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ABSTRACT 
 

The impact of chemical cleaning on separation efficiency and properties of 

reverse osmosis membrane 

Hani Mohammed Baatiyyah 

 

One of most major concerns from both cost-effective and technical point of view in membrane 

process industry is membrane cleaning. The aim of the project was to investigate the variations 

in membrane surface properties and separation efficiency of reverse osmosis membrane. 

Compativtive analysis have to be performed on four RO membrane before and after exposing the 

virgin membrane into chemical cleaning to identify and analysis the impact of the chemical 

cleaning on the performance of RO membrane. Commerical chemical cleaning used in this project 

were caustic and acidic cleaning agent. The project’s aim is the investigation of simulation 

software’s precision for the four membranes performance projection at different conditions of 

the feed water. The assessment of the membranes performance was done in the Innovation 

Cluster at pilot plant that was industrial in size. The main commercial elements used were the 

thin-film composite membranes with a spiral-wound of 8-inch polyamide. Ultrafiltration (UF) and 

seawater RO membrane pretreatment process was done for the red sea sourced feed water. A 

pressure vessel dimensioned at 8-inch was operated in conjunction with an individual element at 

8 -20 m3/hr feed flow rate, with an 8 to 12 % recovery and an average  35,000-42,000 mg/L of 

total dissolved solids (TDS) composition for the feed water. To achieve the project’s aim in 

assessing the membranes, three phase experimental stages were completed. The membranes 

performance was assessed in terms of their water flux, salt rejection, boron rejection, 
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bicarbonate rejection and permeate quality. In addition, the membrane surfaces  were 

characterized after exposing the fresh membranes with a chemical cleaning reagent. The 

experimental results showed an increase in both permeate flow and salt passage for all studied 

elements. The changes in the membranes performance were systematically explained based on 

the changes in the charge density and chemical structure of the membranes surface. The 

experimental results showed that both the physical and chemical surface properties of the 

membranes do not significantly alter under standard industrial conditions. These results shed 

some light on the effects of chemical cleaning in a pilot-scale RO plant and improve our 

understanding to provide a potential research direction for cleaning methods of membranes.  
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Chapter 1 : Introduction  
 

Today, access to fresh water has become a worldwide concern due to population growth and 

water pollution; over one billion people are suffering from lack of potable water [1]. Therefore, 

desalination has become the most appropriate solution to this problem; it is a term ustilized to 

describe the method of get rid of salt from water to produce p water. The amount of the salt in 

water is represented by the concentration of total dissolved solid (TDS) in the water. TDS is 

defined by the sum all minerals, metals, cations and anions dissolved in water. Seawater is known 

to have a high degree of hardness, bacterial content, high TDS and high salt concentration of 

around 35,000 ppm.  Fresh water is comprised of less than 1000 mg/L of salt or total dissolved 

solid (TDS), and this standard limit varies from country to country. The water desalination process 

requires high energy consumption to achieve a high quality of water. The amount of the energy 

depends on the technique that is used to desalinate the water. The technology choice depends 

on various factors such as source water quality, plant size, capital cost and energy cost [2]. The 

amount of contracted capacity in a desalination plant is increasing year by year. The Middle East 

region is more dominant in water desalination to meet the need of water, and the preferred 

desalination technology in the Middle East is thermal technology since the oil price is inexpensive, 

and reliability is considered to be an influential factor when comparing to other alternative 

desalination technology. However, reverse osmosis is the leading desalination technology and 

most widely used desalination technology globally [3].  
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1.1 Conventional desalination technology 

Desalination can be split into two main categories: thermal and membrane processes; this 

division is based on the separation mechanism. Thermal desalination processes include multiple 

effect distillation (MED), multi-stage flash distillation (MSF), vapor compression, and 

dehumidification. Membrane processes include reverse osmosis (RO), membrane distillation and 

electrodialysis. The two significant commercial desalination processes are RO and MSF [4]. 

Previously, thermal desalination was the oldest and most commonly utilized method for 

desalination; it accounted for around 78% of the total seawater desalination capacity [5].  

Nowadays, RO has overtaken MSF technology and has become the most widely utilized process 

around the world. Table 1.1 shows the comparison of thermal technology and membrane 

technology [6].  

Table 1.1: Comparison of the thermal technology and membrane technology. 

 

Type of technology Advantage Disadvantage 

Thermal Technology 

 Requires less pre-treatment 

of the feed water.  

 The salinity of feed water 

does not impact the process.  

 Requires high energy 

consumption.  

 Recovery ratio is low.  

 Requires high capital 

and operational cost. 

Membrane 

Technology 

 Energy consumption is low.  

 Simple process design and 

easy to operate.  

 Requires pre-treatment 

process. 

 Limited life expectancy 

of membranes around 

2-5 years.  
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1.2 Membrane module configuration and membrane structure  

The separation performance of reverse osmosis membranes is mostly influenced by the transport 

properties of the membrane material and the module configuration. Membranes types can be 

distinguished by the application, that is, into brackish or seawater membranes, which require 

different salt rejection properties, energy consumption and pressure range of operation. 

Currently, the main membrane module configurations are based on the flat-sheet spiral wound 

and hollow fibers.  

Spiral wound configuration  

The design of a spiral wound membrane is based on two flat membrane sheets that are 

connected and sealed together from all edges except one side where it is connected with a 

permeate collector channel material to form a leaf. A typical spiral wound module is 8 inches in 

diameter and 40 inches in length, containing about 26-28 leaves with ~40 m2 of active membrane 

area. The feed flows between the membrane sheets separated by flow channel spacers and exits 

as brine in the residue. The purified water flows along the permeate flow channels and exits 

through the permeate collection tube. The overall schematic design of a spiral wound module is 

illustrated in Figure 1.1.  
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Figure 1.1 Schematic of RO spiral wound element. 

 

Membrane structures  

Thin-film composite (TFC) membranes are typically used in RO, which contain three layers, as 

shown in Figure 1.2 - the upper surface represents a selective polyamide barrier layer (0.2 µm), 

the middle layer is a microporous polysulfone mechanical support (40 µm), and the bottom layer 

is acting as structural support (120-200 µm thick) [7]. The chain packing of the active polyamide 

layer determines the membrane performance. To achieve salt rejection higher than 99%, the 

active layer should be less than 0.60 nm [3].   

The selective, salt-separating layer is typically prepared by using a method called interfacial 

polymerization, which is carried out by reacting two monomers [typically m-phenylene diamine 

(MPD) and trimesoyl chloride (TMC)] at the membrane surface to form a crosslinked aromatic 

polyamide. The performance of the membrane is strongly dependent on synthesis conditions, 

such as: (i) reaction time, (ii) concentration of reactants and (iii) post-treatment [8].  
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Figure 1.2 Schematic of a cross-section of thin-film composite membrane [9]. 
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Chapter 2 : Literature Review  

2.1 Principles of reverse osmosis  
 

Osmosis is defined as the net movement of water molecules, where the water flows from a 

solution that has a lower solute concentration to higher solute concentration [9]. By applying 

external pressure on the more concentrated solution of the membrane in the feed forces the 

water molecules to flow through the membrane to the less concentrated region in the permeate. 

The applied external pressure must be greater than the osmotic pressure of the feed solution, 

which depends on the salt type and salt concentration. This process is called reverse osmosis 

because water flows in the opposite direction than the osmosis process, as shown in Figure 2.1. 

Nowadays, reverse osmosis is the most commonly used process for water purification.  

Reverse osmosis can be used to treat water by applying hydraulic pressure on the system. The 

RO membrane is defined as a semi-permeable barrier that allows purified water to pass through 

the membrane as permeate, whereas the solute (salt) is concentrated in the retentate [10].  

 

Figure 2.1 Reverse Osmosis operating principle [10].  
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2.2 The transport mechanism of reverse osmosis  
 

The transport mechanism in a RO membrane is based on the solution-diffusion model, which was 

first described by Lonsdale et al. [11]. In this model, the water transport through membrane occurs 

in three different steps: (i) sorption into the membrane, (ii) diffusion through the membrane layer 

and (iii) desorption from the permeate side of the membrane.  

The transport of water and solute can be represented by the following two equations:  

 

𝐹𝑊 =  𝐴 ∗ (∆𝑝 − ∆π) 

 

where, Fw = water flux (g/(cm2·s), A = water transport coefficient (g/cm2·s·atm), ∆p = pressure 

differential across the membrane (atm) and ∆π = osmotic pressure differential (atm). 

 

𝐹𝑊 =  𝐵 ∗ (∆𝐶) 

 

where, Fs = solute (salt) flux (g/cm2·s), B = salt transport coefficient (cm/s),  ∆Cs = solute 

concentration difference across the membrane (g/cm3).  

 

The water flux depends on the difference in pressure (hydraulic feed pressure – osmotic pressure) 

across the membrane and a membrane specific parameter A. On the other hand, the salt flux 

across the membrane depends on the difference of the solute concentration between feed and 

permeate and a membrane specific salt transport parameter B. In addition, the feed temperature 
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influences separation process, as water flux increases with increased temperature whereas salt 

rejection decreases.  

The following equations are important for design and operation of the RO system and describing 

the reverse osmosis performance. The recovery of the system is a significant indication of RO 

performance, and it is varying between 35-85% based on the quality of the water, pretreatment, 

and optimum energy design. Even a small change in the recovery can increase the overall cost of 

the RO plant.   

𝑌 =
𝑄𝑃

𝑄𝐹
 × 100 

where, Y = Recovery (%),  Qp = Permeate flow rate (m3/h),  CF = Feed flow rate (m3/h).  

 

Solute rejection defines the potential of a membrane to remove salt from a feed solution: 

 

𝑅 =
𝐶𝐹 − 𝐶𝑃

𝐶𝐹
 × 100 

 

where: R = Solute rejection (%), Cp = concentration of solute in permeate stream (mg/l), CF = 

concentration of solute in feed stream (mg/l).  
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2.3 Reverse osmosis process  
 

In the RO process, the membrane can be operated in two process modes, either in a dead-end 

or in crossflow filtration mode. In dead-end filtration the feed flows in the normal direction 

through the membrane and filtered solutes accumulate on the surface of the membrane, thereby 

generating a cake filter on the surface of the membrane that quickly reduces the water flux of 

the membrane due to clogging of the membrane.   

