 cm-1 to protein component which has more loading values for poly 

acrylic acid and glucose biofilm spectra. Thus, it can be concluded that in the case of 

intense biofouling ie when glucose and poly acrylic acid was used as a carbon source, 

biofilm was mainly comprised of lipids/phospholipids, polysaccharides and protein. On the 

other hand, in the case of relatively less intense biofouling formed after the addition of 

acrylic and maleic acids (monomers), the biofilm is comprised of only two components ie 

polysaccharides and proteins. The information about the biofilm composition can be used 

in mitigating the biofouling as some of the researchers target to reduce/degrade/remove 

certain components of biofilm present in abundance such as polysaccharides (Nagaraj et 

al. 2017). 
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Figure 40. Clustering of biofilm components obtained in the presence of different carbon 

sources (Ashfaq et al., 2019b) 

 

5.2.2.3 Quantitative analysis of Bacterial cells in biofilm. The membrane biofouling 

resulted in response to different carbon sources was also quantitatively analyzed through 

plate count method to estimate the number of viable bacterial cells in the biofilm layer. The 

results (Figure 42) showed that log CFU/mL was in the following decreasing order: glucose 

> poly acrylic acid > maleic acid > acrylic acid. The CFU count results are in consistent 

with the FTIR results as the spectral intensity also varied in the same fashion. Interestingly, 

the bacterial counts in the presence of only MSM (without any carbon source) were also 

observed which shows that bacteria were able to sustain in the absence of any carbon 

source. However, addition of antiscalants increased the CFU count, which shows the 

potential of microorganisms to use antiscalants as a carbon/energy source and enhance their 

growth and biofouling in membrane systems. 
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Figure 41. CFU Counts obtained from bio-fouled RO membranes (Ashfaq et al., 2019b) 

  

5.2.3 Discussion 

Membrane biofouling has been reported as a major problem in NF and RO 

membranes and contributes more than 45% among all types of membrane fouling. 

Biofouling starts with initial attachment of microorganisms because of formation of 

conditioning layer on the membrane followed by their rapid multiplication and growth by 

feeding on the nutrients and organic substances in the feed water. This issue is where 

presence of antiscalants can make the difference in the intensity of biofouling. Previous 

researchers have reported the effect of antiscalants on the membrane properties that 

enhances the microorganisms’ attraction to the membrane surface as well as the formation 

of the conditioning layer. The presence of biodegradable antiscalants such as used in this 

study will act as an additional carbon source for microorganisms resulting in more intense 
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biofouling. Vrouwenvelder et al. (2000) noted that there is a correlation between the 

antiscalants’ assimilable organic carbon (AOC) and the biofouling of RO membranes. 

Therefore, it was suggested to choose antiscalants with least or negligible AOC values to 

reduce their effect on biofouling.  In another research (Sweity et al. 2013), it was observed 

that addition of poly acrylate and poly phosphonate antiscalants changed the RO membrane 

surface properties by increasing the contact angle to 49+1.3 from 21+5.8 which made the 

membrane more hydrophobic which in return promotes biofouling. Furthermore, the 

surface charge of RO membrane became less negative because of addition of poly 

phosphonate antiscalants. Other than changing the membrane surface properties that 

promotes biofouling, poly phosphonate antiscalants also provided additional source of 

phosphorus for enhanced microbial growth. Both antiscalants had higher deposition 

coefficient, which means that they aided in the initial attachment of microorganisms to RO 

membrane (Sweity et al. 2013).  

Research has also shown that there was sharp decline in permeate flux as a result 

of more intense biofouling, when poly acrylate based antiscalants were used in feed water 

as compared to poly phosphonate based antiscalants (Sweity et al. 2015). Scanning electron 

microscopy (SEM) and Confocal laser scanning microscopy (CLSM) images also showed 

that the biofilm thickness was more in the presence of poly acrylate based antiscalants. It 

could be due to higher EPS production and secretions as a result of phosphorus – limiting 

conditions when these antiscalants were used. However, uptake of oxygen, phosphorus and 

nitrogen was more in the case of poly phosphonate based antiscalants attributed to the 

higher growth rates of microorganisms in these types of antiscalants (Sweity et al. 2015). 

While, previous work deals with nutritional contribution of antiscalants to biofouling and 
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influence of antiscalants on membrane properties and biofouling enhancement. In this 

work, method of quick screening of antiscalants for their effect on biofouling and its 

characterization has been tested and proposed. Since, the use of antiscalants in membrane-

based technologies is important to obtain better performance. Nevertheless, their use needs 

to be monitored to minimize their impacts on biofouling.  

Extracellular polymeric substances (EPS) are secreted by microorganisms, which 

help them to further enhance additional microbial attachment and growth on the surface of 

the membrane (Al-Juboori and Yusaf, 2012). EPS are mainly composed of 

polysaccharides, nucleic acids, lipids/phospholipids and proteins. EPS also exhibits certain 

functional groups such as carboxylic, phenolic, hydroxylic, and phosphoric groups and 

several non-polar groups like hydrophobic groups in carbohydrates, aromatics and 

aliphatics in proteins. The presence of these functional groups aided in characterization of 

biofouling on RO membrane using FTIR in this research. It has been reported that the EPS 

comprised of 50 to 80% of the total organic matter and protein in biofilms. Many 

researchers have attempted to characterize EPS in biofilms.  Jiao et al. (2010) used FTIR 

to characterize EPS extracted from mid-development and mature stage biofilm. The 

presence of peaks at 1300 – 900 and 1700 – 1500 cm-1 showed the presence of 

polysaccharides, nucleic acids and proteins. The variation in spectral shape as well as 

intensity helped in obtaining information about the composition and quantity of EPS 

produced at different stages of biofilm formation. Thus, it was noted that the amount of 

protein and carbohydrates were higher for the biofilm reaching mature stages. The ratio of 

carbohydrate to protein was found to be between 3 – 6 which was considered very high as 

compared to ratios of 0.2 – 1.7 cited in the literature (Bura et al. 1998; Prolund et al. 1996; 
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Liu and Fang, 2002; Sheng et al. 2005). These results show that the composition of EPS 

and biofilm layer may vary to the great extent, which will have its implications on the 

performance of membrane system, cleaning efficiency and other factors. These factors 

include type of substrate (source of carbon and ratio of carbon to nitrogen), growth phase 

of involved microorganisms, solution composition and chemistry (ie dissolved oxygen, pH, 

ionic strength etc.), physico-chemical conditions (like shear rates, retention times) and 

presence of toxic substances (drugs or heavy metals) (Jia et al. 1996; Rinzema et al. 1998; 

Drews et al. 2006; Sheng and Yu, 2006; Ozturk et al. 2010).  Sheng et al. (2006) reported 

that the production of cell mass was highest in the presence of succinate followed by 

malonate, propionate, acetate, butyrate, and benzoate. However, the EPS production was 

almost in the opposite order ie it was highest for benzoate and acetate followed by butyrate, 

propionate, succinate, and malonate. Therefore, EPS secretion is increased by 

microorganisms during stress conditions (Sheng et al. 2006). In this research, it was also 

noted that both biofilm composition and intensity varied with the type of carbon source in 

which intensity varied in the following decreasing order glucose > poly acrylic acid > 

maleic acid > acrylic acid. 

Generally, it is considered that polysaccharides and proteins are the major 

components of membrane fouling (Kristensen et al. 2008). Therefore, most studies focus 

on determining EPS concentration through measuring carbohydrates and proteins content 

only. The carbohydrates being more hydrophilic in nature tend to contribute more in 

fouling propensity over its counterparts (Yigit et al. 2008; Li et al. 2012).   The organic 

matter content of the biofilm formed on membrane was studied and it was found that 

proteins and carbohydrates were major constituents of biofilm layer (Lee et al. 2009). 
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Although, PCA showed that protein and polysaccharides are dominant components in 

biofilm layer in this research. It also showed that lipids and phospholipids are also one of 

the important constituents especially in the case of intense biofouling ie when glucose and 

poly acrylic acid are used as carbon sources. The biofilm containing lipids and 

phospholipids such as glycosphingolipid are known to be stronger than others (Gutman et 

al. 2014a). EPS containing these lipids helps in primary attachment and recalcitrance of the 

biofilm produced, contributing significantly to the cohesive strength of the biofilm on RO 

membranes (Bereschenko et al. 2010) and has also been found to produce rigid layers on 

polyamide RO membrane surfaces (Gutman et al. 2014b). Furthermore, the 

microorganisms known to produce lipids containing EPS, such as Sphingomonas are 

primary colonizers in the biofilm layer in desalination systems (Bereschenko et al. 2010). 

The EPS produced by secondary colonizers are usually exposed to the cleaning agents and 

shear stress of seawater and therefore, were washed away. Hence, the EPS containing lipids 

and other adhesive constituents produced by primary colonizers needs to be targeted to 

combat biofouling (Nagaraj et al. 2018). 