Cross-flow filtration is the standard industrial process in RO, the feed flows horizontally across 

membrane and exits as a residue with concentrated brine, whereas the pure water permeate is 

flowing perpendicular to the feed under a hydraulic pressure driving force. Figure 2.2 shows the 

difference between the crossflow filtration and dead-end filtration.  

 

Figure 2.2 Schematic diagram of crossflow filtration and dead-end filtration [10]. 
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2.4 Factors affecting the membrane performance   
 

Several process-related conditions can influence the performance of RO membranes, including, 

concentration polarization, feed water composition and membrane surface property. All of these 

factors have a significant effect on membrane desalination process.  

Concentration polarization  

Concentration polarization is an important concept recognized in many membrane processes. It 

occurs when water flows through the membrane and salt is rejected. During this process, the 

solute concentration increases gradually, which generates a boundary layer on the membrane 

surface with a salt concentration exceeding that in the bulk feed solution. The increase of salt 

concentration at the membrane surface is called concentration polarization. Figure 2.3 shows 

schematically the phenomenon of concentration polarization occurring during the RO process.  

 

Figure 2.3 Schematic illustration of concentration polarization in RO. 

Concentration polarization influences the RO process by [10]:  

 Increasing the osmotic pressure at the membrane surface, which leads to a decrease in 

the net driving pressure differential across the membrane, therefore a decrease in water 

flux.  
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 It increases the salt concentration which leads to an increase in salt concentration driving 

force which increases salt flux and reduces salt rejection.  

2.4.1 Hydrodynamic conditions  
 

The operation parameters such as pressure, temperature, and crossflow velocity have 

remarkable effects on the separation performance. The flux of water and salt rejection can be 

increased by adjusting the operation parameters. Also, optimizing these parameters can have a 

big impact on reducing membrane fouling.  

 Temperature:  

The flux of water and solute can vary based on changes in feed water temperature. The 

temperature of the feed water can influence the separation performance since increasing the 

temperature leads to a decrease in the solution viscosity and increase in the rate of water and 

salt diffusion through the membrane, as shown in Figure 2.4.   

 

 

 

Figure 2.4 Effect of feed water temperature on water flux and salt rejection [10]. 
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 Pressure  

The pressure applied on the feed side of the RO membrane has to be higher than the osmotic 

pressure to obtain water flux through the membrane. The desalination pressurization range for 

seawater is typically between 55 to 69 bars. Because of the much lower salt concentration the 

pressurization range for brackish water is less than half of the seawater [12]. Increasing the 

pressure enhances the water flux as it depends on the pressure gradient, but solute flux remains 

essentially constant because it depends on the concentration difference between feed and 

permeate and not on the pressure gradient.  Hence, salt rejection typically increases by increasing 

the feed pressure. However, operating the system at a very high pressure can cause 

concentration polarization, which leads to a decrease the flux [13].     

 

Figure 2.5 Effect of feed water pressure on flux and salt rejection [10]. 

 

 Crossflow velocity:  

The crossflow velocity has a significant effect on the membrane performance since it influences 

the mass transfer rate over the membrane surface. Typically, a higher crossflow velocity shows 

higher water flux due to thinner boundary layer thickness and it can decrease the concentration 

polarization [14].  
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2.4.2 Feed water composition 
 

Two different types of feed water are used in the RO plant: (i) seawater (SW) and (ii) brackish 

water (BW).  The amount of the total dissolved solids (TDS) in seawater is around 40,000 ppm, 

whereas the concentration of TDS in brackish water is ranging between 1,000 ppm to 15,000 ppm 

[15]. Seawater cannot be used for human consumption due to the high percentage of total 

dissolved solids, making the salinity too high for standard drinking water salinity. According to 

the World Health Organization (WHO), the total dissolved solid has to be below 500 ppm in 

drinking water [16].  Table 2.1 shows the composition of the sea water in different Middle-East 

regions [16].  

Table 2.1: Composition of seawater in different regions. 

 

Chemical ion 
Typical Seawater 

(ppm) 
Arabian Gulf 

(ppm) 
Red Sea 
(ppm) 

Chloride (Cl-) 18,980 23,000 22,219 

Sodium (Na+) 10,556 15,850 14,255 

Sulfate (SO4
2-) 2,649 3,200 3,078 

Magnesium (Mg2+) 1,262 1,765 742 

Calcium (Ca2+) 400 500 225 

Potassium (K+) 380 460 210 

Bicarbonate (HCO3-) 140 142 146 

Strontium (Sr2+) 13 - - 
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Bromide (Br-) 65 80 72 

Borate (BO3
3-) 26 - - 

Fluoride (F-) 1 - - 

Silicate (SiO4
4-) 1 1.5 - 

Iodide (I-) 1 - - 

Total Dissolved Solid 

(TDS) 
34,483 45,000 41,000 

 

The physiochemical properties of the feed water, such as pH and ionic strength have to be 

determined since they have a strong effect on the RO membrane performance [17].  

 pH  

Solution pH has an impact on the separation performance and can affect the membrane 

performance. At high pH values, RO membranes typically show better salt rejection since it 

contributes to an increase in the membrane charge density [18] [19]. On the other hand, the 

rejection of various salts is reduced significantly when the solution is below 6 pH [20].  

 Ionic Strength  

The salt rejection is impacted by the feed ionic strength and membrane charge; the Donnan 

potential is typically used to explain the salt passage through the membrane [21]. Donnan 

potential is defiend based on electrical potential, which come from the difference of 

concentration ion. Based on this phenomenon the overall salr rejection can be clarified since 

counter ion attracts to membrane while co-ion is replling from membrane. The overall salt 
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rejection is depend on the rejection of anions, which mean high doona potential contribute to 

increae the overall salt rejection. Specifically, membranes with strong negative charge show 

better rejection than membranes with weak negative charge [22].  

2.4.3 Membrane surface properties  
 

The major properties affecting the foulant adhesion on the membrane surface are hydrophilicity, 

roughness, and charge.    

 Surface hydrophilicity:  

The most common method used to determine surface hydrophilicity is by contact angle 

measurements of water droplets between a membrane surface (deposition droplet) and the 

surrounding medium [23]. 

Fouling of the membrane can be diminish by an increasing in wettability of membranes surface 

since adsorption of hydrophobic foulants is decreased. Modification of surface hydrophilicity can 

also lead to increase in water affinity for the functional surface groups on the membrane, which 

will prevent the accumlaction of hydrophobic foulants [24]. However, it is difficult to remove 

natural organic matter (NOM) fouling from the surface with increasing surface hydrophilicity 

because NOM is composed of hydrophilic foulants [25].                       

 Surface charge:  

The charge of the membrane surface is a key factor to prevent or mitigate fouling on the 

membrane; hence, the optimum surface charge depends on the potential foulant components in 

the feed solution. Antifouling RO membranes should be developed based on the electrostatic 
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character of the existing foulants in the feed solution. In general, electrostatic repulsion due to 

equivalent charges of the foulant and the membrane surface can reduce fouling. Specifically, 

most of organic foulants have a negative charged, which it is indicated that membrane with high 

negative charge would suffer less fouling.  [26]. Thus, increasing electrostatic repulsion has a 

positive effect on the performance of more fouling-resistant RO membranes [27].   

 

 Surface roughness:  

Membranes with smoother surfaces are less prone to fouling than those with a rougher surface. 

The surface roughness of membranes is typically investigated with atomic force microscopy 

(AFM). 
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2.5 Challenges in seawater desalination 
 

Although RO technology is a widely used technology for water desalination, there are challenges 

associated with this technology, such as fouling, chlorine attack and poor boron rejection. 

 Fouling:  

Fouling represents the accumulation of particles on the top of the membrane surface or between 

the pores, which cause an operational problem. It can be classified into four different types: (i) 

inorganic fouling, (ii) colloidal fouling, (iii) organic fouling and (iv) biofouling [28]. Many 

fundamental studies have been conducted to modify the surface properties through physical and 

chemical modification methods to control membrane fouling [29] [30] [31].  

 Chlorine attack:  

One technique to control fouling is by adding oxidizing agents for disinfection to the RO feed 

water. However, it is known that polyamide membranes are susceptible to chemical degradation 

by contact with oxidizing agents, such as free chlorine (HOCl) [32]. The performance of the RO 

membrane depends on variations of the physiochemical characteristics of the active membrane 

as well as other factors, such as pH, exposure time, pressure, temperature, and disinfectant 

concentration [33] [34] [35]. Some studies reported that chlorine is more reactive with the active layer 

(PA) at low pH [36]; however, other studies showed that membrane degradation due to chloride 

attack is independent of feed pH, but it is strongly dependent on the exposure time and chloride 

concentration [37] [38].  
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 Boron Rejection:  

Thermal desalination technology is extremely efficient in boron rejection because it has 

essentially 100% boron rejection [39]. On the other hand, RO technology is insufficient for 

complete boron removal because boron exists as an uncharged boric acid at a neutral pH, which 

limits the rejection of boron to about 70-90%. Hence, the development of membranes with 

enhanced boron rejection is considered to be one of the most challenging problems in RO 

desalination [40].  

Dissolved boron is present in several species in an aqueous environment based on the boron 

concentration. The mononuclear boron species boric acid B(OH)3 usually exists at low 

concentration, in seawater around 4.58 mg/l. When borate ions are formed at a high pH, the ions 

can be more easily removed by the membrane, similar to the removal of Na+ and Cl-. A study 

reported that the rejection of borate ions could reach around 95% at pH 9.5, while the rejection 

of boric acid at pH < 7 is only 40-60% [41].  
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2.6 Difference types of membrane cleaning 
 

Membrane cleaning methods can be divided into two categories: (i) physical cleaning and (i) 

chemical cleaning. However, chemical cleaning is the most common method in the RO industry. 

[42].   

2.6.1 Physical cleaning 
 

Physical cleaning methods apply mechanical forces for the removal of attached matter from the 

membrane surface. Several types are commonly used: (i) backwashing, (ii) air flushing and (iii) 

sponge ball methods. Generally, the backwashing method is a reversed filtration process where 

permeate is flushed through the membrane to the feed side. The backwashing process can be 

obtained by adjusting the driving pressure between the operating pressure and the osmotic 

pressure [43].  