The composition of EPS can also affect the physical structure of the biofilm (Ma et 

al. 2006; Mayer et al. 1999) like pores and water channels in internal structure of the film. 

The reduction in porosity and water passage channels may then affect the membrane water 

permeability and rejection leading to lower membrane flux and performance (Chen and 

Stewart, 2002; Chang and Halverson, 2003; Herzberg et al. 2009). However, it is unknown 

that how the composition of EPS affects the physical structures of the biofilm.  

Knowledge about the composition of biofilm is also important to understand the efficiency 

of biofouling control and treatment strategy as it was found that certain chemicals like 
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sodium dodecylsulfate (SDS) and ethylenediaminetetraacetic acid (EDTA) were successful 

in removing more polysaccharides than proteins and many organic components of the 

biofilm were still found in the cleaned membranes (Al-Ashhab et al. 2017). Thus, the 

information about the biofilm layer and its composition can also help in developing target 

specific cleaning and control strategy. Interestingly, combination of FTIR with multivariate 

data analysis was also used for choosing best cleaning strategy for membrane biofouling. 

The classification results helped to differentiate between cleaned and bio-fouled 

membranes as well as between different cleaning strategies. Thus, combination of FTIR 

with multivariate data analysis can help in obtaining microscopic information about the 

biofilm layer components and in identifying control and cleaning measures. Furthermore, 

relatively less time consuming and cost-effective method can also help in quick screening 

and evaluation of antiscalants for their role in biofouling. Similarly, this method can also 

be extended to obtain quick preliminary information about the modified membranes for 

their efficiency in biofouling control.  

 

5.2.4 Conclusion 

Antiscalants plays a vital role in reducing membrane scaling and optimizing 

membrane performance. However, their presence was found to enhance membrane 

biofouling on RO membrane systems consistent with previous researches (Vrouwenvelder 

et al. 2000; Sweity et al. 2013, 2015). Therefore, initial screening of these antiscalants 

before their application at the industrial level is important to understand their biofouling 

potential. In this research, an easy and quick methodology was applied to do such 

screening. The suggested methodology combines FTIR with multivariate data analysis and 
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conventional microbiological assays to test the effect of antiscalants on biofouling. 

Combination of FTIR and PCA helped to classify antiscalants based on their membrane 

fouling potential and to characterize biofilm components. Both the spectral intensity and 

CFU count showed that the biofouling was more intense in the presence of poly acrylic 

acid followed by maleic and acrylic acid. Results of this research can help to add more in-

depth information about the role of antiscalants on biofouling of membranes. Furthermore, 

suggested methodology can also be utilized for preliminary testing of the anti-biofouling 

potential of modified membranes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

211 

 

CHAPTER 6 – OBJECTIVE 03: INVESTIGATING THE INTERACTIONS BETWEEN 

MICROORGANISMS AND CALCIUM SULFATE IN RO SYSTEM11 

 

6.1 Introduction 

Water shortage is one of the major challenges being faced by most parts of the 

world, and it is now further exacerbated by the increase in population and economic growth 

in some countries like Qatar (Ashfaq et al., 2018). Membrane technology is one of the most 

favorable technique to produce clean water, and it is being recommended for desalination 

industry over Thermal technology owing to its better environmental and economic 

footprint (Ashfaq et al., 2018). Nevertheless, membrane fouling is the major hurdle towards 

its widespread use. Membrane fouling is the complicated phenomenon governed by 

different mechanisms and is affected by various factors, parameters and feed water 

compositions. It is broadly divided into four major types based on the type of foulants i.e. 

biofouling (caused by attachment and subsequent growth of microorganisms mediated by 

extracellular polymeric substance ‘EPS’), inorganic fouling or scaling (caused by salts such 

as calcium carbonates and sulfates), organic fouling (organics constituents like humic acid, 

alginates) and colloidal fouling (suspended matter) (Qasim et al., 2019).  

Most of the researches target towards investigating one of the fouling types. 

However, it should be noted that all types of foulants i.e. 

 

11 This content has already been published. Reference: (1) Ashfaq, M.Y., Al-Ghouti, M.A., Al-Disi, Z., 

Zouari, N. 2020. Investigating the microorganisms-calcium sulfate interaction in reverse osmosis systems 

using SEM-EDX technique. J. Env. Chem. Eng. 8, 103963. (2) Ashfaq, M.Y., Al-Ghouti, M.A., Al-Disi, Z., 

Zouari, N. 2020. Interaction of seawater microorganisms with scalants and antiscalants in reverse osmosis 

systems. Desalination 487, 114480. 
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organic/inorganic/microbial/colloidal are present in feed water. Therefore, it is important 

to investigate the foulant-foulant interactions and how they both affect the severity of 

membrane fouling. For example: it has been noted that the presence of organic 

macromolecules enhances the membrane scaling by shortening the nucleation time and 

increasing the flux decline (Liu and Mi, 2014). Moreover, microorganisms present at the 

Reverse Osmosis (RO) membrane surface do not only cause biofouling but also secrete 

carbohydrates, EPS, which in turn enhance the organic fouling. Indeed, 60% of the 

constituents in biofilm were found to be organic substances (Butt et al., 1997). 

Biofouling refers to the formation of biofilm by the attachment and subsequent 

growth of microorganisms on the membrane surface (Kim et al., 2019). Biofouling is a 

major problem in RO systems especially in Middle East countries like Qatar where 

temperature of seawater entering the plants exceeds 25˚C which is optimum temperature 

for microbial growth (Al-Ahmad et al., 2000). It has been found that biofouling is the most 

frequently occurring type of membrane fouling in membrane filtration plants. Thus, 82% 

of RO plants in USA (Ridgway and Flemming, 1996) and 70% of RO plants treating 

seawater worldwide suffer from the problem of biofouling (Khedr, 2002). While the other 

types of fouling can be controlled by reducing the concentration of their causative agents, 

biofouling cannot be prevented even after removal of 99.9% of the microorganisms from 

feed water. This is due to the ubiquitous nature of microorganisms as well as their ability 

to multiply at a faster rate (Nguyen et al., 2012).  

It has been shown that microorganisms influence the formation of variety of 

minerals such as carbonates, sulfates, sulfides, oxides, phosphates and nitrates through 

microorganisms-mineral interactions. Bacteria can induce/mediate precipitation either 
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directly in which the metabolic activities of bacteria lead to supersaturation with respect to 

mineral or indirectly when the bacterial cells (dead/alive), and EPS act as a template for 

nucleation (Driessche et al., 2019). Nevertheless, the implications and applications of this 

microorganism-mineral interaction in general are far reaching. Thus, the biomineralization 

capability of bacteria has found its influence on global biogeochemical cycling such as 

fixation of atmospheric carbon for carbonates sediment formation (Dhami et al., 2013) and 

dolomite precipitation (Al-Disi et al., 2017) and being considered for applications such as 

in sustainable construction industry (Achal et al., 2015), and in environmental applications 

like soil stabilization (Bibi et al., 2018). Therefore, it can be expected that the presence of 

bacteria in membrane filtration systems does not only result in biofouling, but it may also 

induce/mediate precipitation of minerals causing increased mineral scaling. That is why, it 

is important to investigate the interactions between bacteria present in feed water e.g. 

seawater microorganisms in case of seawater reverse osmosis (SWRO) with inorganic 

mineral scalants such as calcium sulfates and carbonates. Therefore, the main aim of this 

research was to investigate the ability of seawater microorganisms to form calcium sulfate 

(gypsum; a polymorph of calcium sulfate: CaSO4.2H2O) in the controlled lab-scale 

conditions. This work is the continuation of previously published work done to isolate, 

identify and differentiate various seawater microorganisms that could use antiscalants as 

carbon/energy source (Ashfaq et al., 2019a). Some of those strains were used to explore 

their application in biomineralization of calcium sulfate minerals in this research. The 

experiments were carried out with different selected strains of bacteria, and at different 

concentrations of calcium ions. Furthermore, the kinetics of biomineralization was also 

explored. The results of this research will help to fill knowledge gaps related to the 
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microorganisms-mineral interactions in membrane filtration systems.  

 

6.2 Results 

6.2.1 Formation of CaSO4 crystals in solid medium (Light Microscopy investigation) 

Formation of crystals in solid media was regularly monitored through light 

microscopy at 40x and 100x magnification level. Figure 43a shows the formation of 

crystals in solid LBM medium in the presence of different tested strains. Crystals were 

found to be short, with thick acicular structures at the high concentrations of Ca+2 (i.e. 