2.6.2 Chemical cleaning  
 

The chemical cleaning method is widely used to clean spiral wound membranes from foulants 

attached to the surface of the membrane. However, chemical cleaning should only be used at a 

minimum frequency since repeating chemical cleaning has an impact on the life of the 

membrane. Several factors can have an impact on the efficiency of chemical cleaning [44]: 

 Cleaning agent 

The choice of the cleaning agent is important; mostly it depends on the membrane material and 

the type of foulant. The role of the cleaning agent is dissolving the deposited solutes on the 
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surface and then removing them without causing any damage to the membrane surface. Table 

2.2 shows some of the agents used for chemical cleaning.  

 Temperature and pH  

The temperature plays an important factor in the efficiency of the cleaning process. By increasing 

the temperature, the membrane matrix swells, which helps the chemical agents to access the 

membrane structure and loosens the attached solutes.  

The pH of the cleaning solution has remarkable effects on the cleaning efficiency. When the 

cleaning solution is at a high pH, all carboxylic groups are deprotonated, but at a low pH only 

some of the carboxylic groups are deprotonated. It was shown that the gel layer was removed 

more easily at a high pH compared to a low pH. In addition, it was discovered that the cleaning 

efficiency increased by 40% when increasing the pH from 5 to 11 [45].  

Table 2.2: Summary of the most suitable cleaning agents according to the type of fouling. 

 

Chemical agent Type of fouling 

Base (NaOH)  Silicate and weakly acidic organic matter 

Acid (HCl, citric acid) Scale minerals, inorganic colloid  

Oxidant (HOCl, H2O2) Colloidal and organic 
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2.6.2.1 A chemical cleaning in place (CIP) 
 

A chemical cleaning in place (CIP) system offers efficient and fast cleaning. It is a closed system 

where the recirculating cleaning solution is applied to clean and disinfect equipment. The 

cleaning solution is prepared in an external tank and then introduced in the plant. CIP is combined 

with two chemical cleaning cycles, first a high pH and then a low pH cleaning.  

In this project, the pilot plant operation was maintained by performing a chemical cleaning in 

place (CIP) for all four RO elements. At a high pH, the chemical agent was NaOH, a common base 

for cleaning, and at a low pH, the chemical agent was HCl. Table 2.3 shows the condition of the 

chemical cleaning in place (CIP) that was utilized in the pilot plant. 

 

Table 2.3: Recommended temperature and pH during CIP cleaning. 

Type of Cleaning Temperature pH 

Caustic cleaning 35 oC 11-12 

Acid cleaning 25 oC 1.5-2 

 

According to some studies, chemical cleaning may impact the membrane surface properties, such 

as hydrophobicity and the membrane surface charge density, which can reduce the performance 

of the membrane [46] [47]. Chemical cleaning under strong acidic and caustic condition can 

generate on internally charged repulsion, which leads to expansion of the membrane structure. 

Another study found that sodium hydroxide can lead to increasing the hydrophobicity of the 

membrane surface since it reacts with the hydrophilic functional group in the active layer [48] [49]. 
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Simon et al. reported that the influence of chemical cleaning on the surface membrane depends 

on the thickness of the top layer of the membrane [50] [51]. 

2.7 Research objective 
 

The goal of this research was to investigate if RO membranes exposed to multiple CIP cleaning 

show deterioration in performance or maintain their pristine properties. The main objectives of 

this project were:  

 First Phase: Study different types of membranes - Measure the impact of salt rejection 

and permeate flux after exposure to the multiple chemical cleaning (CIP).  

 Second Phase: Visual analyses - Open the spiral wound elements and inspect fouling on 

the membrane surface and understand the causes of performance losses.   

 Third Phase: Chemical analyses – Determine potential changes in the membrane 

structure and membrane chemistry. 
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Chapter 3 : Characterization and experimental approach 

3.1 Experimental approach  
 

The experiments were carried out at DW&PS at KAUST, Thuwal, Saudi Arabia. Four different types 

of SW-RO membranes were provided from different membrane manufacturing companies. Table 

3.1 summarized all the charateristics and physical dimensions of the membrane that provide 

from product data sheet.   

 

Table 3.1: Specification of membranes based on product data sheets (PDS). 

Type of 
element 

Manufacturing  
Company 

Active 
area (ft2) 

Feed spacer thickness 
(mil) 

Permeate flow 
rate (m3/d) 

Stabilized salt 
Rejection (%) 

 Membrane A Dow 440 28 25 99.82 

 Membrane B - 440 28 25 99.85 

Membrane C Dow 440 28 30.2 99.80 

Membrane D - 440 28 37 99.85 

 

3.1.1 Pilot plant description 
 

The SWRO pilot plant is located at the DOW Global Water Technology Development Center at 

KAUST in Saudi Arabia. The feed water from the Red Sea is pumped into the pilot plant through 

intake pipes; first, seawater goes to the pre-treatment section. The pre-treatment section is a 

three step stage. The primary stage involves water filtration with an aid of removing sand and 

large particles. Stage 2, water passes through ultrafiltration modules arranged in series. At this 

stage impurities and large particles remaining are removed. In the final stage, the seawater is 

directed into the reverse osmosis system (RO-I) first pass in which three SW-RO units are 
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arranged in parallel. From the three vessels a permeate water was obtained, and combined for 

the second pass reverse osmosis system (RO-II) feed water use. 

 

 

Figure 3.1: Simplified flow diagram of the pilot plant. 

 

 

3.1.2 Standard bench test 
 

All four membranes were tested under standard conditions to determine the performance of 

each membrane before and after CIP cleaning. The apparatus for the standard test contained a 

feed holding tank equipped with a thermostated heat exchanger system and a pump to create 

flow through the system and adjust the required pressure and feed flow rate to achieve the 

elements recovery. The standard test scheme is shown in Figure 3.2.  



39 
 

 

Figure 3.2 Process flow diagram of the standard bench test in the pilot plant. 

 

A bench unit standard test was used to individually test all the elements. The design of circuit 

operation was a closed loop such that permeate and feed streams combination and mixing was 

done in a feed tank (TK-100). Only a single  PV-105 pressure vessel  was used in testing of the 

elements.  The other remaining PV-100 vessel acted as the circuit's pipeline. . 5 ppm boron and 

a 32,000 ppm sodium chloride in a synthetic water solution filled the feed tank in run with the 

synthetic feed. From permeate stream on the ultrafiltration section, a water solution was 

obtained for the feed run of the sea water. A heat exchanger was used in feed temperature 

adjustment (E-100). This was controlled at the PV-100 inlet by the temperature sensor (TS). The 

permeate flow was controlled using a bypass valve, whereas the concentrate flow was adjusted 

manually by using a control valve. The water recovery depended on the type of membrane 

element tested, (high salt rejection and extra high salt rejection). 
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3.2 Methodology 
 

A series of standard tests were carried out to assess the performance of various commercial 

membranes (Dow and competitor) related to salt rejection and stabilized flux for seawater 

elements with multiple cleaning. The following sections describe the experimental methodology 

used in this project:  

I.  Part 1: Develop a correlation between synthetic and seawater standard tests with SW 

desalination elements. 

II. Part 2: Conduct CIP cycles plus intermediate tests to evaluate the element performance 

with seawater standard tests between multiple CIP’s to evaluate the salt rejection, 

normalized water flux and time to achieve stabilized flux. 

III. Part 3: Run at standard test conditions to measure the performance and compare with 

product data sheets (PDS) 

 

All standard tests started with an initial pressure of 5 bar; subsequently the pressure was 

further increased until it achieved the required operating pressure. When carrying out a 

standard test seven main steps must be followed as shown in Table 3.2.  
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Table 3.2: Description of the test sequence performed in standard tests. 

 

Step Feed Water Type of Test 
Duration 

(hour) 
Operation mode 

1 
RO 

Permeate 
Flush out 

20 

minutes 

Flush to remove preservation and displace 

permeate and concentrate 

2 
RO 

Permeate 
Flush out 6 hours 

Once through displace only the permeate and 

concentrate with 

the feed pressure (3-5 bar) and flow rate (3.5 

m3/hr) 

3 
NaCl 

Synthetic 
Synthetic test 24 hours 

Recirculation test, with a feed pressure (55 bar) 

and flow rate (10-15 m3/hr)  

4 Seawater 
Seawater 

test 
24 hours 

Recirculation test, with a feed pressure  

(60-55) bar and flow rate (5-10) m3/hr 

5 
RO 

permeate 

Clean 

procedure 
48 hours 

Caustic detergent: NaOH at high pH 12 

Acid detergent: HCl at low pH 1.5-2 

6 Seawater Seawater test 24 hours 
Recirculation test, with a feed pressure  

(60-55) bar and flow rate (5-10 m3/hr) 

7 
RO 

permeate 

Clean 

procedure 
48 hours 

Caustic detergent: NaOH at high pH 12 

Acid detergent: HCl at low pH 1.5-2 

Repeat steps 6 and 7 for ten CIP 
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 Preparing the solution   

Recirculation 

 Soaking   

 Flushing and Rinsing   

3.2.1 Cleaning methodology 
 

The detergent was diluted in 960 liters of clean water in a washing tank. Caustic soda or HCl was  

gradually added to the tank to adjust the pH value. The cleaning solution was then re-circulated 

at a low flow rate of 3.5 m3/h for about 45 minutes to ensure the solution filled the entire unit. 

Subsequeatly , the pump was turned off, and the membrane was allowed to soak for ~45 minutes. 

Following this, the cleaning solution was recirculated again at a high flow rate of 9.0 m3/h for 

another 45 minutes. Following this, the unit was flushed with at least 150 liters of RO permeate 

water to remove the remaining detergent. The cleaning procedure that was followed during this 

project is summarized in Figure 3.3.  

 

 

 

 

 

 

Figure 3.3: Description of cleaning sequence in standard tests. 
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3.3 Operating conditions  
 

The experiments were divided into two parts as summarized in Table 3.3 and Table 3.4. Under 

different conditions of the feed water, stability of the chemicals and the membranes’ operational 

performance was assessed by the each designed part. Throughout the operation, permeate flow, 

feed flow, target recovery, and feed pressure variables stayed constant. These conditions were 

based on the conditions recommended for industrial use for the four membranes that were 

tested.  