LBM3, Ca+2 = 50 mM).  After 21 days of incubation, the crystals size did not increase, 

possibly due to the attachment of bacteria or EPS onto the <100>, <101>, <001> faces of 

the gypsum as shown in Figure 43c. Aref, (1998), showed that the attachment of organic 

compounds on 111 and 103 faces of lenticular shape gypsum also minimized the growth 

of crystals.   
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Figure 42. Formation of CaSO4 crystals in the presence of bacteria at Ca+2 and SO4
-2 =50 

mM after 14 days of incubation (a) P. fragi (QOFSW-3 (#2)), (b) C. maltaromaticum 

(QONSW-2 (#2)), (c, d) Adhesion and growth of H. aquamarina (QOFSW-1 (#1)) on the 

surface of crystals after 21 days of incubation at 40x and 100x magnifications, and (e) 

Morphology of gypsum crystal (Ashfaq et al., 2020b) 

 

At lower concentration of ions (i.e. 30 and 20 mM), the crystals were more of a 

pyramidal shaped as shown in Figure 44. This could show that the shapes of gypsum 

crystals varied with the concentration of calcium ions. 
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 (a)  

 

(b) 

Figure 43. Formation of CaSO4 crystals at lower ions concentrations in the presence of H. 

aquamarina (QOFSW-1 (#1)) strain after 14 days of incubation (a) Ca+2 and SO4
-2 = 30 

mM (LBM2), (b) Ca+2 and SO4
-2 = 20 mM (LBM1) (Ashfaq et al., 2020b) 

 

6.2.2 Precipitation of CaSO4 on the RO membrane and in the biofilm 

In this research, SEM coupled with EDX technique was mainly used to investigate 

the formation of gypsum crystals, their morphologies and composition under the influence 

of bacterial growth. The crystallization of gypsum on the surface of the RO membrane as 

well as in the liquid medium was explored. SEM analysis after 7 days of incubation showed 

that the calcium sulfate was formed and attached to the RO membrane. In control samples 

i.e. without bacteria, there were no precipitates noted on the RO membrane. Furthermore, 

it was noted that all strains studied in this research were able to form precipitates on the 

RO membrane (Figure 45). The precipitates were also observed even in the presence of 

dead bacteria (after autoclaving of the strains), which showed that the precipitation can 

40x 
40x 
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occur even in the absence of bacterial growth activity. In that case, bacterial cellular 

components may have participated in the formation of precipitates. Various morphologies 

of crystals were noted as shown in Figure 45, including typical needle like and floral like 

structures. In general, typical needle like structure is for gypsum precipitates as previously 

reported in non-biologically induced gypsum precipitation on the membrane (Ashfaq et al., 

2019b; Antony et al., 2011; Rahman, 2013; Shih et al., 2005).  
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(a) 

 

(b) 

 

(c) 



 

219 

 

 

(d) 

 

(e) 

 

(f) 
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(g) 

Figure 44. CaSO4 precipitates attached to the membrane in the presence of bacteria after 7 

days of incubation at Ca+2 and SO4
-2 = 50 mM (a) P. stutzeri (QOFSW-2 (#3)), (b) P. fragi 

(QOFSW-5 (#1)), (c) H. aquamarina (QOFSW-1 (#1)), (d) H. aquamarina (dead), (e) C. 

maltaromaticum (QONSW-2 (#2)), (f) P. fragi (dead) (QOFSW-5 (#1)), (g) Control 

(without bacteria – no crystals formation) (Ashfaq et al., 2020b) 

 

After 14 days of incubation, the loss of calcium ions as a result of microbially 

mediated calcium sulfate precipitation was calculated. For this purpose, the representative 

volume of liquid medium was filtered through 0.2 µm and the filtrate was analyzed using 

Ion chromatography (IC). The results also confirmed the formation of CaSO4 in the 

solution as the filtered samples showed significant reduction in calcium ions in the presence 

of microorganisms as compared to the controls at 95% confidence level (Figure 46). 

However, SEM results showed that the precipitation of CaSO4 occurred even in the 

presence of autoclaved dead cell. The results of IC confirmed that the concentration of 

calcium ions decreased significantly in the presence of live cells as compared to dead cells 
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(at 95% confidence level) for all tested strains which represents the probable involvement 

of bacterial activity in the biomineralization of CaSO4. 

 

 

Figure 45. Concentration of calcium ions remaining in the liquid medium after 14 days of 

incubation (medium used: LMB3 containing Ca+2 and SO4
-2 = 50 Mm, H. aquamarina: n = 

3, P. fragi: n = 1, C. maltaromaticum: n = 1) (Ashfaq et al., 2020b) 

 

The samples containing RO membranes were found to possess biofilm at the 

bottom of tubes, possibly due to the detachment from membranes. This biofilm was also 

analyzed, and the CaSO4 precipitates were noted as shown in Figure 47. It is interesting to 

note that there were neither biofilm nor precipitates noted in samples without RO 

membrane. This shows that the precipitation of calcium sulfate requires a template and 

therefore, the presence of RO membrane was important for the crystal’s formation. 
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(a) 

 

(b) 

Figure 46. SEM-EDX analysis of precipitates formed in the biofilm of (a) P. fragi 

(QOFSW-4 (#2)), (b) H. aquamarina (QOFSW-1 (#1)) (medium used: LMB3 containing 

Ca+2 and SO4
-2 = 50 mM) (Ashfaq et al., 2020b) 

 

6.2.3 Kinetics and effect of calcium ions concentration on CaSO4 biomineralization 

The effect of calcium ions was studied to investigate the potential for bio-mediated 

precipitation of CaSO4 at low calcium and sulfate ions concentration i.e. 800 and 1200 
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mg/L. In addition, kinetics of biomineralization was also explored to study the formation 

of crystals and changes in their morphologies with time. Figure 48 shows the variation in 

morphology of crystals with both increase in concentration as well as an incubation time. 

It is evident that at higher concentration with longer incubation time (Ca+2 = 50 mM, 3 and 

7 days), the crystals sizes are bigger, with clear arrangements giving rise to floral 

morphologies. While at lower concentration and after 1 or 3 days of incubation, the crystals 

were irregularly arranged rod and circular structures. The kinetic model for gypsum 

crystallization explains this trend as follows (Lee et al., 2000; Ozkar, 2001; Shih et al., 

2005). 

 

𝑑𝑚

𝑑𝑡
= 𝑘 (𝐶𝑚 −  𝐶𝑠)𝑛 -----------------------------------------------------(31) 

 

Cm refers to gypsum concentration and Cs denotes the calcium sulfate solubility at 

the experimental conditions, k is the growth rate constant and n represents the order of 

kinetics.  

At lower saturation conditions and after incubation of 1 and 3 days, formation of 

NaCl crystals were also noted attached with newly formed CaSO4 in the presence of 

bacteria. EDX mapping in Figure 49a, shows the interesting transition and formation of 

both NaCl and CaSO4 crystals together after only 1 day of incubation at concentration of 

calcium (30 mM) under the influence of microorganisms. The distribution of carbon 

(representing bacteria and biofilm), calcium and sulfate ions (showing CaSO4 crystal), and 

sodium and chloride ions (demonstrating NaCl crystallization) on the surface of the 
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membranes is evident. These results clearly indicate the initiation, formation and growth 

of biologically mediated minerals (gypsum and sodium chloride) on the membranes.  

The floral structures represent increased rate of minerals formation because at low 

saturation conditions, gypsum crystals are of needle-like structures. Whereas, at higher 

saturation conditions, gypsum crystals grow further to form rosette structures. The results 

of IC (Figure 49b) further confirmed the SEM-EDX results, as the concentration of calcium 

ions reduced consistently with increase in incubation times and concentration of calcium 

ions. At 95% significance level, it was noted that the concentration of calcium ions 

remaining under the influence of microorganism was significantly less than their respective 

controls (solutions without bacteria inoculated).  
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Figure 47. Kinetics and effect of calcium and sulfate ions concentration on CaSO4 bio-precipitation (Strain used: H. aquamarina - 

(QOFSW-1 (#1)) (Ashfaq et al., 2020b) 

 

                                            

 

                                                                    

(a) 

EDX map of NaCl, 

CaSO4 crystals 
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(b) 

Figure 48. (A) EDX mapping of CaSO4 and NaCl crystals formed in the presence of bacteria at low concentration (Ca+2 and SO4
-2 = 30 

mM, LBM2) after 1-day incubation, (B) IC results showing quantitative analysis of CaSO4 precipitation – kinetics and effect of calcium 

ions concentration (LBM3: Ca+2 and SO4
-2 = 50mM, LBM2: Ca+2 and SO4

-2 = 30mM, LBM1: Ca+2 and SO4
-2 = 20mM, B: Bacteria i.e. 

H. aquamarina - (QOFSW-1 (#1))) (Ashfaq et al., 2020b)
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6.2.4 Attachment of bacteria and biofilm formation on the surface of gypsum crystals 

SEM results showed the attachment of bacteria to the surface of gypsum crystals 

(Figure 50a-d). It is evident from Figure 50 that the bacterial cells adhered to the surface 

of crystals influencing the kinetics, growth and morphology of crystals. 

Microorganisms, in general, have been shown to adhere to the surface of the minerals 

to form biofilms (Li et al., 2019). Several factors control the adhesion of bacterial cells 

to the mineral such as surface properties of bacteria (Cai et al., 2013; Cao et al., 2011) 

and the mineral (Wu et al., 2014) and also the chemical characteristics of the medium 

(Tuson and Weibel, 2013). Hence, in this case, the cations from gypsum may have 

assisted in the attachment of bacterial cells (Perdrial et al., 2009). In addition, the 

adhesion can also result through EPS (Poorni and Natarajan, 2013; Ghashoghchi et al., 

2017), protein-binding receptors (Poorni and Natarajan, 2013) and/or through the 

secretion of slime layer from the cells as evident from SEM images (e.g. Figure 50a).     

 

 

(a)  

 

(b)  

4 µm 
10 µm 
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(c)  

 

(d)  

Figure 49. Attachment of bacteria to gypsum crystals and formation of biofilm in LBM3 

medium (a) H. aquamarina (QOFSW-1 (#1))., (b) P. stutzeri (QOFSW-2 (#3)), (c) P. 

fragi (QOFSW-3 (#2)), (d) H. aquamarina (QOFSW-5 (#2)) (Ashfaq et al., 2020b) 

 

6.2.5 Role of proteins in biomineralization of CaSO4 

Extensive production of EPS associated with the identified species of the 

aerobic bacteria may play a crucial role in providing the| templates and/or the nucleation 

sites for mineral formation (Bontognali et al., 2014). Many reported researches showed 

the involvement of exopolysaccharides and proteins in biomineralization (Al Disi et al., 

2019). In this research, we also investigated the role of proteins in CaSO4 precipitation. 

As shown in Figure 51a, there are visible changes in the protein spectra of the 

biomineralizing cells as compared to the control cells. Figure 51b shows the results of 

PCA in which the biomineralizing cells are clustered separately than the control cells 

demonstrating the significant variation in their protein spectra resulted during 

biomineralization. The results indicate that the overall protein expression by bacterial 

cells played important role in precipitation of CaSO4. These results have significance 

in developing anti-fouling techniques as it showed that the protein is also one of the 

4 µm 5 µm 
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important organic macromolecules involve in membrane fouling, in addition to 

polysaccharides and lipids.   

 

 

(a) 
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(b) 

Figure 50. Discriminating the protein profiles of cells involved in biomineralization (a) 

Direct visual method (b) Through PCA (Strain used: H. aquamarina - (QOFSW-1 (#1), 

Medium used: LBM3, Ca+2 and SO4
-2 = 50 mM) (Ashfaq et al., 2020b) 

 

6.2.6 Effect of calcium ions on bacterial growth 

The cell wall of bacteria contains variety of divalent cations such as Ca+2, and Mg+2. 

These ions allow bacteria to carryout variety of functions such as metabolic regulation, 

enzymatic actions and maintains the integrity of the outer membranes. Therefore, it is 

important also to investigate the effect of calcium ions on the growth of bacteria used 

in this research. It was done by comparing the bacterial growth in LB medium with the 

growth in LB modified medium (i.e. supplemented with calcium ions). It was noted that 

the bacterial growth was enhanced in the medium containing additional source of 

calcium ions. Thus, the presence of calcium ions significantly enhanced the growth of 

all bacteria studied at 95% confidence level (Figure 52). It was also noted that the H. 
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aquamarina, a halophilic bacterium, had lowest growth rate in both LB and LBM media 

possibly due to the presence of less salt concentration i.e. 1%. Whereas, strains of 

Pseudomonas were found to exhibit highest growth rates in the media used. Therefore, 

the presence of these ions in RO systems have major implications in promoting the 

growth of bacteria, their attachment to the membrane surface and promote biofilm 

formation causing biofouling.   

 

 

Figure 51. Growth rates of bacteria in LB and LBM medium (LB – Luria Bertani, 

LBM3 – Luria Bertani medium supplemented with Ca+2 ions = 50 mM, 2000 mg/L) 

[H. aquamarina: QOFSW-1 (#1), C. maltaromaticum: QONSW-2 (#2) P. fragi: 

QOFSW-3 (#2)] (Ashfaq et al., 2020b) 

 

6.3 Discussion 

The strains utilized in this research include H. aquamarina, P. fragi, P. stutzeri 

and C. maltaromaticum. The ecological importance of Halomonas bacteria can be 
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found through their oil degrading capabilities (Sorkhoh et al., 2010), and 

biomineralization potential for calcium carbonate via ureolytic activity (Arias et al., 

2017). Moreover, EPS production and ability to adhere to surfaces increases their 

potential to form biofilm and cause biofouling (Rodriguez-Calvo et al., 2017, Zhang et 

al., 2011; Ivnitsky et al., 2010; Bereschenko et al., 2010). Pseudomonas fragi; a Gram-

negative psychorophilic bacillus, is generally present in temperate water (Wang et al., 

2017) and has been shown to produce biofilm (Wirtanen and Mattila-Sandholm, 1994) 

and cause food spoilage especially meat, fishes and other marine organisms (Ercolini 

et al., 2007; Tryfinopoulou et al., 2002). Several strains of Halomonas and 

Pseudomonas isolated from seawater of the Arabian Gulf were also previously reported 

to possess antiscalant degradation potential (Ashfaq et al., 2019a). Another bacteria 

isolated from Qatari seawater and used in this research was Carnobacteria 

maltaromaticum, which is ubiquitous lactic acid bacteria (LAB) and has been 

previously isolated from both temperate and cold environments such as Antarctic lakes 

(Leisner et al., 2007), Arctic and Antarctic seawater as well as the deep sea (Toffin et 

al., 2004; Lauro et al., 2007), and freshwater habitats from the temperate zone, 

including rivers in the northwest region of Spain (Gonzalez et al., 1999). It appears that 

the temperate/polar aquatic and terrestrial environments are both natural habitats of C. 

maltaromaticum. 

In this research, all the studied strains were found to produce calcium sulfate 

precipitates on the RO membrane. Light microscopy results showed the formation of 

acicular shaped crystal structures which have been designated as gypsum 

(CaSO4.2H2O) in the literature (Gominsek et al., 2005; Cakal et al., 2006; Al-Youssef, 

2015). Moreover, needle-like and floral structures seen under SEM have also been 

interpreted as gypsum crystals in many researches and were confirmed through X-ray 
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diffraction technique (XRD) and/or Fourier Transform Infra-red (FTIR) spectroscopic 

techniques (Ashfaq et al., 2019b; Antony et al., 2011; Rahman, 2013; Shih et al., 2005). 

In this research, XRD and FTIR were not used due to lower amount of gypsum 

precipitates obtained in the experimental conditions employed. Changes in morphology 

of crystals from needle like crystals (at lower concentration and incubation times) and 

rosette structures (at higher concentration and incubation times) were also observed. 

Similar variation in morphology of crystals was also noted in our previous research as 

a result of increase in temperature and saturation conditions, but in the absence of 

bacteria (Ashfaq et al., 2019b). In human-altered environments, few cases of formation 

of gypsum in the presence of bacteria have been described in the literature (Driessche 

et al., 2019, Lepinay et al., 2018, Harouaka et al., 2016).  

There are two mechanisms through which bacteria can induce/mediate 

biomineralization (Ashfaq et al., 2020b, 2020c).  

(1) Adsorption of cations such as calcium in the case of CaSO4, around the cell 

membrane surface, or cell wall and on the layers of EPS are the ways 

through which bacteria can serve as a nucleus for mineral precipitation 

(Ferris et al., 1991; Braissant et al., 2003). With the presence of sulfate ions 

in the medium, gypsum formation may result within the biofilm (Farias et 

al., 2014). For instance, evaporation could be major factor for crystallization 

but the ability of bacterial cell/EPS to bind to calcium ions explained the 

formation of gypsum at significantly higher rates in microbial mats than 

anywhere else in the system (Driessche et al., 2019). The Ca+2 pump of the 

bacteria has been known to be located towards the cell exterior (Rosen, 

1987), and it has higher potential to adsorb on the negatively charged 

bacterial cell because it has greater power for ionic selectivity (Maier et al., 
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2000). Similar mechanism has been proposed for calcium carbonate 

precipitation in which calcium ions get adsorbed and concentrated around 

the cell surface, while, metabolism of organic matter in the media such as 

acetates, peptone, and yeast extract releases carbonates required for 

precipitation of CaCO3 (Ehrlich, 2002; Rivadeneyra et al., 2004; Sanchez-

Roman et al., 2007). However, the metabolic activity of bacteria is 

important for CaCO3 precipitation as it supplies necessary carbonates ions, 

in addition to developing appropriate microenvironment in terms of 

increased pH and ionic concentration. Nevertheless, the metabolic activity 

of bacteria is not compulsory for the formation of CaSO4 as the sulfate ions 

may already be present in the media solution such as in seawater. That is 

why, CaSO4 precipitation also occurred in the presence of inactivated 

autoclaved bacterial cells in this research.  