 Part 1: Operation at prediction conditions from DOW software. The aim of this 

operational part was to assess the performance of the membrane under seawater feed 

conditions.  

 Part 2: Under standard conditions operations, pH and temperature were not a target.  The 

objective of this phase of operation was evaluation of the membranes’ performance 

under a standard setting of the industrial condition with use of synthetic water. 

 

Both operations were carried out under closed loop configuration for 24 hours, except for the 

last run that was operated for 48 hours to give the membrane sufficient time to stabilize before 

sampling and moving to the next module.  
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Table 3.3: Operation condition overview for all membranes in seawater trials. 

 

Parameter Membrane A Membrane B Membrane C Membrane D 

Feed Pressure 
(bar) 

58.85 58.85 58.46 56.0 

Feed flow 
(m3/hr) 

8.81 8.81 8.0 8.0 

Permeate 
flow(m3/hr) 

1.06 1.06 1.02 1.02 

Recovery  
(%) 

12 12 12 12 

pH target  (normal pH 7-8)  (normal pH 7-8)  (normal pH 7-8)  (normal pH 7-8) 

Temperature (oC) 26  26 26 26 

Type Feed water  Seawater (40,000-42,000) ppm  

Flow mode Continuous closed-loop 

 

 

Table 3.4: Operation condition overview for all membranes in the synthetic trials.  

 

Parameter Membrane A Membrane B Membrane C Membrane D 

Feed Pressure 
(bar) 

55 55 55 55 

Feed flow 
(m3/hr) 

13 13 15.63 19.52 

Permeate flow 
(m3/hr) 

1.04 1.04 1.25 1.56 

Recovery  
(%) 

8 8 8 8 

pH target  (normal pH 7-8)  (normal pH 7-8)  (normal pH 7-8)  (normal pH 7-8) 

Temperature (oC) 26  26 26 26 

Type Feed water  Synthetic-water (32,000) ppm  

Flow mode Continuous closed-loop 
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3.3.1 Operating analysis  
 

Three different types were utilized in this project to record and anlaysis the data measurement. 

Taking a diferent form of data were compared in order to ensure if there is any systematic error 

that might occurred. In automated anlaysis, the sensor was used to collect the data throughout 

the operation and the data were collected every sixty seconds . The parameters recorded by the 

software were: (i) feed pressure, (ii) feed line drop pressure, (iii) feed temperature, and the 

following parameters for both feed and permeate: conductivity, flow rate, and pH. In laboratory 

analysis, two samples from feed and permeate side were taken before the system is shut-down 

to analysis and test in the laboratory. Table 3.5 summarizes all testing material and varaiables 

that were performed in the experiments.variable 

Table 3.5: Three different forms of data measurement thoughout the project.  

 Paramters Equipment  

Automated analysis 
 

Pressure Pressure Indicator Transmitter (PIT) 

Flow rate Flow Indicator Transmitter (FIT) 

Temperature Temperature Indicator Transmitter (TIT) 

Conductivity Conductivity sensor 

pH pH sensor 

Operational 
analysis 

Temperature Conductivity probe 

Conductivity Conductivity probe 

pH pH probe 

Laboratory analysis  

Temperature Conductivity probe 

Conductivity Conductivity probe 

pH pH probe 

Alkalinity Tittrando automatic titrator 

Anions Ion Chromatography (IC) 

Cations Ion Chromatography (IC) 

Boron  
Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) 
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3.4 Analysis of feed water and permeate water  
 

The feed and permeate water in seawater runs were sampled once after each CIP to determine 

their solute composition; such as total dissolved solids (TDS). In addition, conductivity, pH, and 

inorganic composition; such as alkalinity, anions and cations were analyzed from both permeate 

and feed water samples. The analyses were performed in the laboratory of the DOW center and 

core lab at KAUST. These analyses were measured by using various techniques: 

 pH and Conductivity:  

The apparatus used to determine pH value was a Hach pH C301 probe device. The device was 

calibrated weekly by using standard samples (pH 4, pH 7 and pH 10) to ensure the accuracy of 

data. The conductivity value was measured by using a Hach CDC401 probe device. The standard 

solution water used in the calibration step was 1000 µs/cm. Subsequently, conductivity and pH 

values were measured by inserting the probe inside the sample bottle. Following this the probe 

was washed and soaked in de-ionized water (DI) and dried with soft wipes to eliminate any 

contamination. 

 Alkalinity:  

Alkalinity is known as the amount of acid needed to adjust the pH value; a high value of alkalinity 

can cause scaling in the system, while a low value of alkalinity can cause corrosion in the system. 

The bicarbonate was measured by using a Metrohm device, and the total alkalinity was measured 

by acid titration of a solution. The standard solution for alkalinity calibration was 125 ppm sodium 

carbonate (Na2CO3). In permeate samples: no de-ionized water (DI) was added to the sample; in 
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the feed samples 40 ml of de-ionized water (DI) was added to each sample. The total mixture for 

each sample was 50 ml.  

 Total Dissolved Solid (TDS): 

The total Dissolved Solid (TDS) content was obtained by using MetroOhm 850 Professional Ion 

Chromatography (IC) apparatus.  

 Boron: 

The boron concentration was measured by using inductively coupled plasma optical emission 

spectrometry (ICP-OES). This technique is mainly used to identify trace metals by using the 

inductively coupled plasma to generate excited ions and atoms that emit electromagnetic 

radiation at wavelengths characteristic of a particular element. Before analysis of the feed and 

permeate samples, nitric acid was added to the samples for dilution and to ensure the accuracy 

of the result. For instrument calibration, standard solutions of boron with concentrations of 1, 

10 and 100 mg/l were used.  
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3.5 Data treatment and Evaluation  
 

The most common approach to projecting the performance of an RO system is to calculate the 

permeate flow according to the net driving pressure model and base calculation of permeate 

salinity on the salinity gradient between feed and permeate as a driving force of the salt 

transport. Significant errors can be made when manually calculating RO unit performance at 

extreme values of feed salinity and temperature. Therefore, a computer program was developed 

in order to provide operation parameters that could be used as reference conditions to start the 

operation. To reduce number of data point require for analysis and equipment noise, the 

collected raw data were averaged over 60 minutes.  The data were normalized on an FT-norm 

spreadsheet against standardized reference conditions.  

3.5.1 Data projections  
 

Most reverse osmosis membrane manufacturers run simulation software to predict the 

performance of their product under specific operating conditions, such as feed pressure, 

temperature, and salinity. Dow Water & Process Solutions used software called ROSA (Reverse 

Osmosis System Analysis) to identify the theoretical appearance of the membrane during the 

different stages of operation. To evulate the perforamcne of RO membrane, simulation values 

were compared with field results. Simulation values were used as reference condition during  

data normalization.  

 All four membranes were operated using the software to predict the system design. However, 

serveral steps should be followed to design the system requirement using software program:  
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 Completing the project information in the software program, such as the unit of 

temperature and pressure.  

 Filling feed water type and composition; filling all cations and anions that are contained 

in the samples. However, the composition of synthetic trails was mostly based on sodium 

and chloride ions.  

 Finally, filling the system configuration, such as feed flow, recovery, permeate flow and 

determining the type of the membrane and number of elements in each vessel.  

The output parameters were required feed pressure, concentrate pressure, concentrate 

composition and calculate permeate TDS.  

3.5.2 Process data normalization  
 

A normalization method is used as a technique to verify the plant performance. The system 

performance is impacted by the feed salinity, feed pressure temperature and recovery rate, none 

of which can be held constant during the operation. To evaluate the membrane performance and 

comparison between the normal phenomena and performance changes, the permeate flow and 

salt passage should be normalized. In this project, the program that was used to normalize data 

was FTNORM. The measurement data at operating conditions were transferred to the standard 

condition by using the equation shown below. The reference performance can be represented as 

the designed performance of the system, or obtained by using ROSA software under specific 

operating parameters or it can be the initial measured performance.  
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 Normalized Permeate Flow (NPF):  
 

𝑁𝑃𝐹 = 𝑄𝑂 ∗
𝑁𝐷𝑃𝑟𝑒𝑓

𝑁𝐷𝑃
∗

𝑇𝐶𝐹𝑟𝑒𝑓

𝑇𝐶𝐹
 

where:  

𝑄𝑂 = permeate flow under operation conditions (m3/h) 

 

 Normalized Salt Rejection (NSR):  
 

𝑁𝑆𝑅𝑖 = 1 − 𝑁𝑆𝑃𝑖 = 1 − (
𝑇𝐷𝑆𝑃

𝑇𝐷𝑆𝑓 𝑟𝑒𝑓
∗

𝑇𝐶𝐹𝑟𝑒𝑓

𝑇𝐶𝐹
∗

𝑄𝑃

𝑁𝑃𝐹
∗

𝐶𝑓𝑝 𝑟𝑒𝑓

𝐶𝑓𝑝
) 

where:                                                               

𝑁𝑆𝑃𝑖 = Normalized salt passage (%)   

𝑇𝐷𝑆 = Total dissolved solid (ppm) 

𝐶 = Concentrate (mol/l) 

 

Normalizing conductivity results 

During the pilot plant operation, one of the methods of evaluating the membrane salt rejection 

performance was through permeate on-line conductivity readings. Because the software is not 

capable of normalizing raw data as the standard condition or predicting the permeate 

conductivity, it can only predict the permeate TDS. Therefore, another tool was used in this 

project; conductivity and TDS correlations were made from on-line conductivity data and the 

laboratory TDS results, which allowed this measurement to be normalized in the reference 

condition. To generate this correction factor several steps were followed: 

o In the laboratory samples, the value of TDS was obtained from the sum of anions and 

cations measured by using ion chromatography (IC),  
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o A ratio between conductivity values was developed with TDS measurement to transfer 

the conductivity data to TDS values.  

The conductivity to TDS ratio would be change from membrane to other since the 

permeability of specific ion would alter under different feed water composition. 

3.6 Pre and post-test analysis 
 

Before beginning the pilot plant operation, the elements were visually inspected to recognize any 

obvious marks of damage that might have happened during the production and transportation 

of the elements.  