 (2) Changes in solution chemistry such as sulfur oxidizing bacteria can convert 

hydrogen sulfide into sulfate resulting in decrease in pH and release of 

calcium ions due to dissolution of carbonates. Thus, the release of sulfate 

and calcium ions can result in gypsum formation. This phenomenon has 

been described in the literature (Harouaka et al., 2016; Mansor et al., 2018). 

For example: below the gypsum layers on the pre-historic decorated 

Sorcerer’s cave walls in France, dense biofilms have been discovered. The 

biofilm was composed of autotrophic sulfur oxidizing bacteria (such as 

Actinobacteria), which might have played significant role in biologically 

mediated gypsum mineralization (Lepinay et al., 2018). Similarly, the 

gypsum biomineralization potential of sulfur oxidizing autotrophic bacteria 

was also previously reported on stone buildings in tropical environments 
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(Driessche et al., 2019). Gypsum precipitation experiments performed in the 

presence of Acidithiobacillus thiooxidans (a sulfur oxidizing bacterium) and 

at low pH using isotopes of calcium also demonstrated the formation of 

gypsum crystals under the influence of bacteria (Harouaka et al., 2016). In 

addition, the precipitates formed under the influence of microorganisms 

were of irregular morphologies, like what was noted in this research as 

compared to the abiotically formed crystals. Thus, the effects on 

morphology and isotopic fractionation explained the combined action of 

organic substances (microbes and associated organics like biofilms/dead 

cells) on the growth of gypsum (Harouaka et al., 2016). 

 

The formation of gypsum through adsorption can be regarded as heterogenous 

nucleation as the gypsum crystals tend to nucleate and grow on the surface of the 

membrane cells/ biofilm/EPS. Previous researches have already shown that the 

presence of a foreign surface can considerably lower the energy barrier required for 

nucleation, resulting in acceleration of nucleation kinetics and mineral formation on the 

surface (Hoang et al., 2007). In addition to provide surface for nucleation, the organic 

molecules can also promote nucleation through specific interactions with the now-

forming inorganic phase, which include geometric, electrostatic or stereochemical 

matching. These interactions will further reduce the interfacial energies and the 

nucleation barrier (e.g. Mann et al., 1993). For instance, it has been shown that the 

stronger binders can increase heterogeneous nucleation rates for CaCO3 precipitation 

because the overall interfacial energy is reduced (Driessche et al., 2019). In this 

research, the gypsum formation did not take place merely in the presence of RO 

membrane (without bacteria) during the experimental period of up to 14 days. Whereas, 
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in the presence of bacteria and despite at the lowest concentration of ions (i.e. 20 mM), 

formation of gypsum crystals was noted even after 1 day of incubation. The results 

show the importance of presence of bacterial cells (and associated organic 

macromolecules) in initiating the nucleation and enhancing the kinetics of gypsum 

formation. Therefore, it can be concluded that the microorganisms have the potential to 

mediate calcium sulfate crystallization at non-precipitating conditions.  

The results of SEM also showed the attachment of bacteria on gypsum crystals. 

To explain this adhesion, the theories of DLVO (Derjaguin, Landau, Verwey and 

Overbeek) (Kim et al., 2010) and the Lewis acid-base interaction (Bayoudh et al., 2009) 

have been used in the literature. The former helps to calculate the total interaction 

energy between the bacterial cells and the minerals. While the latter is based on electron 

donor/acceptor interactions between them in the medium. Hence, in this case, the 

cations from gypsum may have assisted in the attachment of bacterial cells (Perdrial et 

al., 2009). EPS is composed of variety of organic macromolecules i.e. proteins, 

polysaccharides, lipids and nucleic acids (Flemming and Wingender, 2010) and its 

composition in biofilm may vary with the conditions (Al-Disi et al., 2019; Ashfaq et 

al., 2019c). The hydrophobic, electrostatic, covalent and polymer-polymer interactions 

can cause adsorption of bacterial EPS on to the surface of mineral (Tsuneda, 2010) 

affecting its growth, kinetics and morphology. The negatively charged groups of EPS 

(such as carboxyl and phosphate) can also assist in its interaction with calcium ions 

present in the medium. This type of interaction between Ca+2 and EPS has also been 

shown to enhance the attachment of bacteria to the clay minerals (Tsuneda et al., 2010).  

Alternatively, the presence of these calcium ions can also enhance bacterial 

growth, bacterial adhesion to solid surfaces and subsequently biofilm formation. 

Previous researches have also shown that the calcium ion concentrations from 0.7 – 1.4 
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mM in blood and from 0.4-1.7 mM in water can influence the adhesion of bacteria and 

the formation of biofilm on the surfaces (De Kerchove and Elimelech, 2008; Cruz et 

al., 2012). Similarly, the results of Guvensen et al., (2012) also showed the potential of 

divalent cations (Ca+2, and Mg+2) to enhance attachment and subsequent biofilm 

formation by Sphingomonas paucimobilis. Das et al., (2014) investigated the 

interaction of calcium ions with the extracellular DNA (eDNA), as integral part of EPS, 

and found that the reaction between eDNA and Ca+2 is favorable in terms of 

thermodynamics, and that the binding between the two is spontaneous and exothermic 

due to its highly negative enthalpy. Hence, in addition to enhance the growth rates of 

bacteria, the calcium ion present in the medium can also interact with the constituents 

of EPS enhancing the bacterial attachment and promoting biofilm formation.   

The results of this research have significant implications in SWRO. The results 

of this research showed that the microorganisms and scalants (calcium, sulfate ions) 

interact with each other in two ways. 

 (1) Microorganisms present in water causes the precipitation of calcium 

sulfate even when the concentration of calcium/sulfate ions are below the 

supersaturation conditions resulting in microbially mediated enhanced mineral scaling 

(Figure 53) 

(2) On the other hand, calcium ions present in water, being the important 

constituent of cell wall and membrane, enhances the microbial growth. In addition, it 

interacts with the EPS and microbial cells and aide in the attachment of bacteria to the 

surfaces. This will ultimately result in enhanced membrane biofouling (Figure 53).  

Since, both the microorganisms and scalants are usually present in feedwater in 

SWRO systems even at low concentrations, they tend to enhance the effect of each 

other. This mutual interaction will result in enhanced biofouling and mineral scaling in 
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SWRO (Figure 53). Thus, the combined effect on membrane fouling due to these 

microorganism-mineral interactions can result in severe membrane fouling problems 

which will cause severe permeate flux decline, reduction in solute rejection, shortening 

of membrane lifespan, reducing its overall efficiency and causing increase in operating 

and maintenance cost. Hence, future researches should aim to target the foulant-foulant 

interactions between the two major foulant types in SWRO to tackle the membrane 

fouling problems in membrane desalination.  

 

 

Figure 52. Effect of microbes and minerals' foulant-foulant interactions on membrane 

fouling (Ashfaq et al., 2020b) 

 

6.4 Conclusion and Future Perspectives 

In this research, several strains previously isolated from seawater of the Arabian 

Gulf were investigated for their ability to induce calcium sulfate precipitation on RO 

membranes. It was found that all the tested strains were able to form gypsum 

precipitates at non-crystallizing conditions. The precipitates were not noted in the 

controls i.e. only in the presence of RO membrane but without bacteria.  The results of 

SEM showed that the formation of various morphologies of crystals resulted 

demonstrating the influence of microorganisms. With the increase in incubation time 

and concentration of calcium ions, the size of crystals was bigger, with clear 
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arrangements and floral shapes. While at lower concentration and less incubation times 

(1 or 3 days), the crystals were irregularly arranged rod and circular structures. 

Quantitative analysis for the precipitation also confirmed that the calcium ions 

remaining in the medium containing bacteria were significantly lower than the controls 

(i.e. without bacteria) at 95% significance level. EDX mapping of both sodium chloride 

and calcium sulfate crystals formed by bacteria also showed interesting transition and 

distribution of various participating elements (carbon, calcium, sulfur, sodium, 

chloride) on the membrane surface. SEM technique was also useful in investigating the 

attachment of bacteria to gypsum crystals elucidating the precipitation mechanisms. 

Furthermore, it was also found that the presence of calcium ions significantly increases 

the growth rates of bacteria demonstrating their potential to enhance biofouling rates. 

Therefore, results of this research showed that the microorganisms-minerals 

interactions can result in both enhanced mineral scaling and biofouling on the 

membrane surface.  

Future research is needed to investigate such microorganisms-minerals 

interaction under the influence of pressure and turbulent conditions within the RO units. 