3.6.1 Low-pressure dye tests 
 

A dye test were applied to determine if there is any change on the physical property of the 

membrane after the operation. As it is shown in Figure 3.4, the element placed into the single 

element dye vessal. Following to this, water was filled into the tank and then, the elements were 

submerged inside the tank, and 1% of Rhodamine dye was mixed for each liter of water. Then, 

The solution was recirculated with an aspirator and pressurized with water at 3.5 bar for 

approximately 1-2 hours.  Finally, the element was autopsied in order to examine the dye passage 

through the membrane. The indication to identify if the membrane is deterioration, dye passage 

will be accumulate in the permeate side of the membrane.   
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Figure 3.4 Low-pressure dye test configuration. 

 

3.6.2 Autopsy 
 

Membrane autopsy is a helpful method to identify causes of fouling events in membrane systems 

as well as to ascertain the general condition of the membrane. After the low-pressure dye test, 

the elements were inspected for their internal structural integrity. This type of analysis is the best 

technique for detection of  physical integrity failures. Each element was cut, and hung from a 

device in order to examine the membrane leaves and permeate spacers. 
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3.7 Surface characterization 

3.7.1 Atomic force microscopy (AFM)  
 

The surface roughness of the membrane was evaluated by atomic force microscopy (AFM) 

(Dimension Icon SPM). The average roughness is defined as the average deviation from peaks 

and valleys from a mean plane. The roughness was reported as the root-mean-square (RMS) of 

these deviations. Three measurements in different positions were taken from each sample. The 

Tapping mode in Dimension Icon SPM was used to obtain the topography image. AFM probes 

with a spring constant of 2.8 N/m were employed at a scanning speed of 1 Hz. The AFM results 

were analyzed by Gwyddion software. 

3.7.2 Fourier transform infrared spectroscopy (FTIR)  
 

FTIR is an analytical technique that provides information on the functional groups of materials, 

such as carboxylic acid and amide groups present in the composite membrane. The general 

conditions of the measurement were: 16 scans; 4 resolutions; a diamond crystal; range [4000-

525 cm-1]. A Fourier transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR) 

from Thermos Fisher Scientific was used in this work.   

3.7.3 X-Ray photoelectron spectroscopy (XPS) 
 

XPS is a highly sensitive analytical surface characterization method with the ability to provide 

elemental and binding information for the top 1-5 nm depth of the surface region. The XPS 

experiments were performed on a Kratos Axis Ultra DLD instrument equipped with a 
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monochromatic Al Kα X-ray source (hν = 1486.6 eV) operated at a power of 150 W and under 

UHV conditions in the range of ∼ 10−9 mbar. All spectra were recorded in hybrid mode using 

electrostatic and magnetic lenses and an aperture slot of 300 μm × 700 μm. The survey spectra 

were acquired at fixed analyzer pass energies of 160 eV.  

3.7.4 Scanning electron microscopy (SEM) 
 

Scanning Electron Microscopy (SEM) examination of membrane surface area was carried out 

using a Quanta 3D FEGSEM. The samples were mounted on aluminum stubs and coated with 3 

nm of Iridium to dissipate charge. The samples were imaged in a Teneo VS SEM (Thermo Fisher 

Scientific) at an accelerating voltage of 1.0 kV, probe current of 25 PicoAmp and a working 

distance of 2 mm in Optiplan mode. The surfaces of the samples were imaged with either a T1 

detector or T1 and T2 detectors. T1 detector: the images from this detector are based on a 

mixture of topographic and composition contrasts generated from low angled backscattered 

electrons. T2 detector: the images from this detector are based on composition contrast 

generated from high angled backscattered electrons. 

3.7.5 Zeta potential  
 

Zeta potential was calculated by a SurPASS electro kinetic analyzer across a range of pH values. 

The zeta potential was calculated using the Helmholtz-Smoluchowski equation, using the current 

streaming approach. The dimension of the adjustable gap cell ranged between 120-150 µm. The 

pH value was adjusted by manual titration mode with 0.1 M NaOH and 0.1 M HCl. The titration 

liquid was added in 0.2 ml doses to achieve the desired pH range.  
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Chapter 4 : Results  

4.1 Phase 1: Characterization test 
 

Phase 1 involved testing the membranes under standard operating conditions. The results 

presented are separated into three parts: (i) evaluation of the performance of reverse osmosis 

membranes at a different feed water concentration; (ii) investigation into the effect of repetitive 

exposure of chemical cleaning on reverse osmosis characteristics, and (iii) evaluation of the 

performance of reverse osmosis at the standard test compared with the product data sheet 

(PDS). 

4.1.1 Part 1: Different feed water composition 

 

All four element were performed at different feed warer composition, the main target on the 

first part is to evaluate the performance of RO membrane at the same operation parameter but 

at different water composition. Membrane A and B were performed at the same operation 

parameter and the feed and permeate flow was 8.81 and 1.06 m3/hr. In addition, membrane C 

and D were operated at different feed and permeate flow, which it was 8.0 and 1.02 m3/hr. The 

recovery of the RO system was vary between 8-12 % depends on the feed water composition.  

4.1.1.1 Normalized Permeate Flow 
 

Figure 4.1 shows the changes in permeate flow at different water compositions. In general, the 

results illustrated an acceptable correlation between synthetic and seawater standard tests for 

membrane A. Membrane A had an average normalized permeate flow of 1.03 ± 0.02 m3/hr for 

the synthetic trial, compared to 0.91 ± 0.03 m3/hr for the seawater trial. As shown, the software 
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simulation values show a similar trend with field values in both synthetic and seawater trials  as 

shown in Figure 4.1.  

The data shown in Figure 4.2 also demonstrate the relationship between synthetic and sea water 

trials for membrane B, where it is observed that there is a good correlation between the two 

runs. The projection value on membrane B showed a samiliar performance to the field data, 

averaging a normalized permeate flow of 1.25 ± 0.02 m3/hr for the synthetic trial. On the other 

hand, membrane B had a normalized permeate flow average of 1.08 ± 0.03 m3/hr for the 

seawater trial. 

As seen in Figure 4.3, the result of the different feed compositions of membrane C shows that 

the average normalized permeate flow for membrane C elements was 1.52 ± 0.03 m3/hr for the 

synthetic trial, which is 17% higher than the predicted software simulation permeate flow. 

However, the average normalized permeate flow for membrane C elements was 0.95 ± 0.01 

m3/hr for the seawater trial. Figure 4.4 also shows the average normalized permeate flow for 

membrane D was 1.57 ± 0.02 m3/hr for the synthetic trial, compared to the average normalized 

permeate flow value for the seawater trial which was 1.01 ± 0.02 m3/hr. The permeate flow 

simulation value was lower than the field normalized permeate flow by 3%. 
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Figure 4.1 Normalized permeate flow for membrane (A) in part 1. 

 

Figure 4.2 Normalized permeate flow for membrane (B) in part 1. 

    Synthetic-Water                   Sea-Water  

  Synthetic-Water               Sea-Water  
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Figure 4.3 Normalized permeate flow for membrane (C) in part 1. 

 

Figure 4.4 Normalized permeate flow for membrane (D) in part 1. 

Synthetic-Water               Sea-Water   

Synthetic-Water               Sea-Water   
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4.1.1.2 Normalized Permeate Salt Rejection 

 

Figure 4.5 represents the total salt rejection for membrane A in both the synthetic and seawater 

trials. As shown, the average total salt rejection for membrane A in the synthetic trial was 99.87 

± 0.02 %, whereas the average total salt rejection in the seawater trial was 99.85 ± 0.05%. The 

average field salt rejections for synthetic and seawater were 0.05% higher than software 

projections. Figure 4.6 displays the total salt rejection for membrane B in both the synthetic and 

seawater trials. The average total salt rejection for synthetic trial was 99.84 ± 0.01%, while the 

average total salt rejection for seawater trial was 99.85 ± 0.03%. As observed, there was no 

significant difference between the software simulation and field data, as shown in Figures 4.6. 

The results for membrane A and membrane B indicate that there is a good correlation between 

the synthetic and seawater trials and the membranes performed well.  

Figure 4.7 and Figure 4.8 depict the total salt rejection for membranes C and D, respectively. 

These results indicate that there was no a significant difference between predicted software 

simulation permeate salt rejection and field data on the performance of membranes C and D. 

Membrane C recorded an average salt rejection for the synthetic trial of 99.85 ± 0.02% compared 

to 99.79 ± 0.01% for seawater. However, the average total salt rejection for membrane D in the 

synthetic trial was 99.82 ± 0.01% compared to the seawater trial, which was 99.80 ± 0.01 %. The 

result indicates that both membranes have a similar performance based  on the salt rejection 

and permeate flow without exposing the membrane to a chemical cleaning. 
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     Synthetic-Water                 Sea-Water  

 

Figure 4.5 Normalized permeate salt rejection for membrane (A) in part 1. 

 

 

Figure 4.6 Normalized permeate salt rejection for membrane (B) in part 1. 

     Synthetic-Water                 Sea-Water  

     Synthetic-Water               Sea-Water  
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Figure 4.7 Normalized permeate salt rejection for membrane (C) in part 1. 

 

 

Figure 4.8 Normalized permeate salt rejection for membrane (D) in part 1.  

    Synthetic-Water            Sea-Water  

     Synthetic-Water             Sea-Water  
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4.1.2 Part 2: cleaning of reverse osmosis membrane by alkali and acid 

 

Reverse osmosis membrane elemens were cleaned on a relatively frequent basis throughout the 

operating time. The cleaning cycles are usually perforamed at temperature (35 oC) and pH 12 in 

castic and followed up with acidic at temperature (25 oC) and pH 1.5.  

4.1.2.1 Normalized Permeate Flow:  
 

Figure 4.9 shows that the normalized permeate flow remained steady for both membranes A and 

B. However, membrane B performed almost in accordance with the software projection, 

averaging a normalized permeate flow of 1.1 ± 0.07 m3/hr. It should be noted the normalized 

permeate flow increased by 14% after exposure to chemical cleaning. Membrane A also 

performed fairly well compared with the simulation values. Membrane A had a normalized 

permeate flow average of 1.0 ± 0.07 m3/hr. After the second run, the normalized permeate flow 

increased by 11% once the membrane had been exposed to chemical cleaning. Figure 4.10 

demonstrates the normalized permeate flow for membranes C and D; it shows that the 

normalized permeate flow remained steady for membrane C, but started to increase gradually 

after its exposure to chemical cleaning. It can be noticed that the normalized permeate flow for 

membrane C increased by 20 %. The average normalized permeate flow for membrane C was 

1.18 ± 0.1 m3/hr. However, normalized permeate flow for membrane D did not perform as well 

as was predicted by software; normalized permeate flow averaging 1.36 ± 0.1 m3/hr and It was 

observed that the normalized permeate flow increased by 22% after the second run. 
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Figure 4.9 Average normalized permeate flow for membranes A and B in part 2. 