It is important to understand the influence of this interaction on permeate flux decline, 

membrane solute rejection, and other parameters. Furthermore, use of other techniques 

such as X-ray diffraction (XRD) and Raman spectroscopy needs to be employed to 

confirm the polymorphs of calcium sulfate precipitating due to microbial activity. Such 

results will further help in developing suitable anti-fouling techniques with inherent 

capabilities to simultaneously reduce both mineral scaling and biofouling and 

discourage such microorganisms-mineral interactions in SWRO desalination.  
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CHAPTER 7 – OBJECTIVE 04: DETERMINE WHETHER NEW COATINGS (GO-

PAA, GO-PMA) WILL PREVENT BIOFOULING AND SCALING  

 

7.1 Introduction 

Freshwater scarcity is a global issue further exacerbated by population and 

economic growth. Seawater desalination offers viable alternative to clean water 

resources. Membrane systems such as seawater reverse osmosis (SWRO) is an 

economically efficient and environment friendly technology for desalination (Al Najar 

et al., 2020; Ashfaq et al., 2018). However, it is often susceptible to fouling caused by 

minerals (inorganic fouling/scaling), organic macromolecules like humic acids (organic 

fouling), microorganisms (biofouling) and colloidal substances (colloidal fouling). 

Most of these foulants are often present in feedwater at the same time and interact with 

each other to cause membrane fouling which then leads to the decrease in performance 

and increase in operating cost of SWRO (Goh et al., 2019). While, SWRO 

simultaneously suffers from more than one type of fouling, most of the researchers still 

tend to focus on mitigating one of the fouling types (Ashfaq et al., 2018). Although, the 

prevention of one type of membrane fouling may not result in significant improvement 

of membrane performance due to its sensitivity to suffer from other foulants.  

Modifying the membrane surface properties to develop antifouling 

characteristics is one of the commonly explored approach in membrane fouling 

research. There are two methods used for surface modification i.e. physical method like 

blending, and coating and chemical method such as polymers functionalization, graft 

polymerization and plasma treatment. Graft polymerization is one of the best 

techniques for grafting of monomers, protecting the membrane surface from various 

agents and to give distinctive properties to the membranes (Ayyavoo et al., 2016).  
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Graft polymerization using radiation like UV or microwave is being used 

widely now for the surface modification of membranes to develop composite 

membranes with better antifouling properties. Major advantages of this technique 

include; (i) variety of monomers can be used to polymerize on membrane surface, (ii) 

the grafting reaction can be controlled in terms of density of graft chains and exact 

localization to the surface i.e. without affecting the overall properties/composition of 

membrane, and (iii) formation of covalent bond ensuring long-term chemical stability 

of membranes (Kochkodan et al., 2014). Previously, UV grafting technique was used 

for polymerization of methacrylic acid on polysulfone membrane. Moreover, some 

other hydrophilic monomers like acrylic acid, NVP (N-2-vinyl-pyrrolidone), and 

HEMA (2-hydroxyethyl methacrylate) have also been grafted on the surface of 

membrane (Taniguchi and Belfort, 2004). However, the technique is considered 

sometimes undesirable due to the presence of UV radiations (Ayyavoo et al., 2016). 

Therefore, microwave radiations can be used as an alternate technique for 

polymerization of membranes. It is a powerful method for organic synthesis, which 

helps to enhance the rates of reactions and distributes heat rapidly and evenly on the 

surface (Shao et al., 2003; Cao et al., 2001). Microwave radiation was used as an energy 

initiator in which acrylic acid was used as a modifier on chitosan coated 

polyethersulfone membranes (PES). It was found that acrylic acid concentration of 

about 3 (%w/v) was good enough to improve membrane surface properties, salt 

rejection capability and antifouling properties against organic foulant studied in that 

research (Mansourpanah et al., 2015). 

In the literature, several nanomaterials such as titanium oxide, multiwalled 

carbon nanotubes and graphene oxide (GO) etc. have been used to functionalize RO 

membranes in order to reduce biofouling (Saleem et al., 2020; Safarpour et al., 2015; 
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Inukai et al., 2015). Graphene oxide (GO) has been catching special attention in the 

field of research and industries due to its unique properties such as antimicrobial 

activity, hydrophilicity, smoothness, negative charge, and its functionalization with 

carboxyl, hydroxyl, epoxy, and ether groups (Saleem et al., 2020). It has been used as 

nanomaterials for its potential against biofouling (Chae et al., 2015). On the other hand, 

to control mineral scaling, antiscalants like poly acrylic acid (PAA), poly maleic acid 

(PMA) and poly methacrylic acid (PMAA) are added to the feedwater. However, recent 

researches have shown their sensitivity to biodegradation which results in their 

inefficiency to control mineral scaling and their side effects on enhancement of 

biofouling (Ashfaq et al., 2019a; Ashfaq et al., 2019b, Sweity et al., 2015). Therefore, 

it is important to develop RO membranes capable of controlling both mineral scaling 

and biofouling.  

Thus, in this research, the polyamide RO membrane was functionalized with 

GO to impart anti-biofouling characteristics followed by polymerization of monomer 

antiscalants to produce polymer modified graphene oxide coated RO membranes. The 

effect of functionalization on membrane surface properties was investigated through 

Fourier transform infra-red (FTIR), and Raman spectroscopic technique, contact angle 

measurements, scanning electron microscopy – energy dispersive X-ray spectroscopy 

(SEM-EDX), and atomic force microscopy (AFM) techniques. The performance of 

modified membranes against mineral scaling was investigated in the presence of 

laboratory prepared calcium sulfate feed water and performance indicators such as 

decline in permeate flux with time and percentage salt rejection were measured. 

Moreover, the scale layer formation after the scaling experiment was characterized 

using SEM-EDX, XRD and FTIR technique. The biofouling tests were performed 

through determining bacteriostassis rates of the modified membranes. In addition, the 
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inhibition of both scaling and biofouling, simultaneously was also investigated. 

 

7.2 Results and Discussion 

 

7.2.1 Membrane surface characterization 

 

7.2.1.1 Scanning electron and Atomic force microscopy. The leaf-like ridge and 

valley structure of the unmodified polyamide RO membrane is visible in SEM images 

(Figure 54). Due to the “edge effect”, the ridges are represented by brighter parts, 

whereas, the protruding ridges are generally shown by the brighter regions (Chae et al., 

2015). In consistent with the literature (Ali et al., 2019; Croll et al., 2017; Ma et al., 

2017), the presence of GO on the RO membrane can be seen through the darker regions 

on the surface (Figure 54b and 54c). With the increase in content of GO, these regions 

tend to appear denser in SEM images (Ali et al., 2019).  

In consistent with SEM results, the AFM analysis showed that the membrane 

surface roughness decreased after functionalization from 74.709 nm of unmodified RO 

membrane to 61.555 and 61.752 for PAA-GO@RO and PAA-GO@RO*, respectively. 

As seen in the AFM images, the functionalization of membranes resulted in reduction 

of valleys’ depths leading to overall reduction in surface roughness of the membrane. 

Previous researches have also shown reduction in membrane surface roughness after 

coating with GO (Ashfaq et al., 2020a; Cao et al., 2018) and after polymerization of 

acrylic acid (Mansourpanah et al., 2015). Similarly, the membrane surface roughness 

also reduced after functionalization with PMA-GO.  
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(g) 

 

(h) 

 

(i) 
 

(j) 

 

(k) 
 

(l)  

Figure 53. SEM images of the membrane surface (a) RO; (b) GO@RO; (c) PAA-

GO@RO; (d) PAA-GO@RO*; (e) PMA-GO@RO; (f) PMA-GO@RO*; and AFM 

images of (g) RO; (h) GO@RO; (i) PAA-GO@RO; (j) PAA-GO@RO*; (k) PMA-

GO@RO; (l) PMA-GO@RO* 

 

RMS = 74.709 nm 
AR = 60.721 nm 

RMS = 70.812 nm 

AR = 55.98 nm 

RMS = 61.555 nm 

AR = 49.177 nm 
RMS = 61.752 nm 

AR = 46.907 nm 

RMS = 70.694 nm 

AR = 54.949 nm RMS = 69.061 nm 

AR = 55.258 nm 
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7.2.1.2 Raman and FTIR Spectroscopy. Raman spectroscopic technique is 

useful to confirm the binding of coating materials like GO with the surface of RO 

membrane. For the case of GO functionalization, it can be confirmed by comparing the 

ratio of peak at 1147 cm-1 to the peak at 1585 cm-1 (Faria et al., 2017; Perrault et al., 

2015). At 1147 cm-1, the symmetric C-O-C stretching of the polyamide is represented, 

while, at 1585 cm-1, the phenyl ring appears in Raman spectrum. Moreover, GO also 

exhibits its characteristic peak at 1590 cm-1. Thus, the binding of GO to polyamide 

membrane will result in decrease of ratio (I1147/I1585). In this research, it is clearly 

visible that the peak intensity of 1585 cm-1 increased significantly after 

functionalization leading to decrease in the ratio from 1.14 ± 0.01 for unmodified RO 

to 0.78 ± 0.1 after functionalization (Figure 55a) which confirmed the successful 

coating of GO on the membrane, consistent with SEM observations. Furthermore, the 

presence of C-H and hydroxyl (-OH) groups from acrylic acid can be seen at peak 

around 3027 cm-1 and increase in intensity at this peak for modified membranes showed 

increase in the density of these functional groups as a result of acrylic acid 

polymerization (Figure 55a). Similar results were also obtained for  RO membranes 

modified with poly maleic acid and graphene oxide (PMA-GO@RO). 
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(a)

 

(b) 

Figure 54. Spectroscopic analysis of the membrane surface (a) Raman spectra; (b) FTIR 

spectra 

 

It has been reported that not significantly differences result in FTIR spectra after 

GO functionalization (Ghaseminezhad et al., 2019; Kim et al., 2016). This is due to the 

no obvious changes in the overall structure of the membrane surface after GO coating 

and also because of difficulty to detect small amount of GO dispersed in the matrix. 
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However, the presence of acrylic acid and other polymers of similar structure can be 

seen through the presence of carboxyl groups at around 1730 cm-1, given that the 

concentration of the polymers is significantly high. During our preliminary research, 

there was appearance of sharp intense peak at 1730 cm-1 demonstrating carboxyl groups 

and around 3000 cm-1 representing C=C vibration in FTIR spectra when 3.0 wt % 

monomer concentration was used. However, these peaks did not appear at lower 

concentration of 0.01 and 0.02 wt %. Nevertheless, some variation specifically in the 

complex region around 3300 cm-1 were noted. This broad peak centered around 3300 

cm-1 is a complex peak because of overlapping of stretching vibration of N-H and 

carboxylic (-COOH) groups of the polyamide layer (Tang et al., 2009). The increase in 

intensity for modified membranes could have due to the over-abundance of hydroxyl (-

OH) functional groups from GO and poly acrylic acid. Similar observations have also 

been noted previously (Seyedpour et al., 2018; Zhao et al., 2013; Wang et al., 2012).  

 

7.2.1.3 Membrane hydrophilicity and permeation properties. To investigate the 

effect of coating on membrane hydrophilicity, water contact angle was measured. The 

results showed that the membranes became more hydrophilic after functionalization as 

the water contact angle (˚) of the PAA-GO@RO (0.02) membrane reduced significantly 

from 41.7 ± 4.5⁰ (RO unmodified membrane) to 24.4 ± 1.3⁰ (Figure 56b). This is 

consistent with the FTIR results, as the presence of additional carboxylic and hydroxyl 

groups of GO and PAA could have resulted in the improvement of membrane 

hydrophilicity. Previous researches have also reported similar results (Cao et al., 2018). 

Besides the effect of antiscalant (PAA), and antimicrobial GO, the improvement in 

membrane surface properties such as hydrophilicity and surface smoothness (as shown 

by AFM and SEM results) could play important role in reducing fouling on modified 
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membranes (Kochkodan et al., 2014). 

Moreover, it was noted that the functionalization of PAA and GO resulted in 

minor reduction in membrane permeability (Figure 56a), since it is difficult to ensure 

retention of membrane intrinsic permeability during modification procedure (Faria et 

al., 2017). The slight loss in permeability could have resulted due to narrowing of pores 

as a result of polymerization adding further resistance to water flow. The SEM and 

AFM results also showed the variation in membrane surface topography indicating the 

changes in membrane porosity may have occurred. Nevertheless, the permeability did 

not reduce significantly fortunately. When the higher concentration was tested i.e. 3.0% 

(during preliminary research), up to 90% permeability reduction was obtained. The loss 

of membrane permeability has also been reported previously for membranes modified 

through graft polymerization technique (Mao et al., 2018; Goh et al., 2019)   
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(b) 

Figure 55. Results of (a) Membrane permeability and % salt rejection; (b) water contact 

angle.  

 

7.2.2 Membrane scaling experiment 

 

7.2.2.1 Permeate flux decline. To investigate if the mineral scaling is reduced 

after modification, the membrane was subjected to recirculation of synthetic gypsum 

solution and the decline of permeate flux during the time of scaling experiment. The 

antiscaling performance of modified membranes is evident from the results of flux 

decline during the time of experiment as shown in Figure 57. When the unmodified RO 

membrane was used, gypsum scaling resulted in severe decline in permeate flux as the 

22% reduction in flux was experienced by the end of experiment. Whereas, in the case 

of modified RO membranes i.e. PAA-GO@RO (0.01), the membrane permeate flux 

declined by only 10%. With the increase in concentration of acrylic acid i.e. PAA-
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GO@RO (0.02), the membrane antiscaling properties further improved as negligible 

decline in flux occurred during 6-hour long experimental time period (Figure 57). This 

showed that the polymerization of antiscalant (PAA and PMA) on GO coated RO 

membrane significantly reduced the extent of membrane scaling in RO membranes. 

These results were further confirmed through characterizing the scale layer of the 

membrane after scaling experiment using SEM-EDX, FTIR, and XRD techniques.   

 

 

Figure 56. Normalized flux obtained during scaling experiments 

 

7.2.2.2 Scale layer characterization. The membrane surface after the scaling 

experiment was analyzed through SEM-EDX, FTIR and XRD technologies to 

investigate the formation of calcium sulfate precipitates on the membrane. It is  now 

admitted that scaling on the membrane tend to increase towards the exit region under 

the influence of concentration polarization (CP) (Shih et al., 2005). Therefore, to 

compare the performance of different membranes, samples were taken from both 

entrance (less saturated zone, LSZ) and exit regions (highly saturated zone, HSZ) to 
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detect the scale layer formation.  

The formation of needle like and floral crystals of calcium sulfate can be seen 

through the SEM images in Figure 58a and the EDX results further confirmed the 

presence of calcium, sulfur, and oxygen atoms. In the literature, similar morphologies 

of CaSO4 has been reported (Ashfaq et al., 2020a; Rahman, 2013; Antony et al., 2011). 

The precipitation of minerals on the membrane occurs due to the supersaturation 

conditions near the membrane surface or due to the presence of substances accountable 

for formation of crystals or due to the conditions that lead to nucleation (Lee et al., 

1999). Generally, the needle like crystals originating from core growth region on the 

membrane surface as noted in Figure 58a, suggests that the surface crystallization was 

the RO membrane (Mi and Elimelech, 2010). However, the functionalization of PAA 

and GO inhibited the scaling to the extent that SEM-EDX did not detect formation of 

these precipitates on the modified membranes (Figure 58b and 58c).  
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(i) 

 

(j) 

 

(k) 

 

(l) 

Figure 57. SEM-EDX analysis of the scaled membrane (a, b) RO; (c, d) GO@RO; (e, 

f) PAA-GO@RO; (g, h) PAA-GO@RO*; (i, j) PMA-GO@RO); (k, l) PMA-GO@RO* 

 

     FTIR technique was extensively utilized to investigate the scale layer formation 

at various locations across the surface of the membrane. In general, the strong bands 

centered around 1140 cm-1 splitting into two components at around 1146, 1116 cm-1 

and 669, 662 cm-1 represents stretching and bending modes of SO4 from pure gypsum 

(AlDabbas et al., 2014). In the case of RO membrane, similar spectra for gypsum were 

obtained for all the samples (n=5) taken from both LSZ and HSZ regions. On the other 

hand, gypsum was detected only at very thin layer towards the most concentrated zone 
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i.e. HSZ after membrane modification (Figure 59b). The XRD results (Figure 59c) 

provided further confirmation that the precipitates belong to gypsum polymorph of 

calcium sulfate as the peaks at 11.5, 20.6, 23.1, 29.0o (Farrah et al., 2004) demonstrates 

the presence of gypsum on the membrane, where detected. Thus, the membrane 

modification helped to limit the scaling only at more saturated zones in the water 

channel. The improvement in anti-scaling performance of the modified membranes 

could have resulted due to the changes in membrane surface properties in terms of 

hydrophilicity and surface smoothness. At more hydrophilic surface, the gypsum 

crystals will encounter greater energy barrier for deposition or surface nucleation.   

 

 

(a) 

 

(b)  
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(c) 
 

Figure 58. (a) FTIR spectra of the scaled membrane both in high saturated zone (HSZ); 

(b) less saturated zone (LSZ) on membranes, (c) XRD spectra of the scale layer 

 

7.2.3 Biofouling tests 

To assess the anti-biofouling properties of the modified membranes, the 

inhibition of microbial growth was measured for both type of membranes. It was noted 

that the bacterial cells multiplied exponentially leading to extensive growth of 

microorganisms in the presence of RO membranes. However, after functionalization 

with antimicrobial GO, the growth was reduced significantly as more than 94% 

reduction in CFU/mL was observed (Figure 60). 

The antibacterial activity of GO and GO coated surfaces has been extensively 

studied during the last decade (Akhavan et al., 2010; Nine et al., 2015; Alayande et al., 

2019). The properties of GO such as its graphene size, its orientation and its ability to 

produce reactive oxygen species plays important role in antimicrobial activity (Zhao et 

al., 2013). Moreover, the electrostatic repulsion between the cell membrane of bacteria 

and GO sheets can also participate in its antimicrobial activity (Castrillon et al., 2015). 