 

 

Figure 4.10 Average normalized permeate flow for membranes C and D in part 2. 
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4.1.2.2 Normalized permeate salt rejection  
 

Figure 4.11 depicts the normalized permeate salt rejection values from membranes A and B. The 

normalized permeate salt rejection fluctuated slightly throughout the operation due to variations 

in the performance of the membrane. Membrane A had an average normalized permeate salt 

rejection of 99.78 ± 0.04%, compared to 99.78 ± 0.03% for membrane B. This indicates that both 

membranes showed a similar performance based on the normalized permeate salt rejection. To 

reduce the effect of fluctuating operation paramters throughout the operation, simulation values 

were compared to field data to have full understood on the performance of RO membrane. Based 

on the result, it is shown that field normalized permeate flow for both membrane were not match 

with simulation values. The difference between the simulation and average field normalized 

permeate salt rejection values were between 0.07-0.10% below the projection values.  

The projections and field results are shown in Figure 4.12. The field overall salt rejection for 

membrane C and D were not match with the simulation values. The only expception was the 

result of the first run where the membranes were not exposed to chemical cleaning; in this first 

run the total salt rejection for membranes C and D was 99.80 and 99.81%, respectively. 

Membrane D's overall avarage rejection deviations was large in comparison to the predictions. 

The salt rejection overall average value was at   99.50 ± 0.2%  for membrane D in comparison to 

the 99.85% from the predion software. Also, the field rejection average of D was lower compared 

to that of membrane C at an average of 99.61 ± 0.1%. The result shows that the normalized 

permeate salt rejection lost up to 0.25-0.45% from the original normalized permeate flow.  
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Figure 4.11 Average normalized salt rejection for membranes A and B in part 2. 

 

 

Figure 4.12 Average normalized salt rejection for membranes C and D in part 2. 
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4.1.2.3 Boron rejection:  

 

For agricultural or drinking purposes, boron concentration minimization is a necessary due to it's 

dangerous effect on human and ecology.  For membrane A and B, the recordings of the boron 

rejections average is presented in Figure 4.13. Boron rejections for for membrane A was 

significantly higher than for membrane B. Furthermore, both membrane A and B show lower 

rejections than predicted by the simulation program. For both membranes the difference 

between the lab and simulation values was approximately 2-4%. The average boron rejection for 

membrane A was 90.6 ± 0.97%, compared to the simulation prediction of 91.4%. On the other 

hand, the boron rejection for membrane B was 90.0 ± 1.1%, compared to the software prediction 

of 91.3%. Overall, the experimental results show membrane A had a smiliar performance with 

membrane B based on the average boron rejection.   

The boron rejection of membrane C and membrane D is given in Figure 4.14. Membrane C  

achieved an average boron rejection of 86.8 ± 1.5% and membrane D exhibited an average boron 

rejection of 85.1 ± 3.8%. It was observed that membrane C showed higher field rejections than 

predicted expected in the first run; the boron rejection starting to decrease slightly after each 

run. The simulation boron rejections for membranes C and D were 88.5 and 91.3%, respectively, 

which were higher than the average field boron rejection by 3-5%. Overall, based on the 

experimental results membrane C showed a better performance for boron rejection than 

membrane D.  
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Figure 4.13 Laboratory boron rejection for membranes A and B in part 2. 

 

 

Figure 4.14 Laboratory boron rejection for membranes C and D in part 2. 
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4.1.2.4 Bicarbonate rejection:  

 

For the case of futher downstream polishing stages, bicarbonate concentrations would be 

minimized in the permeate stream water. Dissolved atmospheric carbon dioxide in water results 

in the formation of carbonic acid (H2CO3). During dissociation of carbonic acid in the aqueous 

solution, two hydrogen cations or two protons are donated by the acid per molecule. This is 

because the acid is a diprotic acid.  

For membrane A and B, the recordings of the bicarbonate rejections average is presented in 

Figure 4.15. The software predicted bicarbonate rejection of 99.63 ± 0.01% for membrane A and 

99.81 ± 0.04% for membrane B.  However, in Figure 4.15, it obesveed that the lab bicarbonate 

rejections for both membranes was lower than these simulation predictions, ranging between 

95.89 – 97.32% for membrane A and 95.20 – 97.60% for membrane B. Figure 4.16 depicts the 

bicarbonate rejection for membrane C and D. Based on the experimental results both 

membranes C and D performed below the software projections. Contrarily, membrane D 

performed better than membrane C. Membrane C had an average laboratory field rejection of 

96.88 ± 0.22% and membrane D had an average laboratory field rejection of 97.64 ± 0.21 %. The 

difference between the software simulation and field data bicarbnonate rejection may be due to 

varation of feed bicarbonate composition. Also, another possible reason that the software 

simulation was not precise at predicting the bicarbonate rejection in these type of membranes.  
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Figure 4.15 Laboratory bicarbonate rejection for membranes A and B in part 2.  

 

 

Figure 4.16 Laboratory bicarbonate rejection for membranes C and D in part 2. 
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4.1.2.5 Permeate Quality:  
 

The permeate quality of membranes A and B were analyzed. Figure 4.17 shows the permeate 

total dissolved solid values for membranes A and B. Membrane A showed higher permeate total 

dissolved solid values than membrane B. The average permeate total dissolved solid of 

membrane B was 85.7 ± 13.8 ppm compared to 107.2 ± 8.8 ppm for membrane A. In both 

membranes, the simulation values were lower than average lab values with 20-28% difference.  

 

Figure 4.17 Laboratory permeate total dissolved solid for membranes A and B. 

 

With the purpose of assess the performance of the membranes, laboratory permeate TDS values 

were compared with software permeate TDS projections. Table 4.1 demonstrates the disparity 

between the field performance of both membranes A and B against the software predictions. For 

a new membrane the ratio of permeate TDS is ideally 1; this is the bench mark of the software. 
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This gave an indication that software prediction for the permeate TDS values were similar to the 

permeate TDS field values.  This implied that the membranes’ solute permeability gave the 

expected results. For higher solute rejection by the membranes as a result of ratio lower than 1 

were done by software prediction. The software also predicted values of the ratios above 1 that 

implied a low solute membranes rejection. For values above 1.35 that is, the software’s 

threshold, meant that the membranes were off the limit of the required specified performance 

of the system warranty.  

Table 4.1: Lab and projection total dissolved solid (TDS) for membranes A and B. 

 

Trial 
Membrane A Permeate Membrane B Permeate 

Lab TDS (mg/L) 
Software-TDS 

(mg/L) 
Ratio 

(Lab/Software) 
Lab TDS 
(mg/L) 

Software-TDS 
(mg/L) 

Ratio 
(Lab/Software) 

Run-1 87 77 1.1 67 62 1.1 

Run-2 104 77 1.4 82 62 1.3 

Run-3 110 77 1.4 96 62 1.5 

Run-4 122 77 1.6 109 62 1.8 

Run-5 116 77 1.5 113 62 1.8 

Run-6 105 77 1.4 74 62 1.2 

Run-7 109 77 1.4 79 62 1.3 

Run-8 115 77 1.5 82 62 1.3 

Run-9 107 77 1.4 85 62 1.4 

Run-10 101 77 1.3 76 62 1.2 

Run-11 104 77 1.4 80 62 1.3 

Average  107.2 77 1.3 85.7 62 1.4 

STD 8.8 - 0.1 13.8 - 0.2 
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Using average conductivity to TDS ratio conversion as per Table 4.2, the values of the lab 

conductivity were converted to TDS values. Approximation of correlation factors were done by 

values of laboratory conductivity divided by TDS laboratory measurements at each sample’s time. 

The ratios of the permeate TDS for A and B membranes are presented on Table 4.2. For 

membrane A, the average conductivity TDS ratio was 2.0 ± 0.1 and the average condivity TDS 

ratio was 2.1 ± 0.1 for membrane B. These were the value used in the conversion of the 

conductivity TDS values from on-line conductivity. 

Table 4.2: Ratio of conductivity to TDS for membrane A and B.  

 

Trial  

Feed Membrane A Permeate Membrane B Permeate 

Conductivity 
(µS/cm) 

TDS 
(mg/L) 

Ratio 
(µS.L/ 

cm.mg) 

Conductivity 
(µS/cm) 

TDS 
(mg/L) 

Ratio 
(µS.L/ 

cm.mg) 

Conductivity 
(µS/cm) 

TDS 
(mg/L) 

Ratio 
(µS.L/ 

cm.mg) 

Run-1 61000 42039 1.4 178 87 2.05 132 67 1.9 

Run-2 61450 42575 1.4 210 104 2.03 178 82 2.1 

Run-3 62000 42251 1.4 222 110 2.03 200 96 2.0 

Run-4 61600 42136 1.4 286 122 2.34 226 109 2.0 

Run-5 60900 42688 1.4 238 116 2.05 255 113 2.2 

Run-6 61400 37950 1.6 208 114 1.82 154 75 2.0 

Run-7 61700 42296 1.4 237 109 2.04 170 79 2.1 

Run-8 62200 42597 1.4 227 116 1.96 179 83 2.1 

Run-9 61700 42402 1.4 210 107 1.96 184 85 2.1 

Run-10 62000 42629 1.4 222 78 2.20 162 76 2.1 

Run-11 62000 42807 1.5 210 104 2.02 170 80 2.1 

Average 61650 41925 1.5 222 107 2.0 183 86 2.1 

St. Dev. 420 1340 0.05 25 12 0.1 30 13 0.05 
 

 

Figure 4.18 shows a comparison of the total dissolved solid achieved by membranes C and D. 

These results indicate that there was a significant difference in the total dissolved solid 

concentration of membranes C and D. Membrane C recorded an average total dissolved solid  of 
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155 ± 20 ppm compared to 190 ± 38 ppm for membrane D. This indicates that membrane C 

performed better than membrane D in terms of concentration of permeate total dissolve solid.  