Besides, membrane surface properties like topography and surface roughness is also 
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important in the interaction between GO and the bacterial cells. Generally, the adhesion 

of bacteria – first step in biofouling; reduces on smoother surfaces (Alayande et al., 

2019). In this research, it was also noted that the membrane surface roughness reduced 

significantly after membrane modification. Hence, both the antimicrobial features of 

GO as well as improvement in membrane surface properties may have added the 

antimicrobial property to the membrane. 

 

 

Figure 59. Anti-biofouling performance of membranes after functionalization 

 

7.2.4 Simultaneous inhibition of mineral scaling and biofouling  

The inhibition of mineral scaling and biofouling simultaneously was also 

demonstrated through membrane functionalization with antiscalant polymer (poly 

acrylic acid) and antimicrobial nanomaterial (GO). For this purpose, experiments were 

performed using supplemented bacterial medium (to study bacterial growth) containing 

20 mM of calcium and sulfate ions (to investigate CaSO4 precipitation) on the 

membranes. In this case, the technique of SEM-EDX was utilized as both the microbial 



 

259 

 

growth and formation of mineral precipitates on the membrane samples can be 

extensively visualized. It is also expected that the presence of bacteria may have 

enhanced/induced the precipitation. There are two mechanisms through which bacteria 

can induce/mediate mineralization. (1) Adsorption of cations such as calcium in the 

case of CaSO4, around the cell membrane surface, or cell wall and on the layers of EPS 

are the ways through which bacteria can serve as a nucleus for mineral precipitation 

(Braissant et al., 2003). With the presence of sulfate ions in the medium, gypsum 

formation may result within the biofilm (Farias et al., 2014). (2) Changes in solution 

chemistry such as sulfur oxidizing bacteria can convert hydrogen sulfide into sulfate 

resulting in decrease in pH and release of calcium ions due to dissolution of carbonates. 

Thus, the release of sulfate and calcium ions can result in gypsum formation. This 

phenomenon has been described in the literature (Mansor et al., 2018; Harouka et al., 

2016).  

It is evident from Fig. 62c and 62d that the modified membranes were able to 

inhibit simultaneously both microbial growth and CaSO4 precipitation. This further 

confirmed that the functionalization with PAA-GO and PMA-GO enhanced the 

performance of RO membranes against membrane fouling and significantly reduced 

both scaling and biofouling simultaneously.  
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Figure 60. Simultaneous reduction of biofilm growth and CaSO4 precipitation after 

functionalization (a) RO; (b) GO@RO; (c) PAA-GO@RO; (d) PAA-GO@RO*; (e) 

PMA-GO@RO; (f) PMA-GO@RO*  

 

7.3 Conclusion 

The polyamide RO membranes were coated with commercially available GO 

followed by polymerization of acrylic acid to confer dual anti-scaling and anti-

biofouling properties to the membranes. The characterization of membrane surface 

after modification using water contact angle, SEM, AFM, FTIR and Raman 

spectroscopic techniques helped to understand the changes in surface properties in 

terms of hydrophilicity, surface roughness and presence of functional groups.  Both the 

anti-scaling and anti-biofouling tests were performed to investigate the performance of 

membranes against both type of fouling. The scaling test results showed that the decline 

in permeate flux was inhibited by the modified RO membranes as only around 10% and 

3% flux decline occurred in the presence of modified membranes. Thus, increase in 

concentration of acrylic acid or maleic acid helped to improve the anti-scaling 

performance of modified RO membranes. This was further confirmed by SEM-EDX, 

FTIR and XRD techniques used to investigate the formation of precipitates on 

membranes after the scaling runs. The results showed that the precipitation only 

occurred at highly saturated zone i.e. towards the water flow exit region. Whereas, 

unmodified RO membrane was found to be fully covered with gypsum precipitates. 

Moreover, surface modification of RO also inhibited microbial growth up to 97% in 

comparison to the control membrane. Additional experiments performed on the 

inhibition of both gypsum precipitation and biofilm formation helped to confirm that 

the polymer modified graphene oxide coated RO membranes have the potential to 
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simultaneously reduce both membrane scaling and biofouling in SWRO systems. Thus, 

further research is being conducted to test the long-term performance of these 

membranes at pilot-scale and to perform cost-benefit analysis in terms of their 

application in SWRO.   
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CHAPTER 8: CONCLUSION AND FUTURE PERSPECTIVES 

 

 Overall, the results of this research helped to understand various unknown 

interactions between calcium sulfate (as scalant), seawater microorganisms, 

antiscalants (poly acrylic acid and poly maleic acid) and antibacterial nanocomposites 

(graphene oxide).  

 It was found that the intensity of membrane scaling increased with the increase 

in concentration and temperature of feedwater as reflected by the increase in intensity 

of flux decline over time as well as mass of crystals formed on the membrane surface, 

which caused increase in membrane resistance. The morphology of the crystals varied 

from thin needle like structures to broader floral structures when the scaling got intense. 

The water contact angle analysis showed that the gypsum scaling on the membrane 

enhanced its hydrophilicity which may enhance its inter- / intra- foulant interactions 

with other ions present in water. Since, the presence of other foulants such as 

microorganisms may also alter the mechanism and extent the membrane scaling as a 

result of foulant – foulant interactions between them, further research was done on the 

effect of microorganism on gypsum scaling. 

 The microorganisms isolated from Qatar seawater were identified as H. 

aquamarina, H. elongata, P. fragi, P. stutzeri, V. alginolyticus and V. fluvalis using 

MALDI-TOF MS. By combining the techniques of MALDI-TOF MS with PCA, the 

isolated strains of H. aquamarina and P. fragi were categorized into several groups 

based on their differences in protein spectra showing the biodiversity of such antiscalant 

degrading bacteria in seawater. It was also noted that the growth rates vary with type 

of antiscalant and bacteria used. Therefore, initial screening of these antiscalants before 

their applications at industrial level is important to understand their biofouling 
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potential. In this research, an easy and quick methodology was also applied to do such 

screenings. The suggested methodology combined FTIR with multivariate data analysis 

and conventional microbiological assays to test the effect of antiscalants on biofouling. 

Thus, the proposed technique helped to classify antiscalants based on their membrane 

fouling potential and to characterize biofilm components. Both the spectral intensity 

and CFU count showed that the biofilm was more intense in the presence of poly acrylic 

acid followed by maleic and acrylic acid. 

  The selected strains were also tested for their ability to induce calcium sulfate 

precipitation on RO membranes. It was found that all the tested strains were able to 

form gypsum precipitates at non-crystallizing conditions. The precipitates were not 

noted in the controls i.e. only in the presence of RO membrane but without bacteria.  

The results of SEM showed that the formation of various morphologies of crystals 

resulted, which demonstrated the influence of microorganisms. Quantitative analysis 

for the precipitation also confirmed that the calcium ions remaining in the medium 

containing bacteria were significantly lower than the controls (i.e. without bacteria) at 

95% significance level. Furthermore, it was also found that the presence of calcium 

ions significantly increases the growth rates of bacteria demonstrating their potential to 

enhance biofouling rates. Therefore, results of this research showed that the 

microorganisms-minerals and microorganisms-antiscalant interactions can result in 

both enhanced mineral scaling and biofouling on the membrane surface.  

 Thus, it is important to develop and modify membrane to control both scaling 

and biofouling. That is why, in this research, the polyamide RO membranes were coated 

with commercially available GO followed by polymerization of acrylic acid to confer 

dual anti-scaling and anti-biofouling properties to the membranes. The characterization 

of membrane surface after modification using water contact angle, SEM, AFM, FTIR 
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and Raman spectroscopic techniques helped to understand the changes in surface 

properties in terms of hydrophilicity, surface roughness and presence of functional 

groups.  Both the anti-scaling and anti-biofouling tests were performed to investigate 

the performance of membranes against both type of fouling and the results showed that 

the newly modified membranes had the potential to suppress both scaling and 

biofouling. 

  Hence, future research is needed to investigate microorganisms-minerals and 

microoorganisms-antiscalant interactions using sea water under the influence of 

pressure and turbulent conditions within the RO units. It is important to understand the 

influence of these interaction on permeate flux decline, membrane solute rejection, and 

other parameters. Moreover, the methodology for the development of such anti-fouling 

membranes needs to be optimized in terms of antiscalant concentration, irradiation type 

and times of irradiation. For this purpose, response surface methodology as a statistical 

tool is suggested to be utilized. In practice, to solve the problem of membrane fouling, 

such membranes should also be tested at both Lab-scale (crossflow filtration setups) 

and Pilot-scale. During such tests, the performance of modified membranes against 

both scaling and biofouling for longer period, their lifetime and release of nanomaterials 

into the permeate during desalination should be investigated. Such results will further 

help in developing suitable anti-fouling techniques with inherent capabilities to 

simultaneously reduce both mineral scaling and biofouling and discourage such 

foulant-foulant interactions in SWRO desalination.  
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