 

Figure 4.18 Laboratory permeate total dissolved solid for membranes C and D. 

 

To evaluate the performance of membranes, laboratory permeate TDS values were compared 

with software permeate TDS projections. Table 4.3 demonstrates the difference between the 

field performance of both membranes A and B against the software predictions. As it is observed 

that membrane D did not achieve the same value as it is predict by software, since TDS ratio had 

an average 2.3 ± 0.5 which it is higher than was 1.35. Based on the result it is indicated that 

membrane D not meet with simulation value and it was performing outside the expect 

performance as specifiy by the warranty specificiations. This is above the software threshold and. 
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On the other hand, membrane C were performed differently than membrane D since the average 

ratio was also slightly higher than the software threshold for membrane C which averaged 1.6 ± 

0.2. 

Table 4.3: Lab and projection total dissolved solid (TDS) for membranes C and D. 

 

Trial 

Membrane C Permeate Membrane D Permeate 

Lab TDS (mg/L) 
Software-TDS 

(mg/L) 

Ratio 

(Field/projection) 
Lab TDS (mg/L) 

Software-

TDS (mg/L) 

Ratio 

(Lab/Software) 

Run-1 99 98 1.0 97 83 1.2 

Run-2 138 98 1.4 144 83 1.7 

Run-3 152 98 1.6 169 83 2.0 

Run-4 166 98 1.7 185 83 2.2 

Run-5 169 98 1.7 196 83 2.4 

Run-6 167 98 1.7 202 83 2.4 

Run-7 161 98 1.7 220 83 2.7 

Run-8 162 98 1.7 217 83 2.6 

Run-9 163 98 1.7 223 83 2.7 

Run-10 171 98 1.7 226 83 2.7 

Run-11 157 98 1.6 211 83 2.5 

Average 155 - 1.6 190 - 2.3 

STD 19 - 0.2 38 - 0.5 

 

Using average conductivity to TDS ratio conversion as per Table 4.4, the values of the lab 

conductivity were converted to TDS values. For membrane C, the average conductivity TDS ratio 

was 1.45 ± 0.02 and the average conductivity TDS ratio was 2.1 ± 0.04 for membrane D. 
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Total Dissolved Solid values were calculate by using these ratios to convert the on-line 

conductivity to TDS values.  

Table 4.4: Ratio of conductivity to TDS for membrane C and D. 

 

 

 

 

 

 

 

 

 

 

 

 

Trial  

Feed Membrane C Permeate Membrane D Permeate 

Conductivity 
(µS/cm) 

TDS 
(mg/L) 

Ratio 
(µS.L/ 

cm.mg) 

Conductivity 
(µS/cm) 

TDS 
(mg/L) 

Ratio 
(µS.L/ 

cm.mg) 

Conductivity 
(µS/cm) 

TDS 
(mg/L) 

Ratio 
(µS.L/ 

cm.mg) 

Run-1 61400 41036 1.5 212 100 2.12 200 96 2.0 

Run-2 61600 41329 1.4 284 138 2.06 283 144 1.9 

Run-3 62300 41243 1.5 312 152 2.05 340 168 2.0 

Run-4 61300 42080 1.4 345 167 2.07 350 185 1.8 

Run-5 60700 40982 1.4 346 170 2.04 380 196 1.9 

Run-6 61000 41485 1.4 336 167 2.01 396 201 1.9 

Run-7 61400 41837 1.4 323 162 2.00 424 220 1.9 

Run-8 61500 41440 1.4 328 162 2.02 421 216 1.9 

Run-9 61200 42068 1.4 327 163 2.01 436 222 1.9 

Run-10 61500 40989 1.5 345 171 2.01 432 225 1.9 

Run-11 61800 41299 1.5 311 157 1.98 407 211 1.9 

Average 61427 41436 1.45 315 155 2.01 370 190 2.0 

St. Dev. 396 382 0.02 37 20 0.04 70 38 0.05 
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4.1.3 Part 3: Comparison with product data sheet  

4.1.3.1 Normalized Permeate Salt Rejection: 
 

The third part involved evulating the performance of RO membrane by using synthetic SW 

solution which it contains 32,000 ppm of sodium chloride and 5 ppm of boron.  The standard test 

conditions used in the test for membranes A and B are summarised in Table 3.4. Membrane A's 

overall avarage rejection deviations was not significant in comparison to the product data sheet. 

The salt rejection overall average value was at   99.82 ± 0.03%  for membrane A in comparison to 

the 99.84 ± 0.03 %, which is 0.01 – 0.03 % lower than the typical salt rejection specificed in the 

product data sheet. After exposure to chemical cleaning, the performance of membranes 

reduced by 0.02 -0.05%, as shown in Figure 4.19.  

 

Figure 4.19 Average salt rejection for membranes A and B in part 3. 

Stabilized Salt Rejection 

Stabilized Salt Rejection 

Minimum 
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In addition, membrane C and D were evaluated on the standard bench test to investigate the 

performance of these membrane by comparing product data sheet (PDS) with field data. The 

operation parameter were summarised previously in Table 3.4. However, the standard bench 

test procedures were modified by reducing the number of runs. The first run was carried out 

without exposure of the membrane to chemical cleaning and a second run was subsequently 

performed with a membrane that was exposed to 10 cycles of chemical cleaning.    

Figure 4.20 represents the total salt rejection for membranes C and D. The average salt rejection 

for membranes C and D from the two runs was 99.77 ± 0.2% and 99.62 ± 0.4% respectively. 

However, membrane D recorded an average salt rejection 0.15% lower than membrane C. 

Furthermore, the field performance of membrane C was above the minimum stabilized salt 

rejection provided by the product data sheet, whereas the performance of membrane D was 

lower than the minimum stabilized salt rejection value. There was a disparity between the field 

and PDS values for membranes C and D and the difference between the field and the typical salt 

rejection specified in the product data sheet was 0.16 and 0.41%, respectively.  
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Figure 4.20 Average salt rejection for membranes C and D in part 3. 

 

4.1.3.2 Normalized Permeate Flow: 

 

Figure 4.21 shows the normalized permeate flow results from the tests. As it is observed that the 

normalized permeate flow average value was 1.08 ± 0.07 m3/h for membrane A, while the 

normalized permeate flow recorded higher average than membrane A 1.33 ± 0.06 m3/h. Based 

on this result, it is proving that both membrane were performed within 3-15% of the permeate 

flow of product data sheet.  

Stabilized Salt Rejection 
Stabilized Salt Rejection 

Minimum 
S 

Minimum 
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Figure 4.21 Normalized permeate flow for membrane A and B in part 3. 

 

By comparing the normalized permeate flow for both membrane C and D with the product data 

sheet, it is shown that normalized permeate flow for both membrane C and D were within 7 % of 

their typical value. In addition, it was observed that normlaized permeate flow was above the 

predicted value form the product data sheet for membrane D.Membranes C and D had an 

average normalized permeate flow of 6.85 and 16.6% higher than the product data sheet values, 

respectively. The field normalized permeate flwo recorded an average 1.34 ± 0.2 m3/h, while the 

field normalized permeate flow recorded an average 1.85 ± 0.3 m3/h. Based on this result, it is 

shown that normalized permeate flow for membrane D had higher permeate flow than 

membrane C within 28%.  
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Figure 4.22 Normalized permeate flow for membranes C and D in part 3. 

 

4.1.3.3 Boron Rejection  

 

For membrane A and B, the recordings of the boron rejections average is presented in Figure 

4.23. It is observed that the overall boron rejection for both membrane was not impact by 

changing the feed composition. The average boron rejection for membrane A was 91.22 ± 0.69% 

and the average boron rejrection for membrane B was 90.75 ± 1.3%. In addition, it was observed 

that the percentage difference between the tests for membrane A and B was 0.67-0.87%.  
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Figure 4.23 Laboratory boron rejection for membranes A and B in part 3. 

 

From Figure 4.24, it is clear that there was an observed step change in the boron rejection for 

membranes C and D. The value of the product data sheet varies from membrane C to membrane 

D, as shown in Figure 4.24. Membrane C had an average boron rejection of 86.82 ± 4.0% which 

is closely aligned to the product data sheet value. Membranes C and D had an average boron 

rejection of 5.7 and 5.6% lower than the product data sheet values, respectively. However, 

membrane D had an average boron rejection of 87.74 ± 5.3%, which is closely aligned to the 

product data sheet. Table 4.5 summarizes the manufacturing data for all elements used in this 

project and compares it with field data.  
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Figure 4.24 Laboratory boron rejection for membranes C and D in part 3. 

 

 

 

Table 4.5: Summary of  the field and manufacturing data for all elements used in the project. 

 Product Data Sheet  Field Data 

Elements 

 

Salt 
Rejection-
Maximum 

(%) 

Salt 
Rejection-
Minimum 

(%) 

Norm. 
Permeate 
Flow Rate 

(m3/hr) 

Boron 
Rejection 
Stabilized 

(%) 

Avg-Salt 
Rejection (%) 

Avg-Norm 
Permeate 
Flow Rate 

(m3/hr) 

Avg-Boron 
Rejection 

(%) 

Membrane A 99.82 99.70 1.04 93 99.82 ± 0.03% 1.08 ± 0.07 91.22 ± 0.7% 

Membrane B 99.85 99.70 1.04 93 99.84 ± 0.03% 1.33 ± 0.06 90.75 ± 1.3% 

Membrane C 99.80 99.65 1.25 92 99.77 ± 0.2% 1.34 ± 0.2 86.82 ± 4.0% 

Membrane D 99.85 99.70 1.54 93 99.62 ± 0.4 % 1.85 ± 0.3 87.74 ± 5.3% 
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Figure 4.25 Low-pressure dye test for all membranes 

4.2 Phase 2: Integrity test 
 

4.2.1 Low-pressure dye test and autopsy 
 

All the membranes undergone through a low-pressure dye test to certify the membranes’ 

integrity and identify the membranes’ structure damage signs. Autopsy was done to check for 

pink dye sign on the element after dye test completion. The presence of this pink dye would 

indicate a deformed membrane surface structure. From figure 4.25 below, a clear indication was 

shown that the membrane had no pink dye accumulation on any area. This tests summarized 

that the membrane achieved a perfect physical integrity and the low performance was likely 

attributed to the chemical properties rather than the membranes physical deformity.    

 

 

 

 

                                (Membrane A)                                                                            (Membrane B) 

 

 

 

 

 

                                (Membrane C)                                                                             (Membrane D) 
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Figure 4.26 FTIR spectra peaks for membranes A and C. 

4.2.2 Fourier transform infrared spectroscopy (FTIR) 
 

The main goal of using FTIR was to investigate the functional groups; such as carboxylic acid or 

amide groups present in the thin-film composite. FTIR spectra of the virgin and cleaned 

membranes were analyzed in the range of 1750-1400 cm-1 to confirm the presence of the 

polyamide layer in both membrane A and C. If the membranes were in a good state and did not 

degrade due to oxidation during the process, four polyamide characteristic peaks should appear 

in the spectra at wavelengths of 1663 cm-1, 1608 cm-1, 1545 cm-1 and 1446 cm-1. The polysulfone 

peaks will also be present in the spectra at wavelengths of 1586 cm-1, 1505 cm-1, and 1489 cm-1.  

Samples are taken directly from the element after an autopsy and then cleaned in the laboratory 

to ensure there is no contamination in the sample. Figure 4.26 represents the analysis of FTIR for 

membranes A, and C. Membranes B and D were not analyzed since there was no reference 

sample that could be used in the analysis. As shown in Figure 4.26 below all peaks are present; 

this result suggest that degradation of the polyamide skin layer did not occur.  
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4.2.3 X-Ray photoelectron spectroscopy (XPS) 
 

The main goal of XPS experiments was to provide elemental information on the top layer of the 

membrane. The target of this analysis was to check the appearance of an oxidizing agent on the 

membrane surface that would be an indication of chlorination of the element during the 

operation, which can cause degradation of the polyamide layer. As seen in Table 4.6 the atomic 

concentration of all the elements that are present on the top surface, are expressed in 

percentages for both virgin and used samples. It is observed that there is an alteration in the 

atomic concentration between the virgin and used membranes, which indicates that the 

chemical properties of the membranes have changed slightly. Based on the literature review, it 

is reported that the correlation between oxygen and nitrogen can explain the degree of cross-

linking of the polyamide chain. When the O/N ratio is equal to 1 that means it is fully cross-linked, 

but when the O/N ratio is equal to 2 that signifies a linear polyamide with no cross-linking.This 

fact is only valid when there is no additional coating layer on the top of the PA layer. Due to 

proprietary information on the chemical property of all elements cross linking could not be 

determined.  

Table 4.6: Relative atomic concentration of different element for membranes A and C. 

Sample C (%) O (%) N (%) Cl (%) 

Virgin Membrane A 77.7 12.5 9.8 N/A 

Used Membrane A 75.4 13.7 9.2 N/A 

Virgin Membrane C 75.6 17.9 6.5 N/A 

Used Membrane C 74.7 19.7 5.6 N/A 
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Figure 4.27 3D images for membranes A and C. 

4.3 Phase 3: Surface Characterization 

4.3.1 Atomic force microscopy (AFM) 
 

To futher evaluate the effect of repetitive alkali and acid cleaning on the membrane surface AFM 

analyses were also conducted to examine the morphological changes of the membrane samples 

before and after the cleaning. After cleaning with alkali and acid solution, the average roughness 

parameter of membranes A and C decreased to 3 and 6% respectively.   

 

 

 

 

 

Fresh Membrane A                                                                           Used Membrane A 

 

 

 

 

  

 

           

 

    Fresh Membrane C                                                                               Used Membrane C 

 

 



87 
 

  
 

Figure 4.28 SEM images of membrane A with different magnifications. 

4.3.2 Scanning electron microscope (SEM) 
 

Membrane surface imaging of fresh and used membranes were analyzed to observe any change  

on the membrane surface.  Figures 4.28 and 4.29 show SEM images for both virgin and used 

membranes for elements A and C using a magnification of 50,000, 100,000 and 200,000. Three 

magnifications were applied to ensure any change in terms of position and shape of the top 

membrane surfaces. As shown, there is no obvious difference on the top membrane surface in 

both elements.  
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Figure 4.29 SEM images of membrane C with different magnifications. 
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4.3.3 Surface charge 
 

The purpose of the zeta potential measurements was to investigate a role of membrane surface 

charge for rejection of ions via electrostatic charge repulsions mechanism. Membrane A and C 

were analyzed to obtain their zeta potential profiles at various pH. As shown in Figures 4.30 and 

4.31,  both membranes had more negative surface zeta potential value as pH increased from  3 

to 10 due to the deprotonation of of carboxylic acid groups. In addition, the membranes had  

positive surface zeta potential values in acidic low pH value ( 3) due to the protonation of amine 

groups. The isoelectric point of both membrane A and C were 3.4 and 4.5, respectively. Overall, 

both membranes were slightly positively charged and became more negatively charged with 

increase in solution pH from 3 to 10.  

It is noteworthy that the salt rejection capability of the membranes was improved with an 

increase in feed solution pH. Moreover,  the salt rejection capability of the membranes declined 

when a feed solution pH was  below 5 due to their lower surface charge below pH 5.  
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Figure 4.30 Zeta potential measurement of virgin and used membrane A. 

 

 

 

 

Figure 4.31 Zeta potential measurement of virgin and used membrane C. 

 



91 
 

  
 

Chapter 5 : Conclusion  

5.1 Conclusions 
 

This work was mainly focused on characterization and performance evaluation of different 

reverse osmosis membranes after consecutive chemical cleaning. The membranes field 

performance was compared to the software projections which evaluated the software 

capabilities in accurately predicting the the performance of membrane under different operation 

parameter and feed water composition. The salt rejection capability of the membranes was 

almost identical at neutral pH with membrane A,  achieving an average salt rejection of 99.7 ± 

0.03% compared to 99.7 ± 0.02% for membrane B. The salt rejection results correlated well with 

the product data sheet and membrane A achieved similar average salt rejection value than as 

reported by the product data sheet (PDS). The experimental results demonstrated that 

membrane C had  slightly better salt rejection capability of 99.61 ± 0.1%  than membrane D with 

99.5 ± 0.2%, respectively. The results from part 2 were consistent with part 3 results, which 

demonstrated that the performance of membrane C was slightly better than membrane D based 

on salt rejection, permeate flow and quality of permeate. It can be noted that spiral wound 

membrane elements lost 10 -15 % of their initial flow and increased in salt rejection by 0.2- 0.4% 

during phase 1 of the test characterization. In terms of software simulation, a different pattern 

of deviation was detected within the same operation parameters such as temperature and feed 

pressure. One of the possible reasons for this observation could be that every test needs to be a 

minimum of two to three days long for ensuring better performance of the studied elements.  
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The post-pilot analysis results showed that membrane fouling was negligible and no mechanical 

defaults to the tested element as validated by a  low-pressure dye test. XPS results highlighted 

that there is slight alternation in internal chemical properties due to change in atomic 

concentration of C, O and N, respectively.  FTIR results revealed the presence of all peaks for the 

functional groups in both membranes indicating that no significant degradation occured in the 

membranes layer. The surface zeta potential values, SEM and AFM images proved that, surface 

morphology, the surface charge and the membrane roughness did not signifcantly change. 

Overall, the internal chemical and physical properties of the membranes were also not altered  

after repetitive usage of chemical cleaning reagent.  
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5.2 Recommendation & Future Work 
 

The result highlight the difference between the simulation value and field result for all the studied 

elements. Therefore, it is recommended to review software projections since some elements 

performed outside the expected range. To add on, revision of the software predictions for 

bicarbonate is necessary for all elements to reflect the  observed lower rejections during the 

operation.  

More extensive investigation is essential to understand the impact of repetitive chemical cleaning 

on membrane performance and a study of different protocols and chemical products to allow 

more efficient cleaning. Also, more surface characterization analyses on the physical and 

chemical surface properties, such as hydrophobicity, pore size, geometry and charge density are 

recommended to make fair conclusion on the impact of chemical cleaning on the performance 

of reverse osmosis membranes.  
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Appendix A: Data Normalization equation 
 

 Pressure Drop (ΔP):  

pressure drop (ΔP) = Feed pressure (PF) −  Concentrate pressure (PC) 

 

 Net Driving Pressure (NDP):  

𝑁𝐷𝑃 = 𝑝𝑓 −
∆𝑝

2
− 𝜋𝑓𝑐 − 𝑝𝑝 − 𝜋𝑝  

where:  

𝑝𝑓 = feed pressure in bar  

∆𝑝= differential pressure in bar  

𝑝𝑝= permeate pressure in bar 

𝜋𝑝= permeate osmotic pressure in bar 

𝜋𝑓𝑐= osmotic pressure of all the feed-concentrate mixture in bar 

 

 Normalized Permeate Flow (NPF):  
 

𝑁𝑃𝐹 = 𝑄𝑂 ∗
𝑁𝐷𝑃𝑟𝑒𝑓

𝑁𝐷𝑃
∗

𝑇𝐶𝐹𝑟𝑒𝑓

𝑇𝐶𝐹
 

where:  

𝑄𝑂 = permeate flow on operation condition in (m3/h) 

 

 

 Normalized Salt Rejection (NSR):  
 

𝑁𝑆𝑅𝑖 = 1 − 𝑁𝑆𝑃𝑖 = 1 − (
𝑇𝐷𝑆𝑃

𝑇𝐷𝑆𝑓 𝑟𝑒𝑓
∗

𝑇𝐶𝐹𝑟𝑒𝑓

𝑇𝐶𝐹
∗

𝑄𝑃

𝑁𝑃𝐹
∗

𝐶𝑓𝑝 𝑟𝑒𝑓

𝐶𝑓𝑝
) 
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Sub- indexes:  

𝑓 = correspond to feed value  

𝑝 = correspond to permeate value  

𝑓𝑝 = correspond to average value of feed and permeate  

ref = correspond to the reference value 

 

where:  

𝑁𝑆𝑃𝑖 = Normalized salt passage (%) 

𝑇𝐷𝑆 = Total dissolved solid (ppm) 

𝐶 = Concentrate (mol/l) 

 

 

 

 


